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We devise a quasilinear quantum algorithm for generating an approximation for the ground state of a
quantum field theory (QFT). Our quantum algorithm delivers a superquadratic speedup over the state-of-
the-art quantum algorithm for ground-state generation, overcomes the ground-state-generation bottleneck
of the prior approach and is optimal up to a polylogarithmic factor. Specifically, we establish two quan-
tum algorithms—Fourier-based and wavelet-based—to generate the ground state of a free massive scalar
bosonic QFT with gate complexity quasilinear in the number of discretized QFT modes. The Fourier-based
algorithm is limited to translationally invariant QFTs. Numerical simulations show that the wavelet-based
algorithm successfully yields the ground state for a QFT with broken translational invariance. Further-
more, the cost of preparing particle excitations in the wavelet approach is independent of the energy scale.
Our algorithms require a routine for generating one-dimensional Gaussian (1DG) states. We replace the
standard method for 1DG-state generation, which requires the quantum computer to perform lots of costly
arithmetic, with a novel method based on inequality testing that significantly reduces the need for arith-
metic. Our method for 1DG-state generation is generic and could be extended to preparing states whose
amplitudes can be computed on the fly by a quantum computer.
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I. INTRODUCTION

Quantum algorithms for simulating a quantum field the-
ory (QFT) comprise three main steps: generating an initial
state, simulating time evolution, and measuring observ-
ables, with the initial-state generation being the most
expensive step [1,2]. The conventional approach to gener-
ating the initial state for simulating a QFT, particularly for
simulating particle scattering, is first to generate the ground
state of the free (i.e., noninteracting) field theory. Then pre-
pare free wavepackets, which refers to spatially localized
noninteracting particles and, finally, turn on the field inter-
action adiabatically [1-3]. An alternative approach is to
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avoid adiabatic evolution in initial-state preparation, which
is used in Ref. [4] to remove the state preparation as the
bottleneck of simulating fermionic QFTs.

Several works have also developed variational [5,6] and
stochastic [7,8] methods for simulating QFTs that avoid
the need to prepare the full quantum state. These meth-
ods, however, are not purely quantum but rather are hybrid
quantum classical, which are more suitable for simulation
on near-term quantum computers. Despite the advances
in simulating QFTs and development of recent algorith-
mic techniques for preparing quantum states [9—11], state
preparation remains the computationally expensive step
for simulating a certain class of bosonic QFTs called
the massive scalar bosonic QFTs. In particular, preparing
the free-field ground state is the most expensive part in
one or two spatial dimensions, and is the second-most-
expensive part for simulating these theories in three spatial
dimensions [1,2].

In this paper, we establish a quasilinear quantum
algorithm for generating an approximation for the ground

Published by the American Physical Society
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state of a massive scalar-bosonic free QFT. Our algorithm
is optimal, up to a polylogarithmic factor, provides
a superquadratic speedup over the best prior quantum
algorithm for ground-state generation and overcomes the
ground-state-generation bottleneck.

Specifically, we develop two quantum algorithms, one
Fourier-based and the other wavelet-based, to generate
the free-field ground state with gate complexity quasi-
linear in the number of discretized QFT modes. For the
case of broken translational invariance, e.g., due to mass
defects [12], the Fourier-based algorithm is inappropriate.
We show, by numerical simulation, that the wavelet-based
algorithm successfully yields an approximation for the
free-field ground state with a quasilinear gate complex-
ity. Our algorithms require a routine for preparing one-
dimensional Gaussian (1DG) states, which are required for
preparing multidimensional Gaussian states. The standard
method for generating a 1DG state is based on Zalka-
Grover-Rudolph state preparation [13,14], which requires
the quantum computer to perform costly arithmetic opera-
tions. We replace this method with a novel method based
on inequality testing [15] that significantly reduces the
need for arithmetic.

A. Nontechnical background

To simulate a QFT, we first need to discretize it [2]. The
discretization is needed for regulating infinite-dimensional
Hilbert spaces involved in the continuum field theory.
Once discretized, the QFT becomes a many-body quantum
system whose time evolution can be efficiently simulated
on a quantum computer [2,16,17]. The two other steps
of a full quantum simulation, namely initial-state gener-
ation and measurement, strongly depend on which QFT is
being simulated and must be analyzed on a case-by-case
basis [2, p. 1017]. Two approaches are used to discretize a
continuum massive scalar-bosonic QFT: lattice-based and
wavelet-based approaches. The conventional lattice-based
approach is used in the seminal quantum algorithm [1,2],
and the wavelet-based approach is used in the subsequent
quantum algorithm [18]. By discretizing the QFT, the free-
field ground state becomes an N-dimensional Gaussian
(NDQG) state, where N is the number of modes in the
discretized QFT.

A method proposed in Ref. [1] to generate a multidi-
mensional Gaussian state is using the Kitaev-Webb method
[19]. This method has three main steps to generate an NDG
state on a quantum computer. The first step is to com-
pute the LDL matrix decomposition of the Gaussian state’s
inverse-covariance matrix (ICM) by a classical computa-
tion; note that any Gaussian state is fully described by a
covariance matrix or its inverse. The second step is to pre-
pare N different 1DG states where the standard deviation
of each 1DG state is obtained from a diagonal element of
the diagonal matrix in the LDL decomposition. The last

step is to perform a basis transformation based on the LDL
matrix decomposition that maps the previously generated
state, a Gaussian state with a diagonal ICM, to a Gaussian
state with the desired ICM.

The Kitaev-Webb method [19] for preparing a 1DG state
is an application of the standard state-preparation method
by Zalka [13], Grover and Rudolph [14]. In this method
for preparing a 1DG state on a quantum register, the con-
tinuous state is approximated by a discrete 1DG state over
a one-dimensional lattice with unit spacing. Then a recur-
sive description of the approximated 1DG state is used to
generate the approximate state that requires the quantum
computer to perform a controlled rotation for each qubit
of the quantum register. For each controlled rotation, the
quantum computer needs to coherently compute the rota-
tion angle by a large amount of coherent arithmetic on the
quantum computer.

The space and time complexities of the Kitacv-Webb
method, both for 1DG- and NDG-state generation, were
not analyzed in the original paper [19]. However, authors
of Ref. [1] state that the method’s time complexity
for NDG-state generation is dominated by the classi-
cal complexity of the LDL matrix decomposition, which
is O(N?*3) [20] if we use Coppersmith-Winograd-style
matrix multiplication; here O suppresses logarithmic fac-
tors. There is also a quantum complexity of (’)(N 2) to per-
form the basis transformation needed to yield the Gaussian
state with the desired ICM. This quantum complexity is
effectively the cost of performing an in-place matrix-vector
multiplication.

B. Overview of methods and results

Our overall approach to reducing the time complexity
for ground-state generation is to exploit known sparsity
properties of the matrices involved. This approach allows
us to reduce both classical and quantum time complexi-
ties by replacing dense matrix operations with sparse ones.
In our wavelet-based approach, for example, we reduce
the classical cost of the LDL matrix decomposition by
approximating the ground-state ICM with a matrix con-
taining O(N log N) nonzero entries. Similarly, we reduce
the quantum cost by replacing the general approach for in-
place matrix-vector multiplication with a sparse approach.
In our Fourier-based approach, we avoid even these sparse-
approach optimizations by exploiting the translational
invariance presumed by Jordan-Lee-Preskill [1,2] to elimi-
nate the need for classical LDL decomposition. We replace
the quantum in-place matrix-vector multiplication with a
coherent fast Fourier transform.

Specifically, in our Fourier-based algorithm, we exploit
the translational invariance of the free QFT to reduce the
cost of ground-state generation from O(N>37) down to

(7)(N ). We discretize the continuum QFT in a fixed-scale
basis and utilize the circulant structure of the ground state’s
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ICM to compute its eigenvalues by a discrete Fourier trans-
form (DFT). We then generate a NDG with a diagonal ICM
whose diagonals are the eigenvalues by preparing N dif-
ferent 1DG states. Finally, we transform this state into the
ground state by a basis transformation.

A choice for basis transformation is to execute a DFT
on a quantum computer by reversible arithmetic operations
along the lines of Ref. [21]. The problem with this basis
transformation is that the resulting representation for the
Gaussian state requires us to have complex-valued coor-
dinates. We avoid the complex numbers required by the
DFT and instead use a discrete Hartley transform (DHT)
that involves only real numbers [22, Theorem 1]. The
real, symmetric, and circulant properties of the ground-
state ICM guarantees that by performing a DHT, we obtain
the desired Gaussian state. Analogous to the quantum fast
Fourier transform in Ref. [21], we construct a quantum fast
Hartley transform (QFHT) algorithm with a quasilinear
gate complexity.

In the wavelet-based algorithm, we discretize the con-
tinuum free QFT in a multiscale wavelet basis. The ICM
of the ground state in this basis has many elements that
have an exponentially close-to-zero value. We truncate this
matrix by replacing the near-zero elements with exactly
zero. This truncation introduces a systematic error that dis-
torts the ground state of the discretized theory. We show
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that not only the truncated ICM remains a positive-definite
matrix, which is required for the ground state to be a Gaus-
sian state, but also the infidelity between the Gaussian state
with the truncated ICM and the free-field ground state is
within the prespecified error tolerance for preparing the
ground state.

By the truncation, the ICM becomes a sparse matrix
with a particular structure known as the “fingerlike” spar-
sity structure [23]; see Fig. 1. A matrix with this structure
has a number of nonzero elements that is quasilinear in the
dimension of the matrix. In order to exploit the fingerlike
sparse structure, we replace the LDL decomposition in the
Kitaev-Webb method [19] with the UDU decomposition.
By exploiting the sparsity structure, we perform the UDU
matrix decomposition of the truncated ICM in a quasilinear
time.

The ground state in the wavelet-based approach is
generated as follows. First we prepare an NDG state
whose ICM is the diagonal matrix in the UDU decom-
position. We then transform this state into the ground
state by performing a quantum shear transform (QST)
on a quantum computer. The shear-transform matrix has
the same sparse structure as the truncated ICM in our
UDU decomposition. We exploit this sparse structure
and perform the needed QST with a quasilinear gate
complexity.
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Visual representation of the exact (left) and approximate ICM (right) for the ground state of the discretized free QFT in a

multiscale wavelet basis. The column (row) index of the visualized matrix is ordered from left (top) to right (bottom), just as the typical
format of a matrix. The values of matrix elements are represented by different colors with the shown color scale. The number of modes
for the discretized QFT is N = 2560, free mass is my = 1, and the Daubechies wavelet with index IO = 3 is used. The exact ICM is
a quasisparse matrix, meaning most of its elements are nearly zero. Elements of the exact matrix with a magnitude less than 10~8 are
replaced with zero to obtain the approximate ICM. The approximate ICM has a specific sparsity structure known as the “fingerlike”

sparsity structure.
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Our algorithms require a routine for generating an
approximation to a 1DG state, and we devise two meth-
ods to perform this task. Our first method is based on the
Kitaev-Webb method [19]. In our method, we approximate
the 1DG state over a finite lattice with a nonunit lattice
spacing. We choose the lattice spacing and the number of
lattice points in terms of the 1DG-state standard deviation
and an error tolerance for the generated state. The Kitaev-
Webb method is restricted to 1DG states with extremely
large standard deviations. Our method does not have this
restriction and can generate a 1DG state with any stan-
dard deviation. We show that space and time complexities
for preparing an approximation to each 1DG state required
for generating the ground state are both logarithmic in the
number of modes in the discretized QFT.

A key contributor to gate complexity for the Kitaev-
Webb method is the need to perform a large amount
of coherent arithmetic. Their method requires perform-
ing a sequence of controlled rotations for every qubit
of the quantum register used for preparing a Gaussian
state. For each controlled rotation, the quantum computer
needs to coherently compute the third Jacobi 6 function
twice, perform a division, and compute one square root
and one arccosine function. In contrast, we provide a sig-
nificantly improved state-preparation technique based on
inequality testing [15], where the most complicated com-
putation needed is a single exponential. We go beyond the
inequality-testing method in Ref. [15] by showing how to
prepare a state with mostly small amplitudes except for
a peak in a known location. We exploit the known loca-
tion in our method and perform a single step of amplitude
amplification [24] rather than multiple steps of amplitude
amplification required for preparing a general state by
inequality testing [15].

We perform a numerical study to justify why the
wavelet-based approach could be preferred over the
Fourier-based approach for QFTs with broken transla-
tional invariance. We consider a simple case where the
translational invariance is broken due to a mass defect
[12]. The Fourier-based approach is not applicable in
this case because the ground-state ICM cannot be diag-
onalized by a discrete Fourier transform. However, our
numerical experiment demonstrates that the wavelet-based
approach accommodates such QFT with broken transla-
tional invariance. Specifically, the fingerlike sparse struc-
ture of the ground-state ICM is not affected by the mass
defect, thereby the wavelet-based algorithm successfully
yields an approximate ground state with a quasilinear gate
complexity.

We go beyond ground-state generation and construct
procedures for preparing free-field particle states in the
Fourier- and wavelet-based approaches. We show that,
unlike the Fourier approach, the wavelet approach enables
preparing particle states at different energy scales with-
out an additional cost required for the Fourier approach.

Specifically, we show that preparing a free-field single-
particle state at a given scale is more expensive than
preparing the same state in the wavelet approach.

C. Organization

Our paper is organized as follows. We begin, in Sec. I,
by elaborating the key background pertinent to subsequent
sections. In this section, we review wavelet bases, vari-
ous methods for discretizing a continuum QFT, a standard
approach for generating a Gaussian state and a computa-
tion model used for analyzing an algorithm’s time com-
plexity. Next we describe our approach for generating the
free-field ground state in Sec. III where we discuss our
model for describing a scalar QFT, a metric that we use to
analyze our algorithms’ time complexity and our methods
for generating the free-field ground state.

We then present our results in Sec. IV. In this section,
we construct our ground-state-generation algorithms, ana-
lyze their classical and quantum time complexities, and
show that our algorithms are optimal up to polylogarith-
mic factors. Furthermore, we determine the space required
to represent the free-field ground state and compare the
Fourier- and wavelet-based algorithms for a QFT with
broken translational invariance and for generating states
beyond the free-field ground state. We finally discuss our
results in Sec. V and conclude in Sec. VI.

II. BACKGROUND

This section covers the key background pertinent to sub-
sequent sections. We begin by describing wavelet bases
in Sec. ITA. Next, in Sec. IIB, we discuss different
approaches for discretizing a continuum QFT. Then we
review the Kitaev-Webb method for generating a Gaussian
state in Sec. II C. Finally, in Sec. II D, we review the quan-
tum random-access machine (QRAM) model for compu-
tation (not to be confused with quantum random-access
memory [25]).

A. Wavelet bases

Here we briefly review wavelet bases and define terms
frequently used in this paper. For a detailed description,
we refer to Ref. [26, Sec. 2.1] and Ref. [27,28]. We
begin by explaining salient features of wavelet bases. Then
we describe a fixed-scale wavelet basis followed by a
multiscale wavelet basis.

The wavelet bases constitute an orthonormal basis for
the Hilbert space .#*(R) of square-integrable functions
on R. A wavelet basis is defined in terms of two func-
tions: scaling s(x) and wavelet w(x) functions. Here we
focus on Daubechies /C wavelets and refer to them as db/C
wavelets. The index K € Z™ specifies the number of van-
ishing moments of w(x). The scaling and wavelet functions
become smoother and less localized by increasing K; see
Fig. 2.
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FIG. 2. From left to right: scaling s(x) and wavelet w(x) functions for the db/C wavelet with index IC = 1,2,3; dbl wavelet is
identical to Haar wavelet. The support of these functions is [0,2/C — 1]. The s(x) and w(x) for db3 wavelet have continuous first

derivatives.

The db/C scaling function is the solution of the linear
equation

2K—-1

s6) =2 ) hysx—0), (1)
=0

where, for a unique solution, s(x) is normalized to have
a unit area. The 2/C real coefficients {Ahq, ..., hx_1} are
called the low-pass filter coefficients. These coefficients
uniquely determine a wavelet basis, and several meth-
ods are available to compute their numerical values; see
Appendix B. Given s(x), the wavelet function is

2K—1
wix) ==~v2 )" g s2x—0),
=0
g0 = (=) a1, (2)

and {go,...,2x—1} are called the high-pass filter coeffi-
cients. The scaling and wavelet functions at scale k € Z
are defined as

sék) x) = Vok s (ka — E) s
wi (x) 1= V2kw (2kx —¢) . 3)

These functions are orthonormal and have support on
[¢/2F, (€ + 2K — 1)/2¥]. For convenience, we henceforth
use the term “scale” to refer to the parameter &, so higher
(lower) scale means larger (smaller) k.

The scaling function at a fixed scale k € Z and its inte-
ger translation span a subspace S of .Z?(R). We refer to
this subspace as the scale subspace of Z*(R). Note that
Z?(R) = limj_, o0 Sk. A fixed-scale wavelet basis is an
orthonormal basis whose basis vectors are comprised of a
scaling function and its integer translations at a fixed scale.

The wavelet function at a fixed scale £ and its inte-
ger translations span a subspace W; of Z*(R), which
we call the wavelet subspace. The wavelet subspace W,
is the orthogonal complement of S; in Siyy, i.e., Spy1 =
Sy @ W. This property of the scale and wavelet subspaces

leads to a multiscale decomposition of .#?(IR) through the
relation £*(R) = S, @;’iso W, [18], where sq is coars-
est scale. The scaling function and its integer translations
at a fixed scale along with the wavelet function and its
integer translations at all finer scales construct an orthonor-
mal basis for .22 (R), which we call the multiscale wavelet
basis.

B. Discretization of a continuum QFT

In this subsection, we discuss different approaches for
discretizing a continuum QFT. First we explain the com-
mon approach of discretizing space as a regular lattice.
Then we describe the alternative wavelet approach for
discretizing a QFT. For simplicity, we consider quantum
fields in one spatial dimension. These discretizations can
be extended to higher dimensions using known techniques
[18,29].

We begin by describing a massive scalar bosonic free
QFT using a Hamiltonian formalism, which is typical
for quantum simulation of a QFT [2,30]. The time-
independent Hamiltonian for a massive scalar bosonic free
QFT with bare mass my, confined to one spatial dimension,
is

fre = f dx [ﬁ2<x>+ (vci><x>)2+m%<i>2(x>], @)
2 Jr

with x a position and with field operator ®(x) and conju-
gate momentum IT(x) satisfying

b0, 1) | =it =01, 5
[&(x),c%(y)] - [ﬁ(x), f[(y)] —0.

By QFT conventions, we fix constants ¢ = 1 = h. Dis-
cretizing QFT is achieved by replacing the spatial contin-
uum with a hypercubic lattice of “locations” with finite
lattice spacing a € R™. For a 1D scalar field over R, the
discrete domain is 2 := aZ, and discrete field operators

over the lattice satisfy [dAD(x), ﬁ(y)] =i6,,1/a, and all
other commutators are zero.
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For lattice QFT [31], the Laplacian in Eq. (4) and
integration measure are

[dAD(x +a)+ CiD(x —a)

/dxHZa (6)

xeQ

28 28 v o L
VeP(x) > V,P(x) := 3
a

respectively. Defining o, = <i>(£a) and I1, := ﬁ(ﬁa) for
each integer ¢, the discretized version of the free QFT,
Eq. (4), is [32]

A

=5 3 [P0 - b0 view + mid?w)]

xeQ
a ~ o a A ~
=3 Z IT; + 3 Z DKy Py, (7
LeZ LU e

where
2 2
Ko := mgber — (Se.0041 + 8e00—1 — 2800) Ja®,  (8)

is the coupling between the two localized £ and ¢’ modes.

The field dAD(x) and conjugate ﬁ(x) operators can be
expressed in a wavelet basis by projections onto the scaling
and wavelet functions as [18,29]

Y, := / dx s () d(x),
R
ey, = fR dxs® ()T (x), )

&;r) '—/Rdxwe)(x)QD(x)

ny, :=/ dxw!? M) Yr>k (10)
R
We refer to field operators with subscript “s” and “w” as

scale-field and wavelet-field operators, respectively. These
operators have a compact support, determined by the sup-
port of their associated wavelet or scaling functions, and
satisfy a set of commutation relations analogous to those of
Eq. (5), but with the Dirac ¢ replaced with the Kronecker §
[18, p. 3]

To discretize the free QFT in a fixed-scale basis, we
project the continuum Hamiltonian (4) onto a scale sub-
space S; of Z*(R) for some k € Z*. By Eq. (9), we first
project ®(x) and IT(x) onto this subspace. Substituting the
projected field and momentum operators into Eq. (4), we
obtain the expression

1 A
(k) (k) (k) (k) (k)
EZ 53l H + ZCD Kss[@’cbsﬁ/’
14 o

H® = (11)

for projected Hamiltonian onto a scale subspace Sy. Here

K (12)

2
st 1= MoSee = 4P,

—20(x)],

are the coupling between different modes and A?i , are the

coefficients

d}’l
AP, = /dez_z/(x)danS(x) V=1, (13)

with n = 2. We refer to these coefficients as the n-order
derivative overlaps and use Ay := Af) for simplicity.

The multiscale wavelet discretization of the free QFT is
obtained by projecting ®(x) and I[1(x) onto a multiscale
basis and substituting the projected operators into Eq. (4).
In this case, the projected Hamiltonian is

2 ) (V (V) ) &)
HW Z H H Z CD KMW N’(DVL 0
@ =80 N’ r

1 0 o) 0
+ 5 Z CD sz U’(Dw R (14)
0l r=sq
where K rr z’ are coupling between the wavelet fields at

scales r and ¥, and K s OM are coupling between the scale
fields at scale s¢ and wavelet fields at scale 7. These cou-
plings are systematically computed from the derivative
overlaps, Eq. (13) [29,33].

Wavelet discretization for the momentum operator P :=
— [gdx [I(x)V®(x) of the free QFT [29, p. 6] is similar
to wavelet discretization for Hamiltonian. Therefore, we
consider only fixed-scale discretization of P. In this dis-
cretization, P is projected onto a scale subspace Sy. The
projected momentum operator is

i)gk) = Z I‘I(k)P(k)cD(k)

(k) . k (1)
wPr P =27807,
e

(15)

where A( ) ”, are the derivative overlaps in Eq. (13) with
n=1. We use this expression in Sec. III B 1 to obtain the
number of modes of the discretized free QFT in a fixed-
scale basis.

C. Kitaev-Webb method for Gaussian-state generation

Here we review the Kitaev-Webb method for generating
an approximation of a multidimensional continuous Gaus-
sian pure state on a quantum register [19]. First we define
a continuous Gaussian pure state and set our notations for
particular Gaussian states. Then we explain the main idea
of the Kitaev-Webb method and proceed with describing
details of the method.

We begin by defining a continuous Gaussian pure
state in Definition 1. Throughout this paper, we use this
definition when we refer to a continuous Gaussian pure
state.

Definition 1: (Continuous Gaussian pure state.) Let N be
a positive integer, A be a real-valued N-by-N symmetric
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positive-definite matrix and

-
Py(A;X) 1= [ B e XA, (16)

be the probability density function of a continuous N-
dimensional Gaussian (NDG) distribution, with the ICM
A, for a random variable x := (xg,x1,...,xy_1) € R".
We define the pure state

IGn (A)) : fR d"x/pxn(A;x) |x), (17)

where
IX) = |x0) ® -+ ® |xn—1), (18)

is a vector of distributions, as the continuous NDG pure
state with the ICM A.

We use a particular notation for 1DG pure states. If the
Gaussian distribution in Definition 1 is one dimensional
with the standard deviation o € R* and the mean value
w € R*, then we refer to the state

@-w?

|G(o, 1)) :Zj%[/Rdxe_ 4o’ |x),

(19)

) _ c-w?
N+ = | dre 27
R

for |x) a continuously parameterized position state, as the
continuous 1DG pure state with standard deviation o and
mean value w. For simplicity, we denote |G(c,0)) by
|G(0)).

We now present a high-level description of Kitaev’s and
Webb’s method for generating a multidimensional Gaus-
sian state. Their method’s main idea is first to prepare a
set of independent 1DG states and then perform a basis
transformation to produce the desired Gaussian state. The
parameters needed for preparing the 1DG states and the
basis transformation are outputs of a classical algorithm
that computes the LDL decomposition of the Gaussian
state’s ICM A. Specifically, the classical algorithm returns
a diagonal matrix D and a lower unit-triangular matrix L
such that A = LDL'. Diagonal of D are parameters needed
for preparing the 1DG states, and off diagonals of L are
parameters needed for the basis transformation.

Their method for generating an NDG state with ICM
A can be described by three main steps: (1) classically
compute L. and D in the LDL decomposition of the ICM
A; (2) generate an approximation for |Gy (D)); and (3)
implement the basis transformation |x) + |Sx), where S
is inverse transpose of L and |x), Eq. (18), is the basis
state. The basis transformation in the last step is imple-
mented by storing off-diagonal elements of S on ancillary
quantum registers and performing reversible operations on
a quantum computer. The state |Gy (D)) in the second step

=O'\/27T,

is generated by preparing N independent 1DG states with
standard deviations oy := 1/+4/Dy for £ € {0,...,N — 1}.

We now describe the Kitaev-Webb method for gener-
ating 1DG states. To generate the continuous 1DG state
|G(o, 1)), Eq. (19), on a quantum register, it is first
approximated by the discrete 1DG state

‘GKW(G>M)> = Z Gw (o, 1) 1i)

i€Z
- | i-w?
Gxw(o, ;i) '= ———e 40?2 |
kw (o, (s ) Tew oo (20)
_G=p)?
Jew (o, 1) I=Z€ 202,
i€Z

over the 1D infinite lattice with unit lattice spacing. This
discrete 1DG state is again approximated by the state

2m—1

E(o, p,m) =Y &0, p,m; D) i),
i=0 (21)
E (o, pam; i) =Y Gry(o, ps i+/2").
JEZ

This quantum state is used as an approximation for
|G(o, 1)), Eq. (19), in the Kitaev-Webb method to be gen-
erated on a quantum register. The key point of this method
is to employ the recursive decomposition

g, mm) = | (3.5.m— 1)) @cose[0)

's (G rt 1>>®sin6|1),
. [fxw(0/2,11/2)
0 := arccos Ry (22)

for generating the approximate 1DG state |£(o, 1, m)),
Eq. (21).

By the recursive formula (22) and classical inputs og :=
o, o ;= p and m, following recursive procedure is used
to generate the approximate 1DG state: (1) compute 6 /27,
Eq. (22), and store it on an ancillary quantum register;
(2) perform the single-qubit rotation R(9) := exp(—ifY)
on the rightmost qubit, where Y is the Pauli-Y gate;
(3) uncompute 6/27w; (4) compute o] := 0p/2 and @) :=
(o — q0)/2, where gy = 0 if the state of the rotated
qubit is |0) and gy = 0 if it is |1); and (5) generate the
state | (o, w1, m — 1)), Eq. (22), on the remaining m — 1
qubits.

The Kitaev-Webb method is restricted to 1DG states
that possess an extremely large standard deviation. In
Sec. III C 1 and Sec. IVD 1, we describe our methods for
generating an approximation of a continuous 1DG state for
any standard deviation.
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D. Quantum random-access machine model for
computation

An algorithm’s time complexity depends on the model
for computation. Here we review the quantum random-
access machine model for computation introduced by Knill
[34]. We use a variant of this model for analyzing our
algorithms’ time complexity. First we describe the archi-
tecture of the QRAM model. Then we discuss “primitive”
operations for this model. Finally, we describe how an
algorithm’s time complexity is assessed in the QRAM
model and discuss the computational complexity for com-
puting some elementary functions.

The QRAM model is an extension of the classical RAM
model that allows classical and quantum computations. We
describe a simplified architecture of the QRAM model.
For more details, we refer to Refs. [35-37]. In this model,
as schematically illustrated in Fig. 3, a computer has a
classical and a quantum processor that are, respectively,
connected to classical and quantum registers. These pro-
cessors work in a master-slave fashion, where the classical
processor is the master that controls the quantum proces-
sor. A hybrid quantum-classical code is first compiled into
the classical processor. The compiled code contains both
classical and quantum instructions. The classical proces-
sor performs the classical instructions on classical registers
and sends the quantum instructions to be performed by
the quantum processor on quantum registers. The mea-
surement results are sent back to the classical processor
by the quantum processor. This process could be repeated
multiple times depending on the code.

The classical and quantum processors in the QRAM
model can perform only a restricted set of operations
on their associated registers. These operations are called
primitive operations, and a unit cost is assigned to each
primitive in this model. As QRAM is an extension of
the classical RAM, the QRAM’s classical primitives are
considered to be the same as the primitives in the classi-
cal RAM model, which are the following [38]: (1) basic

Compiler

Classical processor

arithmetic operations, i.e., addition, subtraction, multipli-
cation, and division; (2) data-movement operations such as
writing data from memory to classical registers and read-
ing data from classical registers to memory; (3) Boolean
logic operations such as AND and OR; and (4) flow-control
operations such as calling a function or returning from a
function. The classical primitives, except Boolean logic
operations, are high-level operations. In practice, imple-
menting high-level operations does not have the same cost
in terms of low-level (i.e., bit-wise) operations.

Unlike classical primitives, which are high-level oper-
ations, quantum primitives in the QRAM model are low-
level operations [34]. Specifically, quantum primitives in
the QRAM model are quantum gates from a universal set
of gates. In Sec. III A 3, we describe our alternative for
quantum primitives that are high-level operations, similar
to classical primitives.

The time complexity for a classical algorithm is deter-
mined by counting the number of classical primitives that
need to be executed in the algorithm. Similarly, the com-
mon approach to analyzing a quantum algorithm’s time
complexity in the QRAM model is counting the number of
quantum primitives. As quantum primitives in QRAM are
quantum gates, the algorithm’s gate complexity is typically
used as a standard metric to cost out a quantum algorithm.

Finally, we state the time complexity for computing
four elementary functions with respect to the classical
primitives in the QRAM model: logarithm, square-root,
inverse-square-root, and trigonometric functions. These
functions are used in various subroutines of our ground-
state-generation algorithms described in Sec. IV A. The
time complexity for computing each of these functions was
analyzed in terms of the time complexity for performing
a multiplication in Ref. [39]. Multiplication is a primi-
tive operation in the QRAM model and has a unit cost.
Therefore, we list only time complexities for the elemen-
tary functions with respect to classical primitives in the
QRAM model. The time complexity for computing square
root or inverse square root of a number in this model is

quantum instructions

Quantum processor
results of measurement

Hybrid quantum-

3 Classical registers
classical code &

FIG. 3.

Quantum registers

Schematic description of the QRAM model. A hybrid code is compiled into the classical processor. The compiled code

provides instructions to be performed by classical and quantum processors on their associated registers. The quantum processor sends

the measurement results back to the classical processor.
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O() [39, pp. 3-4], and the time complexity for com-
puting a logarithm or trigonometric functions to precision
p is O(logp) [39, pp. 11, 14]. We use these complexi-
ties in Sec. IV E, where we analyze our algorithms’ time
complexity.

III. APPROACH

In this section, we present our approach for generat-
ing an approximate quantum-register representation for the
ground state of a free massive scalar bosonic QFT, such
that the quantum algorithm succeeds deterministically in a
quasilinear time with respect to the number of modes for
the discretized QFT. We begin in Sec. III A by discussing
our model for describing a free massive scalar bosonic
QFT. We introduce a client-server framework for simulat-
ing a QFT and discuss a metric to measure our algorithm’s
time complexity. Next we describe in Sec. III B the math-
ematical approach inherent in generating the free-field
ground state. We explain how the mass, momentum cutoff,
wavelet index, and error tolerance are used to discretize the
continuum free-field Hamiltonian (4) in fixed- and mul-
tiscale wavelet bases from which the covariance-matrix
description of the discretized QFT ground state is obtained.
Finally, in Sec. Il1I C, we describe our Fourier and wavelet-
based method for ground-state generation and also our
methods for generating one-dimensional Gaussian states.

A. Model

In this subsection, we discuss our model for describ-
ing a massive scalar bosonic QFT. We also introduce a
client-server framework for simulating a QFT on a quan-
tum computer and discuss the metric we use to measure
our algorithms’ time complexity. We begin by explain-
ing our model for describing the QFT in Sec. I A 1.
We then explain the framework in Sec. III A2 followed
by the metric for measuring an algorithm’s runtime in
Sec. IIT A 3.

1. Discretized quantum field theory

Here we explain our model for describing a massive
scalar bosonic QFT. We describe our approach for dis-
cretizing a one-dimensional scalar bosonic field in fixed-
and multiscale wavelet bases. Furthermore, we compare
these discretizations with the Jordan-Lee-Preskill dis-
cretization, which is based on the conventional lattice
approach [1].

In contrast to the usual approach for discretizing a QFT
over a noncompact domain, such as the infinite real line for
a one-dimensional theory, we discretize for the field on a
finite interval of the real line with periodic boundary con-
ditions. Mathematically, the finite interval with periodic
boundary conditions can be treated as a circle domain. We
denote the bare mass of the field theory by my, as in Eq. (4).
We consider an ultraviolet momentum cutoff A for the field

theory, meaning we ignore all field configurations with
momentum higher than A. For convenience, we work in
the normalized scale where the compact domain becomes
the unit interval. In this case, the theory is on the unit inter-
val with periodic boundaries, and all involved parameters
such as mass and momentum cutoff become dimensionless
parameters.

In fixed-scale discretization, we partition the unit inter-
val into 2% subintervals of length 1/2%. We choose the
positive integer k such that 25 > 2(2KC — 1), where K is
the wavelet index (Sec. I A). This choice is made because
the smallest size admissible with periodic boundaries is
2(2KC — 1) to ensure the scale function and its transla-
tions are orthogonal [33, p. 4]. We assign a discrete scale
field, Eq. (9), to each of the 2/C — 1 cyclically consecu-
tive subintervals according to the following averaging rule.
Each discrete field is an average of the continuous field
over an interval of length (2/KC — 1)/2* weighted by the
db/C scaling function at scale & [29, p. 7]. The discrete
fields and their conjugate momenta satisfy the commuta-
tion relations analogous to those of Eq. (5) but with the
Dirac § replaced by the Kronecker §. The momentum cut-
off A in this discretization is proportional to the inverse of
the subinterval’s length.

In multiscale wavelet discretization, we partition the
unit interval into 2° subintervals of length 1/2° at each
scale, where s € {sg,50 + 1,...,k — 1}. Here k is an inte-
ger such that 2F > 2(2KC — 1) and s is the smallest integer
that satisfies this inequality. At the smallest scale s9, we
assign a scale field and a wavelet field, Eq. (9), to each
of the 2/IC — 1 cyclically consecutive subintervals accord-
ing to the following averaging rule. Each scale (wavelet)
field is an average of the continuous field over an inter-
val of length (2/C — 1)/2% weighted by the dbKC scaling
(wavelet) function at scale s¢. At each other scale s > s,
we assign a wavelet field to each of the 2K — 1 cycli-
cally consecutive subintervals. Each wavelet field is an
average of the continuous field over an interval of length
2K — 1)/2% weighted by the db/C wavelet function at
scale s. The discrete fields and their conjugate momenta
in a multiscale wavelet basis also satisfy the commutation
relations analogous to those of Eq. (5) but with the Dirac &
replaced by a Kronecker 6 [18, p. 3]. The momentum cutoff
A in this discretization is proportional to the inverse of the
subinterval’s length at scale with the largest scale index s.

In the Jordan-Lee-Preskill approach [1], the conven-
tional lattice discretization is used to discretize the scalar
bosonic quantum field. The unit interval is approximated
by a one-dimensional finite lattice with 2¥ points and lattice
spacing 1/2% for some positive integer k. A discrete field is
then assigned to each lattice point, where the discrete fields
are samples of the continuous field at lattice points. In con-
trast, the discrete fields in the wavelet approach are an
average of the continuous field over subintervals of the unit
interval. These discrete fields have overlapping domains,
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FIG. 4. A client-server frame-
work for simulating a QFT. Dashed
lines represent classical commu-
nication, and solid lines represent
quantum  communication. The
classical inputs to the main and
ground-state-generation servers
are specified in Tables I and II,
respectively, for simulating a mas-
sive scalar bosonic QFT. Output
from the ground-state-generation

Main server
Inputs for ground-state generation: 1y, IC, N, £yac

whereas the domains of the discrete fields in the lattice
approach, i.e., the lattice points, do not overlap.

2. Client-server framework for simulating a QF T

We now describe a framework for simulating a QFT.
To make clear ground-state generation versus other aspects
of a QFT simulation, we employ a framework comprising
three components: a client, a main server, and a ground-
state-generation server; see Fig. 4 for a schematic repre-
sentation of the framework. We define each component of
the framework and elucidate its relative task in simulating
a QFT. Finally, we describe the information flow between
the client and the two servers for simulating a massive
scalar bosonic QFT.

A client is an agent who supplies the needed parame-
ters for solving a computational problem to a server and
accepts the solution. The client in our framework com-
municates only with the main server. She provides the
required inputs for simulating a QFT to this server and
accepts the solution, which is the simulation’s outputs.

A server is a computer that provides a function or service
to one or many clients; a server could also be a client to
another server. The main server’s task in our framework is
to simulate the QFT specified by the client and deliver the
simulation’s output to the client. The main server chooses
a particular basis for simulation to accomplish this task
and delegates the ground-state-generation part of the sim-
ulation to the ground-state-generation server. The main
server is, therefore, a client to the ground-state-generation
server in our framework. The main server supplies the
input parameters needed for generating the ground state
of the QFT and accepts a quantum state, which is an
approximation for the free-field ground state.

The ground-state-generation server in our framework is
an auxiliary server whose task is to generate an approxi-
mation for the QFT ground state, which is represented in
a particular basis by the main server, on a quantum regis-
ter and deliver the generated state to the main server. We
consider this auxiliary server in our framework to elucidate

server is an approximation for the
Ground-state-generation free-field ground state.

server

the input parameters needed for generating the ground state
and separate the ground-state generation part of a QFT
simulation from other parts of the full quantum simula-
tion as ground-state generation is a bottleneck for the entire
simulation. The main server then performs the simulation
using the generated state by the ground-state-generation
server. The main server may wish to perform the simula-
tion on a different basis. In this case, the main server first
executes a basis transformation on the generated state by
the ground-state-generation server and then performs the
simulation on a new basis.

We now discuss the information flow between the client
and the two servers in the QFT-simulation framework.
The client in this framework supplies the input parame-
ters for simulating a QFT to the main server. The required
input parameters are those that specify the Hamiltonian (or
Lagrangian) describing the QFT, an error tolerance for out-
put of simulation and a parameter specifying the energy at
which the simulation is performed. The free mass my is
the only parameter that specifies the Hamiltonian of a free
massive scalar bosonic QFT; see Eq. (4). We use an ultra-
violet cutoff on the momentum of the free QFT particles
as the parameter specifying the simulation energy. Table I
specifies the required inputs that need to be supplied by the
client to the main server for simulating a massive scalar
bosonic free QFT.

The main server chooses a wavelet basis by select-
ing a wavelet index K € Z-3 to perform the simulation.
This server approximates the continuum field theory by
a finite-mode discretized QFT in the db/C wavelet basis
and calculates the sufficient number of modes for the

TABLE I. Inputs from client to the main server.
Parameter  Type Description
my R* Free QFT mass
A R* Ultraviolet cutoff on momentum of the
free QFT particles
Egim (0,1)  Error tolerance for output of simulation
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TABLE II. Inputs from the main server to the ground-state-

generation server.

Parameter Type Description

mg R* Free QFT mass

K Zs5 Wavelet index

N Zsr0K-1) Number of modes in the
discretized QFT

Evac ©0,1) Error tolerance for generating the

discretized QFT ground state

discretized theory using the client’s inputs. The main
server then supplies the inputs specified in Table II to the
ground-state-generation server.

The ground-state-generation server uses the inputs sup-
plied by the main server to generate an approximation for
the ground state of the discretized free QFT. This server
then delivers the generated state to the main server for QFT
simulation. Finally, the simulation outputs are provided
to the client by the main server. The flow of information
between the client and two servers is shown in Fig. 4.

3. Measure for time complexity

Here we describe how we assess an algorithm’s time
complexity. We begin by stating the metric that we use
for the time complexity of an algorithm. Then we specify
primitive operations for classical and quantum processors
of the QRAM model described in Sec. IID. The chosen
primitives are high-level operations, and we explain how
to relate these primitives to low-level primitives. Finally,
we discuss how our metric differs from common metrics
for analyzing an algorithm’s time complexity.

We use the number of primitive operations in an
algorithm as a metric to quantify the algorithm’s time com-
plexity. That is to say, the number of classical primitives in
an algorithm determines its classical complexity, and the
number of quantum primitives determines the algorithm’s
quantum complexity. By this metric, the time complexity
depends on the classical and quantum primitives; chang-
ing the set of primitives yields a different time complexity.
Hence the set of primitive operations needs to be specified.

We now specify the classical and quantum prim-
itives. We choose the classical primitives to be the
same as the classical primitive operations in the QRAM
model; see Sec. IID. Except for the flow-control oper-
ations (Sec. IID), we take the quantum primitives to
be a quantum version of the classical primitives. We
exclude the flow-control operations as quantum prim-
itives because the quantum processor in the QRAM
model is controlled by the classical processor. Specif-
ically, we choose the following operations as quantum
primitives in our time-complexity analysis for a quantum
algorithm: (1) basic arithmetic operations on quantum reg-
isters; (2) data-movement operations on quantum registers,
such as writing (preparing) classical data from memory

into quantum registers and reading (measuring) data from
quantum registers to memory; and (3) quantum logic gates
such as the Hadamard, controlled NOT (CNOT), and Toffoli
gates.

With our chosen quantum primitives, similar to the
classical RAM model, the QRAM model encapsulates
computers’ core functionality, not their exact functional-
ities. For instance, addition and multiplication operations
are each considered a single primitive operation for each
processor in this model. In practice, however, a proces-
sor needs to execute more low-level operations—bit-wise
operations for the classical processor and qubit-wise oper-
ations for quantum processor—to perform multiplication
versus addition. By analyzing the cost of performing high-
level primitives in terms of low-level operations, one can
obtain an algorithm’s time complexity with respect to
low-level operations.

We comment that our approach for analyzing a quantum
algorithm’s time complexity is not common in the liter-
ature. As described in Sec. 11D, the common approach
to cost out a quantum algorithm is to count the num-
ber of low-level operations, i.e., quantum gates, in the
algorithm [34,40]. In Sec. V, we discuss our algorithms’
time complexity with respect to low-level operations.

B. Mathematics

This subsection describes the mathematical approach for
generating the ground state of a massive scalar bosonic
QFT. We begin in Sec. lIIB1 by describing a proce-
dure for approximating the ground state of the contin-
uum QFT, Eq. (4), in a fixed-scale basis. Then we pro-
ceed with approximating the ground state in a multiscale
wavelet basis in Sec. III B 2. Lastly, we explain our pro-
cedure for discretizing a continuous Gaussian pure state in
Sec. III B 3.

1. Free-field ground state in a fixed-scale basis

Here we represent the ground state of the continuum
free QFT, Eq. (4), in a fixed-scale wavelet basis. To this
end, we discretize the continuum theory by projecting its
Hamiltonian onto a fixed-scale subspace of £ ($). The
ground state of the discretized QFT represents the free-
field ground state in a fixed-scale basis. We explain how to
select a sufficient number of modes N for the discretized
QFT using the client inputs in Table II. Specifically, we
establish sufficiency for NV in terms of the momentum cut-
off A, supplied by the client, such that the magnitude of
mean momentum (expectation value of the momentum
operator) for a single-particle state in the discretized QFT
is no greater than A.

To represent the ground state of the free theory, Eq. (4),
over the unit interval with periodic boundaries in a fixed-
scale wavelet basis, we project the continuum Hamiltonian
onto a scale subspace S; of £ ($) for some integer k
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such that 2F > 2(2K — 1); see Sec. III A 1. The projected
Hamiltonian has the form of the discrete Hamiltonian in
Eq. (11) but with the coupling matrix

k2 2 ) 2) Ak
KY = mise =N (A + A0 (1y)) s N =25

(23)

which are matrix elements of K®'. Here N is the num-

ber of modes for the discretized QFT and Ag)_ ¢, Eq. (13),
are the second-order derivative overlaps; the second term
inside the parentheses comes from the periodic boundary
condition. The projected Hamiltonian is quadratic in the
field operators and their conjugate momenta akin to the
discrete Hamiltonian in Eq. (11) and, therefore, its ground
state is a Gaussian state. Specifically, the ground state of
the projected Hamiltonian is

det A0\ /4 LT
k) \ . 58 —719 Ag
‘Gscale> = < (27.[)N ) /];{N dN¢e 4? ¢ |#) ,

k k
AB = JKP,

where A® is the ground state’s ICM as per Definition 1.

We now establish sufficiency for the number of modes
N using the supplied momentum cutoff A by the client to
calculate the sufficient NV for the discretized QFT. We first
project the momentum operator (Sec. II B) of the contin-
uum QFT to the same scale subspace Sy that the continuum
Hamiltonian is projected. Then we write an expression
for a single-particle state whose mean momentum has the
maximum magnitude Pp.c. Next we bound Py, from
above by A. The sufficient N saturates this bound. Propo-
sition 2 provides the established sufficiency for N with
respect to A and the largest first-order derivative over-
lap Al = maxz|A§l)|, for AEI), Eq. (13), the first-order
derivative overlaps.

(24)

Proposition 2: For A the momentum cutoff and Aggx the
largest first-order derivative overlap,

v |24
LAl

modes suffices to guarantee that the mean momentum of
a single-particle state in the discretized QFT is bounded
from above by A.

(25

Proof. Let afv,kﬁ be the creation operator constructed from
the £ scale-field operator (9) and its conjugate momentum
[41]. Acting this operator on the ground state in Eq. (24)
creates a single-particle state with zero-mean momentum
whose wave function is localized in a compact space
of size equal to the support of sy‘) [18]. Single-particle

states with finite mean momentum can be created from a
superposition of two zero-mean-momentum single-particle
states as

k k k k
W) = (aal" + pal) [6).  6)
with a, B € C such that |«|*> + |]> = 1. The expectation
value of the projected momentum operator (15), i.e., the
mean momentum, for this state is

Pi= (WOPO D) = PHIm (ap®).  (27)
The magnitude of this expression is maximized for o =
+i = 1/+/2. By this equation and the projected momen-
tum operator (15), the maximum magnitude of the mean

momentum for a single-particle state is

i, 2k n, 2k
Prax = Em?xmg = =AD (28)

2 max-*

By bounding this expression from above by the momentum
cutoff A, we obtain

b= os: (1)
=110 | — ¢ >
Ab

which, by N = 2¥, Eq. (23), yields the sufficient number of
modes in Eq. (25). |

The established sufficiency, Eq. (25), for N is used by
the main server to calculate the number of modes for the
discretized QFT.

(29)

2. Free-field ground state in a multiscale wavelet basis

We now represent the ground state of the continuum the-
ory, Eq. (4), in a multiscale wavelet basis. In this case,
we project the continuum Hamiltonian onto a subspace
of #? () that is a multiscale decomposition of the scale
subspace S; (Sec. IT A). The projected Hamiltonian (14)
onto a multiscale subspace is quadratic, similar to the
fixed-scale Hamiltonian (11), but involves both scale- and
wavelet-field operators (9).

The coupling matrix K® in the multiscale Hamiltonian
(14) is obtained by a multilevel wavelet transform from
the fixed-scale coupling matrix K®, Eq. (23). Let 5o < k
be the scale index for the lowest scale, then K® has the
block-matrix structure

K. | O | S
o | KT K Ky Y
s0, k=T L k—DT _ _
KO0 0T Ko A K1 k=D
(30)

imposed by the wavelet transform [18]. We select the level
of wavelet transform so that the number of modes 2 in
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the lowest scale sy, i.e., the number of rows or columns
of the top-left block K&, is at least 2(2K — 1) as per
Sec. IIT A 1. The ground state of the projected Hamiltonian
onto a multiscale wavelet basis is

det A\ /4 14TAl)

k - A

‘G\(N;velet> = ( (ZJT)N ) /IRN dN e it ¢ |¢) >
G

which is a continuous Gaussian pure state akin to the state
in Eq. (24) but with the ICM

A AR A
,s0)T 50, S , k=1
A | AT AR A
, k‘—l)T , k'—l T — . —
AL T AR Al 4D
= VK®, (32)

which has the same block-matrix structure as the coupling
matrix in Eq. (30). For convenience, we henceforth refer
to the block with subscript “ss” as the ss block. Similarly,
we refer to the blocks with subscript “sw” as the sw blocks
and those with subscript “ww” as the ww blocks.

3. Discretization of continuous Gaussian pure states

Discretization is essential in obtaining a qubit represen-
tation for a continuous quantum state. Here we explain
how we discretize a multidimensional continuous Gaus-
sian pure state. We use the described method to discretize
the ground state of the free field theory represented in both
fixed- and multiscale wavelet bases to generate the ground
state on a quantum register. First we define a discrete 1DG
pure state over a lattice in Definition 3. Then we explain
how to discretize a multidimensional Gaussian pure state.

Definition 3: (Discrete 1DG pure state over a lat-
tice.) For 0,8 e R* and me Z™*, let L:={;8|j €
[—271,2m=1) N Z} be a one-dimensional lattice with 2
points and lattice spacing 8, and let ¢ := 0/5. We define
the pure state

2m—1_1

2
(Graiee 38, m)) :=/iv S e s,
j==21
am=l_g
N2 =82 N oI (33)
j==21

for |j ) equally spaced lattice states in one dimension, as
the discrete 1DG pure state with standard deviation 6 over
lattice IL.

We use the discrete 1DG state in Eq. (33) as a discrete
approximation for the continuous 1DG state, Eq. (19), with
the standard deviation o. The lattice parameters, i.e., the
lattice spacing and the number of lattice points, are cho-
sen based on two given inputs: the standard deviation and
an error tolerance on the infidelity between the discrete
and continuous 1DG states. In Sec. IVB 1, we describe
how these two inputs are used to calculate the lattice
parameters.

To discretize a continuous multidimensional Gaussian
pure state, Eq. (17), first we decompose the state into a
tensor product of several continuous 1DG pure states by
a basis transformation. Then we discretize each continu-
ous 1DG pure by a discrete 1DG pure state over a lattice
as per Definition 3. Note that a continuous N-dimensional
Gaussian pure state |Gy (A)), Eq. (17), with the ICM A
is a linear combination of basis states |x) (= |x)) ® - ®
|xy—1), where x is a vector of real numbers. Let O be a
matrix such that OTAO is a diagonal matrix D. Then the
basis transformation |x) — |O~!x) yields the continuous
Gaussian state with the diagonal ICM D, which can be
decomposed into a tensor product of N continuous 1DG
states; see Sec. [IVB2.

C. Methods

In this subsection, we present our Fourier- and wavelet-
based methods for generating an approximation for the
free-field ground state on a quantum register. Both meth-
ods are based on a method for generating 1DG states. We
begin in Sec. III C 1 by explaining our method for gener-
ating a discrete approximation for a continuous 1DG state.
Then we describe the Fourier-based method in Sec. II1C 2
and the wavelet-based method in Sec. III C 3.

1. One-dimensional Gaussian-state generation

Here we present two methods for generating a discrete
approximation for a continuous 1DG state on a quantum
register. First we specify the inputs along with the task
in generating a 1DG state. Next we describe our discrete
approximation for a 1DG state. Then we explain our first
method for a 1DG-state generation. Our first method is
similar to the Kitaev-Webb method [19]. However, in con-
trast to the Kitaev-Webb method, which is restricted to
1DG states with an extremely large standard deviation, our
method generates 1DG states with any standard deviation.
We finally describe our second method for generating a
IDG state, which is based on a method for performing
inequality testing [15] on a quantum computer.

We begin by specifying the task in a 1DG-state genera-
tion. To generate a continuous 1DG state |G(o)), Eq. (19),
we are given two inputs: (1) the standard deviationo € R
of the 1DG state and (2) an error tolerance gipg € (0, 1).
The task is to generate an approximate 1DG state |G (o))
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such that the infidelity [42]

infid (|G(a)>,

G(a)» —1— (G(cr)‘é(a)) € [0, 1),
(34)

between the approximate and exact states is no greater than
£1pg- We consider only continuous 1DG states with means
of zero (1 = 0) as we need only to prepare these states in
order to generate an approximation for the ground state of
the free QFT, Eq. (4).

We approximate |G(o)) by a discrete 1DG pure state
|Glattice (0,6, m)), Eq. (33), over a lattice with 2" points
and lattice spacing § as per Definition 3. We select m and
8 based on o and &pg such that the infidelity between the
continuous and discrete 1DG states is at most €;pg. Our
approximate 1DG state is different from that of the Kitaev-
Webb method. A continuous 1DG in their method is first
approximated by a discrete 1DG state over an infinite lat-
tice with unit spacing as in Eq. (20). The discrete 1DG state
is then again approximated by the state in Eq. (21) to be
generated on a quantum register. Our approximate 1DG
state, however, is a discrete 1DG state over a finite lattice
with a nonunit lattice spacing.

We now explain our strategy for generating |Giagice
(6,68,m)), Eq. (33), on a quantum register. Our strategy
comprises two steps. In the first step, we generate the state
| Glattice (0, 1, m)). That is to say, we first prepare a discrete
1DG state with the same standard deviation but over a lat-
tice with unit spacing. This state is a linear combination of
basis states |j), where j is an integer; see Eq. (33) with
8 = 1. In the second step, we transform |Giaice (G, 1, m))
to |Glatice (0, §,m)) by performing the unitary map for
which |j) — |j§) for all j. Our method for generating
| Glattice (0, 1, m)) 1s similar to the Kitaev-Webb method for
1DG-state generation. We write a recursive decomposition
for | Gatice (6, 1, m)) analogous to Eq. (22) and employ the
recursive decomposition to design an iterative algorithm
for generating this state. See Sec. IVD 1 for a detailed
description of the algorithm.

We now describe our inequality-testing-based method
for generating the state |Glaice(6,1,m)), Eq. (33).
To elucidate the method, we write this state as
> 2(j)1j) with unnormalized amplitude distribution
2(j) :=exp (—j 2 /402). To generate this state by inequal-
ity testing, first we prepare a quantum state with ampli-
tude according to the value of j rounded down to
the nearest power of 2. Specifically, we first prepare
the state Zi Zround(j) |j) with unnormalized amplitude
distribution grouna(j) := exp (22118271 /462) for all j # 0
and ground(0) := 1. The amplitude distributions g(j) and
Zround(j) are shown in Fig. 5 by blue and orange points,
respectively; these distributions are shown only for non-
negative j for simplicity.
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FIG. 5. Illustration of state-generation steps before perform-

ing an inequality test. First we prepare a state with amplitudes
according to the orange points. Then we test an inequality against
the blue points. The success probability is at least about 70%.

Once the state Zj Zromd(j) |j) 1s generated, we then
coherently compute an approximation for the ratio of the
amplitudes 7; := grouna(j)/g(j) into a scratch register and
prepare a reference quantum register in uniform superposi-
tion. Next we perform an inequality test between the value
encoded in the scratch register and the value encoded in
the reference register, and write the result into a flag qubit.
We then erase the reference register and measure the flag
qubit. If the postmeasurement state of the flag qubit is |0),
then the state generated on the first register is the desired
1DG state. See Sec. IV D 2 for a detailed description of the
inequality-testing-based algorithm for generating a 1DG
state.

2. Fourier-based method for ground-state generation

We now present our Fourier-based method for gener-
ating a discrete approximation for the free-field ground
state on a quantum register. First we explain the ratio-
nale for specifying the task in this method and describe
the task. Then we explain our strategy for generating the
approximate ground in the Fourier-based method.

In the Fourier-based method, we discretize the contin-
uum QFT in a fixed-scale wavelet basis and use the ground
state of the discretized QFT as an approximation for that
of the continuum theory. The discretized QFT ground state
in this method is a continuous Gaussian state whose ICM
Ay, Eq. (24), is a circulant matrix. The ICM, which fully
describes the discretized QFT ground state, is specified
by three parameters: wavelet index K € Z*, free QFT
mass my € RT, and the number of modes N € Z* of the
discretized QFT.

For the Fourier-based method to generate the ground
state, we are given an error tolerance &y,. € (0, 1) along
with the parameters that specify the ground-state ICM. The
task is to generate an approximation for the ground state
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|Gscale), EQ. (24), of the discretized QFT in a fixed-scale
basis on a quantum register. The infidelity between the
approximate and exact states is required to be no greater
than the error tolerance &y,c.

Our strategy for generating an approximate ground state
for the discretized QFT is as follows. First we construct
a classical algorithm for computing the eigenvalues A :=
(X0, ..., y—1) of the ground-state ICM; eigenvalues are
diagonals of the diagonal matrix A in the spectral decom-
position of the ICM. In this algorithm, we exploit the
circulant structure of the ICM and compute A by a dis-
crete Fourier transform [43, p. 100]. Next we use A as
a classical input to design a quantum circuit for gener-
ating an approximation for the state |Gy(A)), Eq. (17),
i.e., the continuous Gaussian state whose ICM is the
diagonal matrix A. Finally, we perform a basis trans-
formation by a quantum fast Fourier transform (QFFT)
to map the state |Gy(A)) to the ground state |Gy (Ay)).
The state |Gy (A)) is a linear combination of basis states
[X) :=|x1) ® - - ® |xn), where x = (x1,...,xy) IS a vec-
tor of real numbers; see Eq. (17). The QFFT imple-
ments the map |x) — |Fx) on a quantum computer, where
F is the transformation matrix for the discrete Fourier
transform.

To design a quantum circuit for preparing an approxima-
tion for a continuous NDG state |Gy (D)) with a diagonal
inverse-covariance matrix D := diag(dp,...,dy—1), first
we decompose the state as |G(0y)) Q@ --- ® |G(oy_1)),
where |G(0y)), Eq. (19), is a continuous 1DG state with the
standard deviation o := 1/4/d,. By the method described
in Sec. [II C 1, we then design a quantum circuit for gen-
erating a discrete approximation for each 1DG state. The
combined output of all these quantum circuits is an approx-
imation for the continuous Gaussian state with the diagonal
ICM D.

3. Wavelet-based method for ground-state generation

Here we present our wavelet-based method for gener-
ating a discrete approximation for the free-field ground
state represented in a multiscale wavelet basis. Similar
to the Fourier-based method, we first provide the ratio-
nale for specifying the task in the wavelet-based method
and describe the task. Then we explain the strategy for
generating the approximate ground state.

In the wavelet-based method, we discretize the contin-
uum QFT in a multiscale wavelet basis and use the ground
state of the discretized QFT as an approximation for that
of the continuum theory. The ground state, Eq. (31), of the
discretized QFT in this method is also a continuous Gaus-
sian state. The same parameters specify the ground-state
ICM here as in the Fourier-based method. For the wavelet-
based method, we are given the same classical inputs as the
Fourier-based method. The task, however, is to generate an
approximation for the ground state |Gyayelet), Eq. (31), of

the discretized QFT in a multiscale wavelet basis such that
the infidelity between the approximate and exact states is
no greater than the error tolerance é&y,.

The strategy for generating an approximate ground state
in the wavelet-based method is as follows. The ground-
state ICM in a multiscale wavelet basis has many near-
zero elements. We approximate this matrix by replacing
its near-zero elements with exactly zero. Specifically, we
replace all matrix elements whose magnitudes are less than
the threshold value &g, = moeya.N ~>/? with exactly zero.
This approximation enables a fingerlike sparse structure
[44] for the ground-state ICM with a quasilinear number
of nonzero elements; see Fig. 1.

We exploit the fingerlike structure and perform the UDU
matrix decomposition of the approximate ICM in a quasi-
linear time. In the UDU decomposition, we decompose
the fingerlike sparse matrix A as the product of an upper
unit-triangular matrix U, a diagonal matrix D and trans-
pose of U. We compute diagonals of D and shear elements,
i.e., nonzero off-diagonal elements, of U by a classical
algorithm, and use them as classical inputs to construct a
quantum circuit for generating an approximation for the
free-field ground state.

To generate an approximate ground state, first we con-
struct a quantum circuit for preparing an approximation
for the NDG state |Gy (D)) whose ICM is the diagonal
matrix D in the UDU decomposition. The diagonals of
D are used as classical inputs, and the quantum circuit is
constructed by the method described in Sec. 111 C 2. Then
we transform |Gy (D)) into the ground state by performing
a quantum shear transform (QST) on a quantum com-
puter; the shear elements of U are classical inputs for the
QST. Akin to the QFFT in the Fourier-based method, the
QST executes a basis transformation. Specifically, the QST
implements the map [x) — |Sx) on a quantum computer,
where the shear-transform matrix S is the inverse transpose
of U.

IV. RESULTS

In this section, we present our main results. We first
construct a high-level description of our ground-state-
generation algorithms in Sec. IV A. Next we discuss the
number of required qubits for representing an approxima-
tion for the discretized QFT ground state in the Fourier-
and wavelet-based methods in Sec. IV B. Our algorithms
have classical preprocessing and quantum routine. We
present the classical preprocessing of our algorithms in
Sec. IVC and the quantum routine in Sec. IV D. Then
we analyze the runtime of our algorithms in Sec. IV E. In
Sec. IV F, we establish a lower bound on the gate complex-
ity for ground-state generation. Finally, in Sec. IV G, we
compare the Fourier versus wavelet approach for ground-
state generation.
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A. High-level description of our algorithms for
ground-state generation

We begin with a high-level description of our two
algorithms for ground-state generation. The first of these
algorithms, described in Sec. IV A1, is based on the use
of a discrete Fourier transform, and we refer to it as the
Fourier-based algorithm. The second algorithm, described
in Sec. IV A2, is based on the use of a wavelet transform,
and we call it the wavelet-based algorithm.

Both algorithms have a similar structure that we now
explain. The algorithms proceed in two stages: (1) pre-
pare several independent one-dimensional Gaussian states,
and (2) perform a collection of arithmetic operations on
those Gaussian states. Both stages require a certain amount
of classical information, much of which is not provided
directly by the main server (Sec. III A 2) but requires a non-
negligible amount of computation to produce. We therefore
must analyze not only the quantum complexity but also the
classical complexity of our algorithms in order to ensure
that the resulting procedures are indeed quasilinear in the
number of modes of the discretized QFT. We refer to the
classical part of our algorithm as the “classical preprocess-
ing” step, as it must be carried out prior to the execution
of our quantum algorithms. In our descriptions of the
Fourier-based and wavelet-based algorithms, we therefore
distinguish between the classical preprocessing procedure
and the quantum algorithm itself.

1. High-level description of Fourier-based algorithm

Here we construct a high-level description of the
Fourier-based algorithm for ground-state generation. We
begin by explaining this algorithm’s classical prepro-
cessing and then describe the quantum routine. Finally,
we present the algorithm by pseudocode to elucidate
the inputs, output, and procedure of the Fourier-based
algorithm.

The Fourier-based algorithm generates an approxima-
tion for the free-field ground state, Eq. (24), represented
in a fixed-scale basis. To generate this state, first we gen-
erate N discrete 1DG states over a lattice with spacing
8. The task in the classical preprocessing of the Fourier-
based algorithm is to compute the standard deviations ¢ :=
(00, . .., on—1) for the discrete 1DG states as per Definition
3, and the lattice spacing §; these are the needed parameters
for the quantum routine in the Fourier-based algorithm.
To compute o and 8, first we compute the derivative
overlaps, Eq. (13), for the second-order derivative, i.e.,
Laplace, operator. We then use these derivative overlaps
and the bare mass my to compute the eigenvalues A :=
(Xo,-..,Ay_1) of the ground-state ICM. Having A, we
compute the lattice spacing as 6 = 1/+/Amax and the 1DG
standard deviations as & = 1/(8~+/A). Figure 6 (top) shows
a schematic description of the classical preprocessing in
the Fourier-based algorithm.

In the quantum routine, we use outputs of the classical
preprocessing to generate an approximation for the ground
state. For each component of 6 and the lattice spacing &,
we generate a discrete 1DG state, Eq. (33), correspond-
ing to these inputs on a quantum register. Then we execute
a quantum fast Fourier transform. The QFFT performs a
discrete Fourier transform by a collection of arithmetic
operations on the 1DG states. The resulting state is an
approximation for the ground state, Eq. (24), represented
in a fixed-scale basis. Figure 6 (bottom) shows a schematic
description of the quantum routine in the Fourier-based
algorithm. For clarity, we present the inputs, outputs, and
procedure of this algorithm as pseudocode in Algorithm 1.

2. High-level description of wavelet-based algorithm

We now present a high-level description of the
wavelet-based algorithm for ground-state generation. This
algorithm, similar to the Fourier-based algorithm, has clas-
sical preprocessing and quantum routine. We begin by
describing the classical preprocessing and proceed with
explaining the quantum routine. We finally present the
wavelet-based algorithm as pseudocode to specify the
algorithm’s inputs, output, and procedure.

In classical preprocessing of the wavelet-based algorithm,
we compute the required inputs for the quantum routine.
These inputs are the lattice spacing §, the vector 6 of
standard deviations for the discrete 1DG states, and shear
elements of the upper unit-triangular matrix U in the UDU
decomposition of the approximate ICM (Sec. III C 3) for
the free-field ground state, Eq. (31), represented in a mul-
tiscale wavelet basis. The first two inputs are needed to
generate the discrete 1DG states, and the last input is
needed to perform the basis transformation.

The needed classical inputs for quantum routine of the
wavelet-based algorithm are computed as follows. First we
compute the second-order derivative overlaps in Eq. (13).
These derivative overlaps are then used to compute the
unique matrix elements of the ground-state ICM. The ICM
in Eq. (32) is a block matrix, and each block is a circulant
matrix. The unique matrix elements are, therefore, the cir-
cuit row of each block in the block matrix. Next we use the
circulant rows, denoted by a, to compute the vector d of
diagonals in the diagonal matrix D and the shear elements
S of the upper unit-triangular matrix U in the UDU decom-
position of the approximate ICM. Having d, we compute
the lattice spacing as § = 1/+/dmax and the vector of stan-
dard deviationsas @ = 1/(§ V), where dyy is the largest
element of d. Figure 7 (top) shows a schematic descrip-
tion of the classical preprocessing in the wavelet-based
algorithm.

The quantum routine of the wavelet-based algorithm
proceeds as follows. Similar to the quantum routine of
the Fourier-based algorithm, first we generate a discrete
1DG state, Eq. (33), for each component of ¢ and the
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Input:
K e Z>3
my € R
N € Z>ya1-1)
evac € (0,1)
Output:
|G> c '}/KENX [log, (N//Moevac) |
1: function FOURIERBASEDGSG(KC, mg, N, €yac)
Classical preprocessing
Z° 5 p e [logy (N/ i)
R?*~1 5 A ¢ pERIVATIVEOVERLAPS(KC, p)
RN 5 A + mwvCovErGens(KC, mg, N, A, p)
Rt 56« 1//max(])
RN 5 6« 1/(6vVA)
Quantum routine
7: for{ < O0to N —1do
: > vac[l] + oNEDG (&, 6) |0F)

N-1
9: ﬁ”zNXp 3 vac < QFFT (N, ® vac[f])
(=0

N U s W DN

=

0: yield vac

> wavelet index
> free-QFT mass
> number of modes

> error tolerance for output state

> (N X ﬂog2 (N /A /moevac)—‘ )—qubit approximate ground state

> computes working precision p

> computes derivative overlaps (13) for Laplace operator in index-/C wavelet basis

> computes eigenvalues of the ICM by Algorithm 3
> computes lattice spacing &
> computes standard deviation & of approximate 1DG states

> generates p-qubit approximate 1DG state with standard deviation &, by Algorithm 6
> transforms the 1DG states into the approximate ground state by Algorithm 8

> we use yield instead of return for quantum algorithms as the output is a state generated on a quantum register

Algorithm 1.

lattice spacing §. Using the shear elements S as classical
input, we then perform a basis transformation on the dis-
crete 1DG states by executing a quantum shear transform.
The QST performs a collection of arithmetic operations
to map the discrete 1DG states to an approximation for
the ground state, Eq. (31), of the discretized QFT in a
multiscale wavelet basis. A schematic description of the
quantum routine in the wavelet-based algorithm is shown
in Fig. 7 (bottom). The pseudocode in Algorithm 2 speci-
fies the inputs, output, and procedure of the wavelet-based
algorithm.

B. Space requirement to represent the ground state

In this subsection, we determine how the number of
qubits required to represent an approximation for the
free-field ground state in both Fourier- and wavelet-based
methods scales with respect to the basis-independent input
parameters in Table II specified by the main server for
ground-state generation. The wavelet index /C in Table IT is
basis-dependent and is typically chosen to be a small con-
stant number [18,29,33]. Hence we exclude this parameter
in our analysis.

We begin in Sec. IVB 1 by discussing the number of
required qubits to represent a discrete approximation for
a continuous 1DG state as in Eq. (19). Having deter-
mined the space required to represent a 1DG state, we
then analyze the space required to represent an approxi-
mation for a continuous multidimensional Gaussian state
in Sec. IVB2. Our result on the space requirement for
representing a multidimensional Gaussian state allows us
to show how the space required to represent the free-field
ground state scales in terms of the inputs specified by the
main server.

Fourier-based algorithm for ground-state generation

1. Space requirement to represent a one-dimensional
Gaussian state

Here we determine the minimal number of qubits
required to represent an approximation for a continuous
1DG state, Eq. (19), in terms of its standard deviation and
an error tolerance on the infidelity, Eq. (34), between the
approximate and continuous states. First we explain how
we approximate a continuous 1DG state. Then we establish
a bound on the infidelity between our approximate 1DG
state and the continuous 1DG state. Having this bound, we
then show that the number of qubits needed to represent
the approximate 1DG state is logarithmic in the ratio of the
standard deviation to the square root of the error tolerance.

We begin by discussing how we approximate a continu-
ous 1DG pure state. We are given the standard deviation
o € R* of a continuous 1DG pure state and an error
tolerance €1pg € (0,1). We approximate the continuous
1DG pure state by a discrete 1DG pure state over a one-
dimensional lattice with 2™ points and lattice spacing 6 as
per Definition 3. We determine é and m in terms of o and
&1pg such that the infidelity, Eq. (34), between the discrete
and continuous 1DG states is at most &;pg. We show, in
Proposition 4, how to determine § and m in terms of o and

E€1DG-

Proposition 4: Let |G(0)), Eq. (19), be a continuous
IDG state with the standard deviation o € R and let
|Glaice (G, 8,m)) in Eq. (33), be a discrete 1DG state with
standard deviation 6 := o /8§ over a one-dimensional lat-
tice with 2™ points and lattice spacing § € R*. For ¢1pg €

0, 1), if

8 <min(1/2,0)

and 278 > 20/4/81]3(], (35)
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FIG. 6. Description of Fourier-based algorithm for ground-state generation. Top: classical preprocessing. Inputs: wavelet index /C,
mass mg, number of modes N in the discretized QFT, and error tolerance ¢y,. for the output state. Each box represents a process;
incoming arrows identify the inputs, and outgoing arrows identify the outputs of the process. Outputs: standard deviation ¢ of the
approximate one-dimensional Gaussian states and lattice spacing §. Outputs of intermediate processes: working precision p, second-
order derivative overlaps A and eigenvalues A of the ground-state ICM. Bottom: quantum routine. Double lines indicate classical
inputs to the quantum routine. vac is a quantum register with N cells, and each cell comprises p qubits; + represents multiple qubits.
Each ONEDG accepts § and one component of ¢ as classical inputs and generates an approximate 1DG state corresponding to these
inputs on once cell of vac. The quantum fast Fourier transform (QFFT) acts collectively on the set of approximate 1DG states and

transforms them into the approximate ground state |G).

then the infidelity, Eq. (34), between the discrete and
continuous 1DG states is bounded above by &pg.

Proof. LetJ := 2™. Then the fidelity between the continu-
ous, Eq. (19), and discrete, Eq. (33), 1DG states is

F = <Glattice(6a 89 m)|G(G)>

1 J/2—-1 2 J8/2
= —— Se 22 > / dx p(x)
NNJZ_J/z —J8)2
= Pr(|x| = J§/2), (36)

where the inequality follows from Proposition 14. Here
p(x) := N=2¢7*/29%) s the probability density func-
tion of a Gaussian distribution and Pr(jx| <J§/2) is

the probability that x € [-/§/2,J8/2]. By Eq. (36),
J8/2 > o/ /eipg in Eq. (35), and Pr(|x| <J§/2) =1 —
Pr(|x| > J§/2), we have

F > 1= Pr(lx| > 0//E10a) - (37)

Using Chebyshev’s inequality [42, p. 609],

Pr(|x| > 0//€10G) < €1pG> (38)

which together with Eq. (37) yields F > 1 — ¢;pg. The
infidelity 1 — F is therefore bounded from above by
€1DG- |
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Input:
KeZs3
my € R+
N € Z>)0k-1)
Evac € (O,l)
Output:
1G) € o Mog (N/ Ve |

1: function WAVELETBASEDGSG(/C, 11, N, €yac)
Classical preprocessing
2: VAR p (logz (N/\/ mosvacﬂ

3: R* -1 5 A « pErIvATIVEOVERLAPS (K, p)

> wavelet index
> free-QFT mass
> number of modes

> error tolerance for output state

> (N X ﬂog2 (N /+/ mosvac)] )—qubit approximate ground state

> computes working precision p

> computes the derivative overlaps (13) for Laplace operator by Algorithm 11
4: a:= {agz") c RZ““,afW“'C) S ]Rzﬂ,a&;(,i) e R ’ so<r<c< k} < INvCovCIrRcRows (K, mg, N, A, evae, p)

> computes

circulant row in main and upper-diagonal blocks of multi-scale ICM (32) by Algorithm 4; here sg := [log, (4K —2)] and k := log, N

5: {IRN 5d, RON) > S} < INvCovUDU (mg, N, €yac, a)

> computes diagonals d of D and shear elements S of U in UDU

decomposition of approximate ICM by Algorithm 5. Here C~)(N ) denotes a quasilinear number; see Sec. IV C 3 and Algorithm 5 for details

6: RT 26+ 1//max(d)
7. RN 36+« 1/(6vd)
Quantum routine
8: for /<~ 0to N —1do
9: /fép 3 vac[{] < oNEDG (y,0) |0F)

Nxp N-1
10: Hy Svac+ QST (N,S, ® vac[/]
=0
11: yield vac

> computes lattice spacing &
> computes standard deviation & of approximate 1DG states

> generates p-qubit approximate 1DG state with standard deviation &, by Algorithm 6

> transforms the 1DG states into the approximate ground state by Algorithm 9

Algorithm 2. Wavelet-based algorithm for ground-state generation

Proposition 4 allows us to obtain the minimal number of
qubits to represent the discrete 1DG state in Eq. (33). We
provide the result for the minimal number of qubits in the
following proposition and proceed with a proof.

Proposition 5: For o € R" the standard deviation of a
continuous 1DG state, Eq. (19), and e1pg € (0, 1) an error
tolerance, at least

nipg = [log, (0/4/€10G)1 + max (1, log,(1/0)7),
(39)

qubits are required to represent a discrete approximation
for the continuous state with infidelity, Eq. (34), no greater
than &1pg.

Proof. The discrete 1DG state, Eq. (33), is a superposi-
tion of lattice states |j8), where j € [-2"!,2"")NZ
and j § is a real number. Hence the smallest nonzero value
for the real numbers is 8, and the largest value is 2"!5.
By virtue of Proposition 4, taking § = min(1/2,0) and
2"71§ = o/ /e1pG ensures that the infidelity between the
approximate and continuous 1DG states is at most £1pg. As
8 < 1, the number of qubits needed to represent the frac-
tional part of the real numbers is max (1, [log,(1/0)7).
The largest value for the real numbers is o/,/¢ipg, S0
[log, (a / M)] qubits are needed to represent the inte-
ger part of the real numbers. The total number of qubits
needed to represent the approximate 1DG state is obtained

by adding the number of qubits required to represent the
real numbers’ integer and fractional parts. |

Having determined the space requirement for represent-
ing a 1DG state, next we establish a bound on the number
of qubits needed to represent a multidimensional Gaussian
state.

2. Space requirement to represent a multidimensional
Gaussian state

We now determine the minimal number of qubits
needed to represent an approximation for a continuous
N-dimensional Gaussian state in terms of the condition
number of its ICM, N and an error tolerance on the infi-
delity between the approximate and continuous states. We
present the result in Theorem 6 and proceed with a proof.
Then we invoke this theorem to obtain the space require-
ment for representing the free-field ground state in both
Fourier- and wavelet-based methods in terms of the inputs
specified by the main server.

Theorem 6: Let A € RV*N be the ICM for a continuous
N-dimensional Gaussian state |Gy (A)), Eq. (17), and let
eg € (0,1) be an error tolerance. Also let k € RT be the
condition number of A, quantified as the ratio of the largest
to smallest eigenvalues of A. Then

N
neQ (Nlog2 (—K>) ,
&G

(40)
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i

Description of wavelet-based algorithm for ground-state generation. Top: classical preprocessing. Inputs are the same as

the inputs to the Fourier-based algorithm Outputs: shear elements S of the upper unit-triangular matrix in the UDU decomposition
of the approximate ICM, standard deviation ¢ of the approximate one-dimensional Gaussian states and lattice spacing §. Outputs of
intermediate processes: working precision p, second-order derivative overlaps A, circulant rows a of the upper-triangular blocks in
the ICM and diagonals d of the diagonal matrix in the UDU decomposition. Bottom: quantum routine. Double lines indicate classical
inputs to the quantum routine. vac is a quantum register with N cells, and each cell comprises p qubits; + represents multiple qubits.
Each ONEDG accepts § and one component of ¢ as classical inputs and generates an approximate 1DG state corresponding to these
inputs on one cell of vac. The quantum shear transform (QST) acts collectively on the set of approximate 1DG states and transforms

them into the approximate ground state ‘G>

qubits are required to represent a discrete approximation
for |Gn(A)) such that the infidelity between the discrete
and continuous states is bounded from above by &g.

Proof. Let D be the diagonal matrix in either the spec-
tral or the UDU decomposition of the ICM A. Then the
space required to represent |Gy (A)) is the same as the
space required to represent |Gy (D)) because the former
state is obtained from the latter by a basis transformation.
Therefore, we determine the required space to represent
|Gn (D)). We decompose this state into a tensor product of

N continuous 1DG states as

=

|Gy(D)) = (KR 1G(ov)),  0e:=1/y/Du, (41)

~
Il
(=}

where o, is the standard deviation of the ¢® continu-
ous 1DG state |G(ay)), Eq. (19). We approximate each
1DG state by a discrete 1DG state over a lattice with 2™
points and spacing § as per Definition 3. The approximate
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Gaussian state is then

=

-1
\aNa))) = (R |Glatice (52, 8,m)) , (42)

4

Il
=)

where G, 1= 0y/8 is the standard deviation of the £"
discrete 1DG state, Eq. (33). By Proposition 4, if

eing = &G/N, 6 <min(1/2,0min) and

2"8 > 20max/~/€10G, (43)
then for each ¢
(Glattice (¢, 8,m)|G(0¢)) = 1 — eg/N. (44)
Equations (41)—+44) yield

N-1
(Gv )| Gy ) = [T (Guice(@, 8, I G(@))

=0
>(1—eg/N)V =1—e5.  (45)

Each discrete 1DG state, Eq. (33), is a superposition of
lattice states |j &), where j§ is a real number. To ensure
that Eq. (44) holds for each 1DG state, we need at least
[logz (ormax./N /8G)—| qubits to represent the integer part
and at least [log, (1/omin)] qubits to represent the frac-
tional part of the real numbers. Thus, the minimal number
of qubits to represent each 1DG state scales as

mig € 2 (10g; ((Omen/omn)N/2G) ). (46)

Let diax and dpin be, respectively, the largest and smallest
diagonal elements of D, then by Eq. (41)

dmax
= (47)

b
Omin dmin

Umax

and by Proposition 15, dpax/dmin € O(k). The combi-
nation of these equations with Eq. (46) yields nipg €
Q[log,(Nk/eg)]. Therefore, the total number of qubits to
represent an approximation for a N-dimensional Gaussian
state scales as Eq. (40). |

We now determine the space required to represent an
approximation for the ground state in both Fourier- and
wavelet-based methods. To this end, by Theorem 6, we
need only to bound the condition number x of the ground-
state ICM for each method to obtain the space requirement
in terms of the parameters specified by the main server. By
Proposition 16, the condition number of the ground state’s
ICM for both methods scales as ¥ € ® (N /my). Therefore,

by Theorem 6, the number of qubits needed to represent
the ground state scales as

nef (N 10g2 (N/\/ mogvac)) >

with respect to the parameters specified by the main server
in Table II. Notice that n is quasilinear in the number of
modes N. The logarithmic factor here is the number of
qubits required to represent each 1DG state for generating
the free-field ground state. For simplicity, we use

P = |—10g2 (N/V moevacﬂ 5

in description of our ground-state-generation algorithms
for number of qubits to represent each 1DG state.

(43)

(49)

C. Classical preprocessing

In this subsection, we construct key subroutines of
the classical preprocessing in the Fourier- and wavelet-
based algorithms for ground-state generation. We begin,
in Sec. IVC1, by constructing a classical algorithm for
computing the eigenvalues of the ground-state ICM in
a fixed-scale wavelet basis; this algorithm is used as a
subroutine in classical preprocessing of both ground-state-
generation algorithms. Then, in Sec. IVC2, we present
a classical algorithm for computing the circulant row in
unique blocks of the ground-state ICM in a multiscale
wavelet basis. Finally, in Sec. IV C 3, we construct a clas-
sical algorithm for computing the UDU decomposition of
the ICM in a multiscale wavelet basis. The last two algo-
rithms are subroutines of the classical preprocessing in the
wavelet-based algorithm.

1. Eigenvalues of the ground state’s inverse-covariance
matrix

Here we devise a classical algorithm for computing
the eigenvalues of the ground-state ICM Ay, Eq. (24),
in a fixed-scale wavelet basis. First we state the proper-
ties of this matrix used to compute the eigenvalues and
explain the parameters that specify unique elements of the
matrix. We then provide the rationale for computing the
eigenvalues of Ay, by a DHT and present our algorithm
as pseudocode. Finally, we elaborate on the relationship
between the eigenvalues of the ground-state ICM in fixed-
and multiscale wavelet bases.

We begin by stating properties of the fixed-scale ICM,
Eq. (24), used for computing the eigenvalues. This matrix
is the principal square root of the fixed-scale coupling
matrix K, Eq. (23), which itself is a circulant, real, and
symmetric matrix. Being the coupling matrix’s principal
square root, the ICM is also a circulant, real, and sym-
metric matrix. A circulant matrix is fully specified by its
first row, which we call the “circulant row” of the circulant
matrix. Four parameters specify the unique elements in the
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Input:
K e Z23
my € R*
N € Z>r01-1)
A € R
Output:
AeRN
1: function INvCoVEIGENS(KC, mg, N, A)
2: forj<Oto N —1do

2K—1

3 tmp; - m3 — N28g —2" ¥ N2A, cos (%))
(=1

4: /\] — /tmp]-

5: return A

> wavelet index
> mass of free QFT
> number of modes

> derivative overlaps (13) for second-order derivative operator in a wavelet basis with index X

> eigenvalues of ground-state ICM Ay, (24)

> computes ]'th eigenvalue of the coupling matrix K, (23)

> computes jth eigenvalue of Ay

Algorithm 3.

circulant row of K: the wavelet index K, the second-order
derivative overlaps A, Eq. (13), the number of modes N
and the free mass my; see Eq. (23). The same parameters
specify the unique matrix elements of the fixed-scale ICM.

We now provide the rationale for computing the eigen-
values of Ay, Eq. (24), by a DHT. Any circulant matrix is
diagonalizable by a discrete Fourier transform [43, p. 100].
By the real and symmetric properties of the ICM, we
diagonalize this matrix by a DHT. In particular, the eigen-
values of any real, symmetric, and circulant matrix are
obtained by computing the DHT of the matrix’s circu-
lant row [43, p. 100]. As the ICM is the principal square
root of the coupling matrix, first we compute the coupling-
matrix eigenvalues by the DHT of its circulant row. Then
we take the square root of the coupling-matrix eigenvalues
to obtain the eigenvalues of the ICM A,. Algorithm 3 pro-
vides the procedure for computing the eigenvalues of the
ICM using the parameters that specify unique elements of
the coupling matrix.

The coupling matrix, Eq. (30), in a multiscale wavelet
basis is obtained from the coupling matrix, Eq. (23), in a
fixed-scale wavelet basis by a wavelet transform, which is
a unitary transformation. For each basis, the ground-state
ICM is the principal square root of the coupling matrix.
Consequently, the ICM in a multiscale wavelet basis is
obtained by the same unitary wavelet transform from the
ICM in a fixed-scale basis, and they have identical eigen-
values. Therefore, we use Algorithm 3 as a subroutine
in classical preprocessing of both Fourier- and wavelet-
based algorithms for computing the eigenvalues of the
ground-state ICM.

2. Elements of the ground state’s ICM

We now construct a classical algorithm to compute the
unique matrix elements of the ground-state ICM in a mul-
tiscale wavelet basis. First we state key properties of the
coupling matrix K, Eq. (30), represented in this basis. Then
we explain how we approximate the multiscale ICM and
discuss the classical memory requirement to store unique

Classical algorithm for computing eigenvalues of ground-state [ICM

elements of the approximate ICM. Next we explain our
algorithm’s procedure for computing the unique matrix
elements, and finally, we present our algorithm as pseu-
docode.

We begin with a few observations about the multiscale
coupling matrix K in Eq. (30). We then extend these obser-
vations to the approximate ICM. The coupling matrix K
has the following key properties:

1. Block structure. The matrix K has a block-matrix
structure imposed by a wavelet transform, with three
types of blocks: ss, sw, and ww; see Eq. (30). We
therefore present entries of K based on their block’s
location in the block matrix.

2. Symmetry. The coupling matrix is symmetric.
Therefore, we consider only the unique blocks,
which are the main and upper-diagonal blocks of K.

3. Banded circulant blocks. The main and upper-
diagonal blocks of K have a circulant structure;
specifically, each block is a banded 2F-circulant
matrix for some non-negative integer k. Each diag-
onal block is a banded 1-circulant matrix with band-
width wy := 2(2K — 2) + 1. The ww block at entry
(r, ¢) of the block matrix K, Eq. (30), for any ¢ > r,
is a banded 2¢7"-circulant matrix with bandwidth
wg + (277 — 1)(2K — 1). The sw block at entry
(sp,c) 1s a banded 2°*0-circulant matrix with the
same bandwidth as the ww block at entry (sg, ¢).

These observations are also true for the multiscale ICM
A, Eq. (32), except that the blocks are no longer banded.
However, imposing a cutoff condition on elements of A by
some threshold value &y reimposes the banded structure
for blocks of this matrix. To describe the cutoff condition
and how we approximate the ICM, first we define an &y,-
approximate ICM as follows.

Definition 7: (ey-approximate ICM). Given any ICM
A € RV*N and any &g, > 0, an eg-approximate ICM is a
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symmetric matrix A, such that

€th
[ey], = {j My < e (50)
j otherwise.

As per Definition 7, we approximate the ground-state
ICM by replacing its near-zero matrix elements, i.e., the
elements with magnitude less than some close-to-zero
threshold value &y, with exactly zero. This replacement
rule enables a sparse structure for the ICM that we exploit
to perform its UDU decomposition in quasilinear time.

We show, in Proposition 8, that not only the approxi-
mate ICM obtained by imposing the cutoff condition is a
positive-definite matrix but also the infidelity between the
Gaussian state with the approximate ICM and the free-field
ground state is bounded from above by the error tolerance
&vac 1in Table II.

Proposition 8: Given any &y,c € (0,1) and any ICM A €
RN*N | then for any ey, satisfying

0 < & < &vacN /> min SpecA, (51)

every em-approximate ICM A, is a positive-definite
matrix such that

infid (|Gy (A))

Gy (Aath))) = &vac, (52)

where |Gy (A)) is a N-dimensional continuous Gaussian
state with the ICM A as per Definition 1.

This proposition is proven in Appendix D 1.

The approximate ICM obtained by imposing the cut-
off condition is sparse because most elements of the exact
ICM A, Eq. (32), have an exponentially close-to-zero
value. In particular, we show in Proposition 9 that diagonal
blocks of A decay exponentially away from the diagonal
elements. A corollary of the exponential decay, shown in
Corollary 10, is that the diagonal blocks are banded circu-
lant matrices with a bandwidth that is logarithmic in the
number of modes N; here we refer to the number of cycli-
cally nonzero elements in any row of a circulant matrix as
“bandwidth” of the matrix.

Proposition 9: (Exponentially decaying diagonal blocks).
Let my € R* be the free mass and A € RV, Eq. (32),
be the ground-state ICM in a multiscale wavelet basis
with the wavelet index K € Zs3. Also let {ASV’;:) :
[10g2(4lC — 2)—| <r < log, N} be the diagonal ww blocks
of A as in Eq. (32). Then for any r andj > 2K — 1

- i (r+1)
A7) 1 < 16K mo D27 VIETY,

D = 2K — D2 /my, (53)

where k) > 1 is the spectral condition number of K in
Eq. (23).

This proposition is proven in Appendix D 2.

Corollary 10: (Banded circulant blocks). The diagonal
blocks of the approximate ICM in a multiscale wavelet
basis are banded matrices with the upper bandwidth

v ’72(2’C—1) 4ICN )—‘, (54)
moEvyac

mo
where all parameters are specified in Table II.

log N log, (

By this corollary, proven in Appendix D 3, each diag-
onal ww block of the approximate ICM A is a banded
1-circulant matrix with bandwidth 2w + 1. The wavelet
transform implies that the off-diagonal ww blocks are also
banded matrices. Specifically, the off-diagonal ww block at
entry (r, ¢) of the block matrix A is a banded 2¢"-circulant
matrix (Y ¢ > r) with bandwidth

WIDTH(r,¢) :=2w+ 1+ Q" = 1DHRK - 1). (53)

However, the ss and sw blocks of A are not necessarily
banded matrices. We therefore treat these blocks as dense
matrices.

We now describe a data structure for representing the
block matrix in a multiscale wavelet basis. The date struc-
ture that we describe here takes advantage of the matrix’s
block and circulant structures for efficient storage. In par-
ticular, we use the data structure for storing the multiscale
ICM A, Eq. (32). We store the block matrix in a multiscale
wavelet basis by an associative array, i.e., by a collection
of (key, value) pairs. Each key is a tuple (z,r,c), where
z € {ss,sw,ww} specifies if the block belongs to the ss,
sw, or ww part of the block matrix. The positive integers
r and c, respectively, specify the row and column indices
of the block matrix; these integers also specify the scales to
which the block belongs. The value of the associative array
specifies the block at entry (z,7,¢) of the block matrix.
Each block, being a circulant matrix, is specified by a vec-
tor, which is the first row of the block, and two additional
parameters: the block’s size and the amount by which the
vector is shifted when moving from one row to the next.
For our application, each key specifies the block’s size and
the amount by which the vector is shifted. Therefore, the
values are vectors that specify blocks of the block matrix.

The memory requirement for storing a symmetric block
matrix with circulant blocks using the described data stric-
ture is quasilinear in the matrix’s dimension. The fact that
each block matrix is circulant means that we need only to
store one row of each circulant block; the other rows are
shifted versions of the stored row. Assuming unit cost for
storing each element, the cost of storing a block matrix
with circulant blocks is equal to the sum of the row size for
each block, which is altogether quasilinear in the matrix’s
dimension. The symmetry of the matrix reduces this cost
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by a factor of 2. The memory cost can be further reduced
by noting that most of the entries in the vector specify-
ing the circulant blocks are equal to zero. We do not use
this technique because we are only concerned with pro-
ducing a quasilinear algorithm for ground-state generation.
The memory-cost reduction delivers only a constant-factor
improvement and makes the algorithm much more com-
plicated. However, it is an obvious way to improve the
classical preprocessing of the wavelet-based algorithm
further.

We now describe our algorithm’s procedure for comput-
ing the circulant row in unique blocks of the multiscale
ICM A, Eq. (32). To elucidate the algorithm’s procedure,
first we state recursive relations for blocks of the multiscale
ICM. The ICM in a multiscale wavelet basis is obtained by
a wavelet transform from the ICM in a fixed-scale wavelet
basis. Specifically, for d := k — s,

AP = WPAIW, (56)

where W;k), Eq. (A7), is the d-level wavelet-transform
matrix at scale k. By this equation, for scales » and ¢
with 59 < r < ¢ < k, the wavelet transform imposes the
recursive relations

A = HASTVHT, (57
Ag\,}c) — Hc—r+1A§§+l)GT’ (58)
A9 = GHALTVGT, (59)

for blocks of the multiscale ICM A and the fixed-scale
ICM A"V where H and G are the upper and lower half

of Wi,k ), Eq. (A7), respectively. We use these recursive for-
mulae to compute the circulant in unique blocks of the
multiscale ICM A.

We start by computing the circulant row of the bottom-
right block in A and proceed to compute the circulant row
of the top-left block column by column. For each column
¢ of the block matrix, first we compute the circulant row
of A by Eq. (57). Next we compute circulant row of
the diagonal block in column ¢ using Eq. (59) with » = c.
For each ww block above the diagonal block, i.e., for ww
blocks with row index » form ¢ — 1 to sy, we then iter-
atively update ATV as ATD « HACHD and compute
circulant row of A% by A" = GATVGT. Finally, we
compute the circulant row of the sw block in column ¢ by
A = ACtDGT because AT in Eq. (58) is updated
¢ — 8o + 1 times while computing the circulant row of the
ww blocks in column c¢. The explicit procedure of our
algorithm for computing the circulant rows is presented in
Algorithm 4.

3. UDU decomposition of the ground state’s ICM

Here we present our classical algorithm for computing
the UDU decomposition of the approximate ICM in a mul-
tiscale wavelet basis. First we describe a block variant of
the UDU decomposition for a real-symmetric matrix. Next
we explain how we approximate the UDU decomposition
of the approximate ICM. We then specify the inputs and
outputs for our UDU-decomposition algorithm for a sparse
matrix and explain an efficient method for storing the out-
puts. Finally, we describe our algorithm’s procedure and
present the algorithm as pseudocode.

We begin by describing a block variant for the UDU
decomposition of a dense real-symmetric matrix A that has
a block structure as the matrix in Eq. (32); see Appendix F
for the standard UDU decomposition of A. By Eq. (F1),
we write the UDU decomposition of the block matrix A,
Eq. (32), as

A=UDU' := UV’

U ug gt
_ U Ui Y
k—l,‘k—l
L
_ T
Vi v v
(505 S0) (s0, k—1)
Vi V
% ww ww . , (60)
' V(k—l,‘k—l)
ww
where
k—1
D =D\ (HDL), (61)

S=S50
is a block-diagonal matrix and

Vgo) = Ugo)D(So) V600 . USB,C)D(C)

ss 2 sSwW ww?

Ve .= grap@ (5o <r<c<k), (62)

ww

are blocks of the block matrix V, which has the same block
structure as U. Diagonal elements of D and shear elements
of U are computed in the UDU matrix decomposition. By

Eq. (60), the i diagonal elements of D) and DY are

k-1
() _  (c0 (X)) (X))
Ay i = e 17— E :uww; LG8 25—1 " Yiow; i,(i41)85e:25— 17
S=C
(63)
(s0) __  (s0) __ _ (s0) (s0)
Ao i = Ay ;=0 s g Vg ii+1:250 1
k-1
§ : (50,5) (5055)
- usw; i,0:25—1 " vsw; 1,0:25—1> (64)
S:S()Jrl

respectively; see also Eq. (F4).

020364-24



NEARLY OPTIMAL QUANTUM ALGORITHM...

PRX QUANTUM 3, 020364 (2022)

Input:
K e 223
my € R*
N € Zzy01-1)
A e R
peEZT
Output:

a:= {a§§°) € R?,a (SO ) e RZ, S,,f‘f,) € ]RZH‘ [log, (4K —2)] =:s9 < r < ¢ < k:=log, N}

upper-diagonal blocks of the multi-scale ICM A (32)
1: function INvCovCIrRcRows(KC, mg, N, A, p)
2: RN 5 A < mwvCovErGens(IC, mg, N, A, p)

3: forj<—0toN—1do

. (k) 27TJ
4: fgeli € Z A; cos
5: R 5h « LOWPASSFILTER(IC, p)
6: fori <« 0to2K —1do
7: 8i < (=)' hak—1-i
8: forc < k—1tosydo
9: forjeOtchfldo
. 2 (c+1)
10: B, = 2 hmh”ass (m+2j—n) mod 2¢+1
m,n=0
11: for r < cto sy do
12: forj <+ 0to2°—1do
2K-1
. 20 c+l)
13: D, j “ L g”’g”ass (m+2j—2¢-7n) mod 2¢+1
m,n=0
14: x — alcth
15: forj < 0to2°t! —1do
K-1
Sy *
16: i 4 Y hnX(j_pe-rim) mod 2¢+1
"o
17: forj <+ 0to2°—1do
K-1
. (s0,€) 2 (c+1)
18: sw; j mod 2¢ = mZ::o gm“ss;(m+2j) mod 2¢+1
19: return a

> computes circulant row of Ay

> to be updated, the circulant row of Ags

> wavelet index
> free-QFT mass
> number of modes

> derivative overlaps (13) for Laplace operator
> working precision

> circulant row in main and

> computes eigenvalues of A by Algorithm 3
(k)

> computes circulant row of A

> computes low-pass filter for index-K wavelet by Algorithm 10
> computes high-pass filter

> iterates over column index of the block matrix A

©) from the circulant row of A£§+1) by Eq. (57)

> iterates over row index of the block matrix A

7,C)

> computes circulant row of A<

(c+1)

is stored on scratchpad as a temporary vector x

> computes circulant row of the sw block in column ¢

Algorithm 4. Classical algorithm for computing circulant row in blocks of the ICM, Eq. (32), in multiscale wavelet basis

We now establish formulae to compute shear elements in various blocks of U. For 0 < i < 2%, the shear elements in

the i column of U are the same as the shear elements in the i column of UL . By Eq. (F5), these elements are

o 1 G ()
ss; 0:i—1,0 — d(SO) ss; 0:i—1,1 u
S8, 1

For ¢ > sy and 0 < i < 2¢, the shear elements in the (2¢ + i) column of U are the elements in the i

. o80) _ u(so,S) . V(so,S)
553 0:—1,i4+1:250—1  Vss; 1,i4+1:250—1 sw; 0:—1,0:25—1 ° Vsw; ,0:25—1

k—1
Vi£0. (65)

s=s0+1

column of U¥

and U9 for sy < r < ¢, and the elements above the diagonal entries of U9, By Eq. (F5), these elements are

(50,0 _ 1 (50,0 (5055) (c,s)
U 00501 = T | Asw: 0201 E :usw; 0:2%0 — 1,14 1)85e:25—1 ~ Ywws i,(i+1)8e:25—1 | 2 (66)
dWW'l
1 k=1
(r0) _ (r,¢) () (¢,5)
Wy, 0271, = 4O A 02r—15 — § :uww; 0.2 —1,(i+1)850:25—1 * Vow; i (i4+1)85e:25—1 | (67)
ww; 1 s=c
) _ b Ao () () Vit 68
wws 0si—1,i — _d(c) Al 01— uww; 0:i— 1,314 1)850:25—1 * Yoow; i,(i+1)85e:25—1 i #0, (68)
ww; i L
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FIG. 8.

Visualization of two ww blocks of the approximate ICM. The left block is a 2-circulant matrix and the right block is a

4-circulant matrix. Each ww block has nonzero elements in the top-right, bottom-left, and main part. The parameter / is the NNZ
elements in the last column at the top-right part of the block; W is the bandwidth and H is the vertical bandwidth of the block. These

parameters specify the location of nonzero entries in the block.

respectively. We use these formulae in our UDU-
decomposition algorithm to compute the nonzero shear
elements of the upper unit-triangular matrix U in the UDU
decomposition of the approximate ICM in a multiscale
wavelet basis. _

In our algorithm for the UDU decomposition of A, we
compute an approximation of the upper unit-triangular
matrix U. We take the above-diagonal nonzero elements
of U to be in the same position as the above-diagonal
nonzero elements of A; we set any entry of U to zero if
the corresponding entry in A is also zero. We refer to this
decomposition as the incomplete UDU decomposition by
position.

We specify the location of nonzero entries of the approx-
imate ICM by helper functions. The helper functions return
various parameters that specify nonzero entries in each ww
block of the approximate ICM. As shown in Fig. 8, each

ww block has nonzero elements in three parts: top-right
part (TRP), bottom-left part (BLP), and main part (MP).
For each block, we compute the following parameters by
the five helper functions in Library 1: (1) the number of
nonzero (NNZ) entries in the last column at the TRP of
the block; (2) bandwidth of the block, which is the num-
ber of cyclically consecutive nonzero entries in each row
of the block; (3) vertical bandwidth of the block, which
is the number of cyclically consecutive nonzero entries in
each column of the block; (4) the column index of the
first and last nonzero entries in the block’s main part for
a given row index; and (5) the row index of the first and
last nonzero entries in the block’s main part for a given
column index. These parameters fully specify the location
of nonzero entries in each ww block.

We now specify inputs and outputs of our UDU-
decomposition algorithm. The algorithm’s inputs are

: global K, w

: function LASTCOLNNZ(7, ¢)
return (%“

: function WIDTH(, C)
return2w+1+ (2" -1)(2K - 1)
: function VERTWIDTH(7, )

WIDTH(7,¢) —‘

return [?

P - NS B N SCR Ry

[o5]

: function maiNCoL(i, 7, ¢)

9: h < 1AsTCOLNNZ(r, ¢)

10: W < wipTH(7, ¢)

11: Jpe (i—h)2°7" xO(i—h)

> computes column index of first and last nonzero entry in i

> wavelet index K and upper bandwidth w of the diagonal ww blocks of A are global variables
> computes NNZ elements in last column in top-right part of (7, ¢) block

> computes bandwidth of (7, ¢) block

> computes vertical bandwidth of (7, ¢) block

th row in main part of (r, c) block

> ©(n) is the unit-step function whose value is zero for n < 0 and is one for n > 0

122 o min(p+W 1,2 1) x 0> —h)+ (W—-w+i2°" —1) x ©(h —i—1)

13: return (jg, jL.)

14: function MAINROW(j, 7, C)

15: h < 1AsTCOLNNZ(r, ¢)
16: W < wipTH(7, ¢)

172 H + VERTWIDTH(7, C)

18 ip [H@;—ﬂ x O — (W—w))

19: iL<—min(iF+H—1,2f—1)x@(j—(w—w))+(h+[

20: return (if, i)

> computes row index of first and last nonzero entry in jth column in main part of (7, ¢) block

ZJ,,J) X O((W —w) —j—1)

Library 1.

Helper functions for location of nonzero elements in blocks of the approximate ICM in multiscale wavelet basis
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parameters that specify unique elements of the approxi-
mate ICM A: the wavelet index IC, the number of modes N
in the discretized QFT, the upper bandwidth w for diagonal
blocks of A, and the circulant row in unique blocks of A.
Outputs are shear elements of the approximate upper unit-
triangular matrix U and diagonals of the diagonal matrix D
in the incomplete UDU decomposition of A.

The approximate upper unit-triangular U matrix in the
incomplete UDU decomposition has the same sparse and
block-matrix structure as the matrix A. We exploit these
structures and store the shear elements of U by a sparse
representation. Similar to sparse representation of A, we
represent shear elements in blocks of U by an associa-
tive array, i.e., a collection of (key, value) pairs. Each key
is a tuple (z,7,c), where z € {ss,sw, ww} specifies if the
block belongs to the ss, sw, or ww part of the block matrix.
The positive integers » and ¢ specify the row and column
indices of the block matrix, respectively. The associative
array’s value specifies the shear elements of the block at
entry (z,r,c) of the block matrix. Unlike blocks of A,

20
T

blocks of U are not circulant matrices, so we cannot spec-
ify each block by a single row of the block. Therefore, each
value in the associative array is a matrix that specifies the
shear elements of a block in the block matrix.

The ss block of U is a unit-triangular matrix. As illus-
trated in Fig. 9(b), we store this block’s shear elements as
a vector of size 2°0(2°0 — 1)/2 by concatenating the shear
elements from top-left to bottom-right corner sequentially
row by row; note that the ss block is a matrix of size
250 x 2% Similar to the sw blocks of A, the sw blocks of
U are not sparse matrices. Therefore, we store the shear
elements in these blocks by a matrix of the same size.
The diagonal ww blocks are each an upper unit-triangular
matrix. The shear element of U are in the same posi-
tion of the above-diagonal nonzero elements of A""; see
Fig. 9(c). As illustrated in Fig. 9(d), we store the shear ele-
ments of U by a matrix of size 2" x w, where w is the
upper bandwidth of the diagonal ww blocks of A. The off-
diagonal ww blocks of U are sparse with the same sparse
structure as the off-diagonal ww blocks of A. Specifically,

FIG. 9.

Schematic illustration of our method for storing shear elements in the ss and ww blocks of the upper unit-triangular matrix

in the incomplete UDU decomposition of the approximate ICM in a multiscale wavelet basis. To elucidate how we store the shear
elements, we use gray color with different scales to show the location of nonzero elements in different parts of a block; gray color’s
scale here does not represent the relative magnitude of the elements (a) Visualization of the ss block. This block is an upper unit-
triangular matrix. (b) Visualization of the vector storing the ss block’s shear elements. (c¢) Visualization of a diagonal ww block. This
block is also an upper unit-triangular matrix. (d) Visualization of the matrix storing shear elements of the diagonal ww block. (e)
Visualization of an off-diagonal ww block. (f) Visualization of the matrix storing the shear elements of the off-diagonal ww block.
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the block U9 with ¢ > r is a banded matrix with band-
width WIDTH(r, ¢), Eq. (55). We store shear element of
this block by a matrix of size 2" x WIDTH(r, ¢), which is
illustrated in Fig. 9(f). For convenience, we use the helper
functions in Library 2 for storing the shear elements in the
ss and ww blocks of U.

We now describe the procedure of our UDU-
decomposition algorithm. We employ the block variant for
the UDU decomposition in our algorithm, but we compute
only the nonzero shear elements in each column of U. The
ss and sw blocks of U are dense matrices, so we compute
all elements of these blocks. The ww blocks, however, are
sparse matrices similar to the ww blocks of A. We therefore
use the helper functions in Library 1 to specify the location
of nonzero elements in the ww blocks. We start from the
top-right block of U and proceed to compute the nonzero
shear elements in each block of U column by column. For
each column c of the block matrix U, we compute diago-

nals difv)v; ;of D all elements of UL and nonzero shear
elements of U9 for r € {so, . .., c}.
To compute the diagonal element d®©

pute nonzero elements in the i row of V&9, Eq. (62), for
s € {c, ...,k — 1}. Then we multiply each nonzero element
in the i row of V(¥ to its corresponding nonzero element
in the i row of U“* and add the results. Next we negate
the result and add aif;f.) ;; to obtain dff‘)v .. The i diagonal
clement in the ss block of D is computéd by a similar pro-
cedure. In this case, we compute all elements in the i row
of the ss and sw blocks of V, Eq. (62), because these blocks
are dense matrices.

To compute the nonzero shear element at entry (i,j) of a
ww block at entry (7, ¢) of the block matrix U, we multiply
nonzero elements in the j® row of V( by their corre-
sponding entries in the i row of U fors € {c, ...,k —
1}, as per Eq. (67); note that off-diagonal elements of diag-
onal blocks and all elements of off-diagonal blocks are
shear elements. We then add them all and negate the result.

Next we add a9 ; to the obtained value and divide the

result by d‘(fv)v ;- The final result is the shear element at the
(i,j) entry of (r,c) block of U. The shear elements in the
ss and sw blocks are computed by a similar procedure, but
being dense matrices, all elements in these blocks must be

computed.

first we com-

D. Quantum algorithms

In this subsection, we construct the quantum routine
of our Fourier- and wavelet-based algorithms for ground-
state generation. The quantum routine of our algorithms
has two subroutines. The first subroutine generates an
approximation for a continuous 1DG state, and the second
subroutine executes a basis transformation.

We have two quantum algorithms for generating a 1DG
state. The first algorithm is presented in Sec. IVD 1, and

the second algorithm, which is based on inequality test-
ing, is described in Sec. IV D 2. We present our algorithm
for quantum fast Fourier transform in Sec. IV D3, and
the algorithm for quantum shear transform in Sec. [V D 4.
The QFFT and QST algorithms serve as the basis-
transformation subroutine in the Fourier- and wavelet-
based algorithms, respectively.

1. One-dimensional Gaussian-state generation

Here we present our first quantum algorithm for gener-
ating a discrete approximation for a continuous 1DG state,
Eq. (19), on a quantum register. We begin by explain-
ing the inputs and output of the algorithm. We then
describe the involved quantum registers in our algorithm
and explain the algorithm’s procedure. Finally, we present
our algorithm as pseudocode.

The output of our 1DG-state-generation algorithm is a
discrete 1DG state with the standard deviation & over a
lattice with 2™ points and lattice spacing §; see Sec. IIIC 1
for a description of our method for approximating a con-
tinuous 1DG state. The discrete 1DG state, Eq. (33), is a
linear combination of basis states |j ), where § is a real
number. Therefore, the discrete 1DG state can be regarded
as a superposition of real numbers.

For convenience, we use the fixed-point number rep-
resentation [45, p. 255] to treat the real numbers in our
algorithm. Specifically, we consider each real number as a
p-bit number in this representation. The positive integer p
is the working precision in our main algorithms for ground-
state generation. As the largest value for the real numbers
is 2™, we use lattice parameter m to be the radix-point posi-
tion, i.e. the number of bits to the left of the radix point
in the fixed-point number representation. Therefore, the
following parameters are taken as classical inputs to our
1DG-state-generation algorithm: the working precision p,
the radix-point position m, and the p-bit numbers ¢ and 4.

To elucidate the procedure of our quantum algorithm,
we now describe various quantum registers involved in the
algorithm. Our algorithm involves the following quantum
registers; all registers start in the all-zero state and have p
qubits unless otherwise specified. (1) out, a register that is
to be prepared in the discrete 1DG state, Eq. (33); (2) std,
a register that stores the value of 5; (3) spc, a register that
stores the value of §; (4) mean, a register that stores a mean
value u; (5) ang, a register that stores a single-qubit rota-
tion angle; and (6) scratch, a O(p)-qubit register used
to assist in various operations throughout the algorithm.
We index the qubits of each register from 0 top — 1, where
the 0 qubit is the rightmost qubit. The first p — m qubits
in each p-qubit register represent the fractional part of a
number, and the last m qubits represent its integer part in
the fixed-point number representation.

The main strategy to generate the discrete 1DG state,
Eq. (33), is as follows. First we prepare the state

020364-28



NEARLY OPTIMAL QUANTUM ALGORITHM... PRX QUANTUM 3, 020364 (2022)

Input:
K€ Zx>3 > wavelet index
N e ZzZ(ZK—l) > number of modes; for convenience, we assume N is a power of 2
wezZt > upper bandwidth of diagonal ww blocks in the approximate ICM A
a:= agﬁ") €R*,a (Q"’ ) e R%,a (’ C) € R¥ | [log,(4K —2)] =159 < r < c < k:=log, N} > circulant rows of ICM A
Output:
de RN > diagonals of the diagonal matrix D in UDU decomposition of A

S:= { (5 o) € R22°(20-1) , Ssw (s0) € R?° XZE,S,(;;f) € R x(wrn(re)—(w+1)8r) sp<r<c< k} > shear elements in main and

upper-diagonal blocks of U in UDU decomposition of A; here winTH(r, ¢) (55) is bandwidth of A(y <)
1: function iNvCovUDU(K, N, w, a)

2 forc <+ k—1tosgdo > iterates over columns of U
3: fori < 2°—1to0do > iterates over columns/rows of Us.f{,i) from right/bottom to left/top
4 4 ge)
ww; i ww;i,i
5 fors < ctok—1do > lines (2-14) compute d}c) and nonzero elements in i row of Vs,f;,i)
6: (dffv)v ‘,vi‘f;)) < DIAGANDV (i, c,s, u&f;)l,d( )
7: (i1,ip) < (0,2% —1)
. (s0,c) (s0,c) (c
8: uSW;i]iiz,i —a sw i:da,i /
9: fors < ctok—1do
10: ﬁ:g,'n) i & MAINSHEARS (il, ir,i,1,¢,8,d 552,/ P uﬁfgl‘n) iy if;),)
11: for r < sg toc do > lines (11-26) compute nonzeros in TRP, MP and BLP of USJ;? (r<c)
12: if r # c then
13: (if, i) < MAINROw (i, 7, ¢)
. (r.c) (rc) (c)
14: wwsieiini < Qwwsiivi/ D i
15: fors < ctok—1do
16: “E:;?iF:sz & MAINSHEARS (1F, iL,i,1,¢,8, d‘(w)v I,ugi?iF:iL,v‘(;;?i)
17: if i > 2° — w then > lines (18-35) compute nonzeros in TRP of Ug(ﬁ)
18: (ip, iL) < (O LASTCOLNNZ(r,¢) — 1 — L 2c},’iJ) > row index of last nonzero in i column in TRP of U,(,,,W)
. (re) (rc) (c)
19: uww; ipiy,i A aww,x;. lb,l/dWW;Z'
20: fors < ctok—1do
21: ui‘rvf,)XF L é TOPRIGHTSHEARS <1F,1L,1 r,C,S, div‘)v l,uw:;)lF IL,VE:;)J
22: if i < wipTH(r,¢) —w — 2°"" and r # ¢ then > lines (22-42) compute nonzeros in BLP of Us,f(,f)
23: (i1,ip) <iF + {2}' ,J, 2 — 1)
. (rc) (r) (c)
24 uww;ilriz,i « aww;ilziz,i/d'
25: fors%ctokfldo
26: ug;)ll i & BOTTOMLEFTSHEARS(7, ¢, 1,11,12,d( Ug;v)” lz,vfc’s),lC,w)
27: if i > 0 then > lines (27-31) ) compute nonzeros in MP of U&f{,ﬁ)
28: (ip,ir) < (max(0,i —w),i —1)
. &0 (c0) (c)
29: ww,z; iL,i A aww;ip:i._,i/dww;i
30: fors «+ ctok—1do
31 u‘()[fwi)lP i & MAINSHEARS (1F, iL,i,7,¢,8, diw)v l,uif;)z} ,L,v&f;)l)
32: fori <+ 2% —1to0do > lines (32-38) compute d; and nonzero elements in ith row of VS“) and Vﬁswn’f)
33: (jeoju) ¢ (i4+1,2% —1)
. (s0) (s0) )
34: Vss; ijriju « Ugs; i,jrijL © d/* i
. ) (s0) (s0) (s0)
35 di Ass;ii — uss, e © Vs jeci,
36: fors < sptok —1do
. (50,5) (s0,)
37: Vgwi02s—1 < U ins—1 © do2s—1
. ) (s0,8) (s0,5)
38: d’ « usw,' 1,0:25—1 ‘sz;i,0:25—1
39: if i > 0 then > lines (39-42) compute upper-diagonal elements of USO)
. (so0) (s0) (s0 (s0)
40: uss;O:ifl,[ « ass;O:F],i - uss;O:I'f],iJrl:Z‘O—l 'vss;i,i+l:2"0—1 /di
41: fors < sptok—1do
. (s0) ~ [.,(5058) (s0,5)
42 uss;O:i—],i A usw;O:i—],0:25—1 'sz;i,O:Z"—l /d’
43: s(5) « UPPERUNITRIANGSTORE (250, Ug")) > stores shear elements of Uﬁs o) as a vector; see line 1 of Library 2
44: forc «+ sptok —1do
(c)
45: dyepern g = dytgoc g
46: Syo (s0,€) U(SO/C)
(C c) (c,0) (c,0) . . .
47: Sy’ < DIAGSTORE ( ¢, w, Uy > stores shear elements of Uy, as a matrix; see line 6 of Library 2
48: forr < sptok—1do
49: forc+r+1tok—1do
50: S,(,VW) <— OFFDIAGSTORE (r, o, K,w, U(r C)) > stores shear elements of Ug;{f,) as a matrix; see line 13 of Library 2

51 return (d,S)

Algorithm 5. Classical algorithm for UDU decomposition of the approximate ICM in multiscale wavelet basis
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1: function UPPERUNITRIANGSTORE(N, U)
2 fori < OtoN —2do

3: forj<i+1toN—1do

4 SiN—i(i+1)/2+4j—(i+1) < Uij
5 return s

6: function DIAGSTORE(C, U&f{,f))
7: fori<+ 0to2°—1do
8
9

(jems jim) <= (i + 1, min(i + w,2° — 1))

(c,0) (c,0)
ww; i/O:jLM _jFM A ww; i/]‘FM:]-LM
10: if i <w —1 then

(ce) (cie)

ww;2¢—1—i,i:w—1 — uww;i,Z‘
(cc)

12: return Sy,

13: function oFFDIAGSTORE(?, ¢, Us‘f(f,))

14: h < 1AsTCOLNNZ(r, ¢)

15: H < vERTWIDTH(, C)
16: W < wipTH(7, €)
17: (iLT/iFB) «— (h—l,ZV—(H—h—l))

column’s first nonzero in BLP of US;;‘C)

18: fori< 0to2" —1do

19: (jpm, jLM) — MAINCOL(i, r, C)

20: if i < ipr then
. (r.c) (r.c)

2L: SWW,‘ 1,0:jim « ww; 1,0:/Lm

22: (jFT/jLT) — (ZC —w+i2°77,2¢ — l)
, (7. (rc)

23 wws i+ W =1 5 Yo ey

24: else if ijT < i < ipg then
) (r,0) (r,0)

25: SWW; i,0:W—1 - uWW; i,fEMiTIm

26: else

27: (jFB/jLB) — (0, (Z — iFB)2C*’ — 1)
) (r,0) (r,0)

28: sWW; i,0:jLs — ww; 1,018

2 (rs) ()

ww; i, jig+1:W—1 = uWW; i, fem:fim
30: return sﬁ;;é)

b computes column index of first and last shear elements of i row in MP of Uy,

_w_inc_1 D stores shear elements of it row in TRP of Uy’ into (2 —1— i)th row of SW;‘C,

> computes column index of first and last nonzero in i row in BLP of USWC,

> stores shear elements of an N X N upper unit-triangular matrix U

> stores shear elements of a diagonal ww block of U

(cc)

> iterates over rows of Uy

(cc)

(cc)

> w — 1 is row index of last nonzero in last column of Uy,

(c,c) (cc)

> stores shear elements of the off-diagonal ww block at entry (r,¢) of U

> i T is row index of last column’s last nonzero in TRP and igg is row index of first

(rc)

. C
> iterates over rows of Uy,

> computes column index of first and last nonzero in i row in MP of Ug,f,’f,

> note that jpy = 0 fori <ipr

> computes column index of first and last nonzero in i row in TRP of USJ,‘,’,‘C,)

r’)

Library 2. Helper functions for storing shear elements of the upper unit-triangular matrix in UDU decomposition

am=l_g )2
1 R AD)
WG, pm) = —e—— Y e 4 |j),
NVACH N
om=1_1 SN2
G+
fGpm) = Y e 27, (69)
j:,2m—1

with the initial value w = 0 on the leftmost m qubits of
the p-qubit out register, i.e., the qubits that represent the
integer part of a number. This state is a discrete 1DG
state with the mean value wu over a lattice with unit spac-
ing. The parameter u is used here because our algorithm
for generating the state in Eq. (69) is iterative, and the
value of © changes in each iteration. Having prepared the
|W(6,0,m)), we then transform it into the discrete 1DG
state |Glagice (0, 8, m)) by multiplying j to 8. To this end, we
write the classical input § into the spc register and imple-
ment the transformation |j) .. 18)spe > 176)oue 18) spe-

The state prepared on the out register is then
|G(6,68,m)).

We now proceed with a detailed description of the pro-
cedure for generating |V (6, i, m)). This state is a linear
combination of basis states | j) where j is a signed integer.
Using two’s complement to represent signed integers [45,

p. 16], we recursively decompose the state as

[V (0, e, me))
= [W(0¢/2, ue/2,mg — 1) & cos b, |0)
+ W (o¢/2, (e +1)/2,mg — 1)) @ siny 1), (70)

where we define the four terms 6y := &, o 1= wu, my :=
m—LandVl e {0,...,m— 1}

6, := arccos \/f 0u/2, pe/2,me — 1). (71)

S (¢, e, my)
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(c) d(s) )

1: function p1IAGANDV(], ¢, s, u, i A

2: (je, jL) ¢ MAaINCoL(i, ¢, s)
. (c5) (cis) (s)
3 VWW i,rjL A uww;i,j;:j]_ © WW; JpifL
4: di:‘)v-i & u‘(‘f;)l . -V<C’S_)- - b <= denotes the addition assignment, i.e., a Ehi=aea +0b
i S LJEL WW; 1,]F L
5: (h,H) < (1asTCOLNNZ(c, s), VERTWIDTH(c, 5))
6: (iLT/iFB) — (]’1—1, 2C—(H—h—1))
7 if i < ipr then > iy, is row index of last nonzero in last column in TRP of U&f{f,)
8: (e ju) < (2° —w+i2°7¢,2° - 1) > jp is column index of first nonzero in i row in TRP of Ug(f,)
) (c5) (c5) (s)
9: VWW,' i,frjL A uww; ifrijL dww JEL
) () & (cs) (c8) (c;s) (c5)
10: dWW; P Wi Vwsijicit > multiplies TRP of Uy’ by TRP of Vi
11: if i > ipg and s # ¢ then > ip is row index of first nonzero in first column in BLP
12: (je L) < (0, (i —ipg)2°~ ¢ — 1) B ji. is column index of last nonzero in i row in BLP of U&f;‘ﬁ)
. (c8) (cis) (s)
13: wa;i,jp:jL A uww;i,j}::]}_ © dww;jF:jL
. () & () (cs) . 1. (c,s) (c,8)
14: dWW; peu jesie” Vovwsjecje > multiplies BLP of Uy’ by BLP of Vy,i
151 return (difzv_i,vif"z_)i)

. . o (c) (r.s) (cis)
16: function MAINSHEARS(i1, i3,1,7,C, S, dWW ir Ww;iliiz,vww;i)

17: (e, jL) < MAaINCoL(i, ¢, s)
18: f;‘;) iriini é [u‘(;;?ilziz,jp: i Vf),f;) i jo: jL] / d&f&/} ; > contribution to shear elements from multiplying MP of U<r s) to MP of V&f;‘s,)

19 (h,H) < (1asTCoLNNZ(c,s), VERTWIDTH(C, 5))
20: (iLT/iFB) — (h—l, 2¢ — (H—h—l))

21: if i < iyt then > i, is row index of last nonzero in last column in TRP of V&f;‘s,)
22: (e ju) < (2° —w+1i2°7¢,25 1) > jp is column index of first nonzero in jth row in TRP of V&f{f,
, + g ’ s sl , ’
23: uf;wi;)h:iz,i — [u‘(;;;)ilsiz, e V&f;) i,jp:jJ / d‘(va)v;i > contribution from multiplying TRP of U.(),fvs) to TRP of V&fus,)
24: if i > ipg and s # ¢ then >s#cas Vs,f"f,) does not have BLP part
25: (]F/]L) (O, (l — l‘FB)Zsic — 1)
26: ui:":,) iy, i & [ug";) i et f;;/) i jL] / dif‘)v; i > contribution to shear elements from multiplying BL of USJ;‘S,) to BLP of V&f";)
27: return uva) iyt

6 d© o) o))

28: function TOPRIGHTSHEARS(i1, 12,1, 7,¢,8,d . .., Wiy Vivm i

29: (jr, jr) ¢ mamNCoL(i,c,s)

30: f;“c/) iriini & [u‘(;“i) i eciy Vf;;) i jo: jL] / d&fzv; ; D contribution to shear elements from multiplying TRP of U%) to MP of V‘(ﬁ;‘s})
31:  (h H) < (LasTCoLNNZ(c,s), VERTWIDTH(C, 5))

32: ipp2°—(H—h-1) > i is row index of first nonzero in first column in BLP of V&f;s)
33: if i > ipg and s # ¢ then > BLP of V‘(W,) has nonzeros only for rows i > i; s # c as V( ) does not have BLP part
34: (e ju) < (0, (i — )25 — 1)

35: ug‘f,)zl i [“giz?il:iz,ﬁ:ﬁ . vfw i JL] /) > multiplies TLP of U by BLP of V)
36: return ung)ll i i

37: function BOTTOMLEFTSHEARS(i1, i3,1,7,C, S, d‘(;)v; i u‘(;;)h iy ‘(5;)1)

38: (jr, jr) ¢ maNCoL(i,c,s)

39: f;‘;) iriini & [u‘(;;?ilziz,jp: i Vf),f;) i jo: jL] / d&fzy; ; > contribution to shear elements from multiplying BLP of U<r %) to MP of V&f;‘ﬁ)
40: if i < ity + 1AsTCOLNNZ(c, s, w) — 1 then

41: (e ju) < (2° —w+i2°7¢,2° 1)

42: ug‘:’? htiad & [ug;,) i et Vva, i je: ]J / d ; > contribution to shear elements from multiplying MP of USVW> to TRP of V< 9
43: return u(

ww; iy, 1

Library 3. Helper functions for computing shear elements

We use the recursive formula (70) to devise an itera-  register. For ¢ from 0 to m — 1, we iteratively per-
tive algorithm for generating |V (o, u,m)). We start by  form the following operations; see the quantum circuit in
writing ¢ into the std register and u into the mean  Fig. 10.
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1:
2
3
4:
5:
6
7
8
9

10:

function ITERONEDG(Y, m, p, std, mean, ang)
ANGLE(std, mean, ang)
roT(ang, out[{])
ANGLE(std, mean, ang)
SHIFT(std)
if &) = 1 then
X(std[p—1])
SHIFT(mean)
cNot(out[{], mean[p — m — 1])
yield out[/]

> performs the iterative steps described in Sec. IVD 1

> computes 0, /27t (71) into the ang register as per Eq. (72)
b rotates the /1" qubit of out register as per Eq. (73)

> erases ang register

> along with the next two lines, divides the number stored in std by two

> flips the leftmost qubit of std

> divides the number stored in mean by two; the leftmost qubit of mean is always |0)

> adds 1/2 to mean register if out[¢] is |1)

Library 4. Helper function for 1DG-state generation in Algorithm 6

1.

Compute a p-bit approximation for n, := 6,/2m,
Eq. (71), and store the result in the ang register. We
perform this operation by

ANGLE : [6)s1q | ) nean 10) ang

= |6)std |/'L>mean |n>ang H (72)
which we describe by by ANGLE(std, mean, ang)
in our quantum algorithm.

Perform a single-qubit rotation on out[£], the £
qubit of out, where the angle of rotation is read
from the ang register. The rotation is performed by
implementing the operation

ROT : |7]>ang |O)out[@] = |n)ang (005(27'”7) |O>out[f]
+ Sin(27T n) |1)Out[e]) N
(73)

which we describe by ROT (ang, out[£]) in our
algorithm.

. Erase ang by uncomputing 1,. We uncompute 7, by

performing the ANGLE, Eq. (72), operation.
Divide the numbers stored in std and mean by
two. To divide the number stored in std by two, we

cyclically shift the qubits of this register one qubit to
the right by performing

SHIFT : |bp_1 c b]bo) = |b0bp_1 .. b1>

out ’

(74)

out

and then flip the leftmost qubit of std if the £ bit
of the classical input ¢ is 1. As we start by the initial
value u = 0, the rightmost qubit of mean remains
in the zero state throughout the computation. There-
fore, to divide the number stored in mean by two,
we perform only SHIFT, Eq. (74), on this register.

. Add 1/2 to mean if the state of out[£]is|1). As we

start by u = 0, after dividing the value encoded in
mean by two in the previous step, the (p —m — 1)
qubit of this register is |0). Therefore, we add 1/2 to
mean by flipping the state of this qubit from |0) to

).

To simplify the readability of our 1DG-state-generation
algorithm, we describe these iterative operations by a
helper function in Library 4.

By performing the described iterative operations, the

quantum state |W(a,0,m)), Eq. (69), is prepared on the
first m qubits of the out register. To transform this state
into the integer part of out, we swap the first m qubits

|5'€>std — 8 #— SHIFT [ X;,’Ofl —— |5—€+1>std
|‘ué>mean —/—| ANGLE a ANGLE XP*m*1 —— “’l€+1>mean
10)ang ~ = 7 10)ang
ROT
|O>out[€}

FIG. 10. Quantum circuit for implementing the iterative steps for 1DG-state generation. Positive integers p and m are, respectively,
the total number of bits and position of the radix point in the fixed-point number representation; + represents p qubits. ANGLE, Eq. (72),
computes a rotation angle, Eq. (71), into the ang register, ROT, Eq. (73), rotates the £ qubit of out, out[£], by the rotation angle
stored in ang and SHIFT, Eq. (74), cyclically shifts qubits of a register one qubit to the right. The Pauli-X gate X;” acts on i qubit of
a register if the binary b is 1. Intermediate results are uncomputed by running the appropriate operations in reverse order.
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Input:
pezt
meZT
e BF
6 € BF
Output:
out € e%ﬂzp
1: function oNeDG(p, m, 7, 6)
2 A D std &
3 ji”zp Sspc 4
4 for /< Otom —1do
5: ITERONEDG(Y, m, p, std, mean, ang)
6 for/ < Otom —1do
7 swap(out[{], out[p — m + £])
8 MmuL(out, spc, tmp)
9 for/ < Otom —1do

10: swap(out[£], out[p — m + {])

11: for /< m—1to0do

12: INVITERONEDG(?, m, p, std, mean, ang)
13: for{ < Otop—1do

14: swap(out[€], tmp[¢])

15: std < 0

16: spc < 0

17: yield out

> working precision
> position of the radix point in fixed-point number representation

> p-bit approximate standard deviation of the approximate 1DG pure state

> p-bit approximate lattice spacing
> p-qubit approximate 1DG state (33) prepared on out register

> encodes 7 into the std register
> encodes ¢ into the spc register

> see the helper function in Library 4

> Lines (9-12) are the reverse of lines (4-7) and uncomputes out
> preforms inverse of the helper function in line 5
> swaps the qubits of out and tmp registers

> erases std register
> erases spc register

Algorithm 6. Quantum algorithm for generating a one-dimensional Gaussian state

with the last m qubits of out. Specifically, we swap the
¢M qubit of out with the (p —m 4+ €)™ qubit for £ €
{0,...,m—1}.

The last step is to transform |W (o, 0,m)) to the desired
discrete 1DG state |Glagice (0, 8, m)), Eq. (33). To this end,
we write the classical input § into the spc register and
perform the operation

MUL : |j>out |8>spc |0>tmp = |j>out |8>spc |]8>tmp >
(75)

which we describe by MUL(out,spc,tmp) in our
algorithm. This operation is an out-of-place multiplication
and, therefore, we need to uncompute the out register. To
uncompute out, we perform the operations that generates
|W(a,0,m)) in the reverse order. We then swap qubits of
tmp with qubits of out. By this swapping, tmp is erased
and |G(o,§,m)) is transformed into out.

Finally, we erase the spc and std registers. Note that
the values stored in these registers do not change through-
out the computation. Therefore, we erase spc and std by
writing the classical inputs § and ¢ into them, respectively.
The full description of our 1DG-state-generation algorithm
is presented as pseudocode in Algorithm 6.

2. One-dimensional Gaussian-state generation by
inequality testing
We now construct our alternative quantum algorithm for

generating a 1DG state. Our algorithm is based on testing
an inequality on a quantum computer. We begin with a

high-level description for state generation by inequality
testing and our algorithm for 1DG-state generation. Then
we proceed with a detailed description of the algorithm,
and finally, we present our algorithm as pseudocode.

The general principle to prepare a state of the form
Zj f () 1j) by inequality testing is as follows [15]. First
prepare an equal superposition over |j ). Then, for each j,
compute f (j) into a new quantum register. Next perform
an inequality test between the value encoded in this regis-
ter and the value encoded in an ancillary register prepared
in an equal superposition over all possible values of the
function. Then erase the ancillary register and measure the
qubit storing result of the inequality test. The prepared state
by this method is the desired state with certain probability.
The success probability can then be boosted by ampli-
tude amplification [24]. The complexity of this approach
could be large in the case where the distribution of ampli-
tudes has a sharp peak in an unknown location because the
amplitude amplification would then essentially be solving
a Grover search, which has a square-root speed limit [24].

The amplitude distribution for a Gaussian state has a
single peak but in a known location, and we take advan-
tage of the known location in preparing a Gaussian state.
Our approach for using the known location is similar to
that used for preparing a state with amplitudes 1/| k| in
Ref. [46]. Instead of initially preparing a state with an
equal superposition over j, we prepare a state with approx-
imate amplitudes upper bounding the amplitudes to be
prepared, as shown by the orange points in Fig. 5. Instead
of computing f (j ), we compute the ratio between f (j ) and
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the initial upper bound on f (j) and perform an inequal-
ity test with that ratio. The inequality test corrects the
amplitudes and results in a much larger amplitude for suc-
cess. Hence only a single step of amplitude amplification
can be used, which significantly reduces the algorithm’s
complexity.

We now proceed with a detailed description of the
inequality-testing-based algorithm for Gaussian-state gen-
eration. The state that we aim to prepare by inequality
testing is

am=1 2
1 _it
W(o,m) = e Y e ),
VN@.m) L=
2n17171 j2
N(o.m)y:=142 Y e 27, (76)
j=1

with classical inputs m € Z* and o € R*.

Having prepared this state on a quantum register, labeled
out, we then incorporate a lattice spacing § € R* by
implementing | ) .. = |7 6).,: as per Eq. (75). Thereby
an approximation for the desired 1DG state, Eq. (33), is
prepared on out. Considering the range of the index j in
Eq. (76) and Eq. (33), the infidelity between the approxi-
mate and the desired 1DG states is exponentially close to
Zero.

Our strategy to prepare the state in Eq. (76) by inequality
testing is as follows. First we prepare the state

am=1_j

)
_J
0)+v2 Y e )],
j=1

(77)

1
W (o,m)) = Tm)

on m qubits. Controlled on j # 0, we then perform a
Hadamard on the leftmost qubit. The controlled operation
gives a sign bit for j being a signed integer with positive
and negative values. Then we convert from signed integer
to two’s complement representation [45, p. 16] to obtain
the state in Eq. (76).

To prepare the state in Eq. (77), we use an initial ampli-
tude according to the value of j rounded down to the
nearest power of 2; the initial amplitude is illustrated by
orange points in Fig. 5. Specifically, the initial state that
we prepare is

5. (,m)

m=l_g
1 og) j
=10y +v2 Y T,
j=1

\/./\~/’(a,m)
am=1_

./\~/(o,m) =142 Z 6722Uog2jj/202’ 78)
j=l1

where N (0, m) is the state’s normalization factor. Having
prepared this initial state, we then transform it to the state
in Eq. (77) by inequality testing. To prepare the initial state,
first we prepare the state

m—1
1 P12 _220-1) /452 - »
E— )L 2/ /25=2 /40710)®m=1) |1 1)& |
e\ ; 1) 1)
sl 2 —1 2
M,m) =1+ 22727 (79)

j=1

on an m-qubit register G. Then we sequentially perform
a CNOT followed by a controlled Hadamard (CHAD) from
G[¢] to G[£ — 1] for £ from 1 to m — 1; note that quits
are ordered from right to left, so the rightmost qubit is 0™
qubit. Upon performing these operations, the initial state,
Eq. (78), is generated on register G.

We now describe how to transform the initial state,
Eq. (78), into the state in Eq. (77) by inequality testing.
Let us define rg :=1,

22logrl _ ;2 . . .
q::exp(T) Vie{jf=1...,2" -1},
(80)

for the ratio of the unnormalized amplitudes from Eq. (77)
to the unnormalized amplitudes from Eq. (78). For some
positive integer #, we compute a f-bit approximation of
r; into a t-qubit temporary register, labeled tmp, by an
operation defined as

RATIO : |j>out |0)std |O)tmp = |j>out |U>std ‘rj>tmp H

@81

which we describe by RATIO(out, std, tmp) in our quan-
tum algorithm. As the ratio 7; < 1 for each j, the encoded
t-bit string in tmp represents the value of r;, Eq. (80),
with an implied division by 2’. Next we prepare a ¢-qubit
reference register, labeled ref, in the uniform superpo-
sition state 2~/2 Zfl:_ol |z) using t Hadamard gates. With
an implied division of the encoded value by 2/, the reg-
ister ref can be viewed as being prepared in a uniform
superposition of all possible values from 0 to 1. Finally, we
test an inequality between the value encoded in tmp and
the value encoded in ref with the result of the inequality
test written to a fresh qubit labeled ineq. Specifically, we
perform a comparison operation defined as

COMP : |r)tmp |Z>ref |0>ineq

|r>tmp |Z)ref |1)ineq ifr > Z,

— {|r>tmp |Z>ref |O)ineq ifr < z, (82)

where 7 and z are #-bit numbers; this operation is described
by COMP(tmp, ref, ineq) in our quantum algorithm. The
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state after inequality testing is

1 2m=1_1
Z g(/) |j>out |rj)tmp

\/N(o,m)Z’ j=0

r(.t) -1

|Weomp) :=

2711

J
X Z |Z>ref |0>ineq + Z |Z>ref |1)ineq s
z=0

z=r"

(83)

where N (o, m) is the normalization factor in Eq. (78),
r® = [2';] and

402

22logyj]
0):=1 i) =2 —
g0):=1, g() fexp( ) 84
Vjef{l,...,2" -1},

are the unnormalized amplitudes in Eq. (78). Next we
unprepare the uniform superposition on ref with ¢
Hadamard gates. Then projecting the single qubit ineqg
onto the success state [0);,,o, yields

1 51
[Wou) 1= ———— 2()r"1j},  (85)

\/N(a,m)Z’ J

with success probability

1

Niw.m2 Y [2n]). @)

J

Psuccess =

Figure 11 shows the success probability for a wide range
of the standard deviation, and realistic size (number of
qubits m) for the quantum register encoding the 1DG state.

1.00
—m=3
0.95¢ m=4
= m=35
Z 090r  —m=6
S —m=7
[ I —m=8
;0.85 m=9
134 m=10
50.807 —m=11
—m=12
o7sf —m=13
o —m=14
m=15

0.70

0.01 0.10 1 10 100 1000

Standard deviation

FIG. 11. The success probability for preparing a 1DG state
by inequality testing for a wide range of standard deviation and
number of qubits m; see Eq. (76). The success probability is at
least about 70%.

The success probability is greater than 0.67 &~ 2/3 for any
realistic example. Therefore, one step of amplitude ampli-
fication is sufficient to achieve a high success probability.
However, as 1DG-state preparation is at the beginning of
the main algorithm for ground-state generation, it would be
sufficient to prepare the state probabilistically and repeat
until success. As the probability of success is at least about
70%, the repeat-until-success procedure is more efficient
on average than amplitude amplification.

The state in Eq. (79) is a unary state, which can be pre-
pared by rotations and controlled rotations [47, pp. 7-8].
We now describe how to prepare this state on an m-qubit
register out by these operations. To this end, first we
compute the rotation angles 6, in

2
V222" 107

0= et

vee{0,...,m—2}, (87)

with M(o, €) given in Eq. (79), by a classical algorithm.
Then we perform the following operations:

1. Perform a single-qubit rotation with angle 6,,_, on
out[m — 2]; out[i] denotes the i qubit of out.

2. For ¢ from m — 3 to zero, perform a CNOT from
out[f + 1] to out[£], and a single-qubit rotation
with angle 6, on out[/] if state of out[£ + 1] is
|0). We perform the controlled rotation by

CROT : |b>out[€+l] |n>ang |O>out[€]

= |b>out[[+l] ROTlib |n>ang |0>out[ﬁ] > (88)

where ROT!' :=ROT, Eq. (73), and ROT’:=1.
This operation is described by CROT(out[f +
1], ang, out[£]) in our algorithm.

3. Ifj # 0, perform a Hadamard on out[m — 1], i.e.,
the leftmost qubit of out. To do this, we test an
inequality between the value j encoded in out reg-
ister and the value 0 encoded in ref register, and
write the result of inequality test to a fresh qubit
labeled £1ag. Then we perform a CHAD from flag
to out[m — 1]. That is, we perform a Hadamard on
out[m — 1] if state of £1agis|1). Finally, we erase
flag.

4. Convert the signed integer encoded in out to its
two’s complement representation.

The classical algorithm for computing the rotation angles
is formally described by the helper function in Library 7.
The purpose of this helper function is only to distinguish
the classical versus quantum parts of the state-generation
algorithm by inequality testing presented as pseudocode in
Algorithm 7.

020364-35



MOHSEN BAGHERIMEHRARB et al.

PRX QUANTUM 3, 020364 (2022)

1: function ROTANGLES(m, 0)

> computes rotation angles 6, (87) required to prepare the state in Eq. (79)

2: forﬁeOtom 2do

3 M1+ E 2exp (220717 (20%))

& 0, 24/2«/2/ Mexp (—22/ (40%))

5: return © > O is a vector with components 6
Library 5. Helper functions for 1DG-state generation in Algorithm 7

3. Quantum fast Fourier transform

Here we present our quantum algorithm for perform-
ing a discrete Fourier transform on a quantum com-
puter. We begin by specifying the task here and distin-
guishing it from the standard quantum Fourier transform
[42, Chap. 5]. We then explain how a classical fast Fourier
transform algorithm can be modified for execution on a
quantum computer. We next explain that, for our purposes,
the usual complex-valued DFT can be replaced with the
DHT. Finally, we present a detailed description of our
quantum algorithm for performing a DHT on a quantum
computer.

For a given positive integer N and a complex-valued
vector X = (xg,Xp,...,Xy—1), the DFT of x is a complex-
valued vector X = (Xg, X1, ...,Xy_1) With components

N—1
= 1 —2wiel/ /N

X = — E xpe ! . 89
‘ VN = ‘ ()

A quantum fast Fourier transform is then a quantum circuit
QFFT designed so that

QFFT : |xo) |x1) - - - [xn—1) > [Xo) [¥1) - -+ [Xn=1), (90)
where X¢, Eq. (89), are components of the transformed vec-
tor X. Note that QFFT is distinct from the standard quantum

Fourier transform [42, p. 217], which is defined as

QFT : Z —2mite’ /N |E
Ve e{0,1,...,N — 1), 1)

for any N-dimensional qudit. Specifically, in contrast to the
standard quantum Fourier transform, the QFFT requires
the quantum computer to perform arithmetic operations.
There are well-known techniques to execute the DFT
on a classical computer using O(N log, N) arithmetic
operations, rather than the O(N?) required by a naive
implementation. Such techniques are called “fast Fourier
transforms.” Fast Fourier transforms can be straight-
forwardly ported to quantum algorithms by execut-
ing the prescribed arithmetic operations reversibly [21].
These arithmetic operations always take the form of an

in-place transformation (a, b) — (a + wb,a — wb), called
“butterfly” operation, for a, b € C read from the input array
and w € C some precomputed constant. As per the cost
model in Sec. IIT A 3, we assign a unit cost for each butter-
fly operation, as the overall operation is roughly as com-
putationally expensive as multiplication. Hence we can
execute any fast Fourier transform on a quantum computer
and report the same complexity of O(N log, N).

The problem with the QFFT is that the resulting rep-
resentation for the Gaussian state requires us to have
complex-valued position states, Eq. (19). As all opera-
tions for ground-state generation require only real num-
bers, we avoid the complex numbers required by the
DFT and instead use a discrete Hartley transform, which
requires only real numbers [43, p. 100]. The DHT is valid
because the ground-state ICM in the Fourier-based method
(Sec. IIIC2) is a real, symmetric, and circulant matrix,
and hence is diagonalizable by a DHT [22, Theorem 1].
The fast Hartley transform has a similar structure to the
fast Fourier transform but with a different butterfly opera-
tion [48]. The number of butterfly operations is the same.
Hence, by porting these operations to quantum algorithms,
we achieve the same quantum complexity of O(N log, N)
for executing a fast Hartley transform on a quantum
computer.

We replace the discrete Fourier transform circuit QFFT,
Eq. (90), by a new circuit QFHT defined so that

QFHT : |xo) |x1) - - - [xy—1) +> Xo) [X1) - - [Xn—1),

N—1
X = f ng/ cas(2 el /N), (92)

where the cas function is defined as cas(f) := cos(0) +
sin(f) and X, are components of the vector X, the DHT of x.
Analogous to the distinction between QFFT and the stan-
dard quantum Fourier transform, the QFFT is distinct from
the standard quantum Hartley transform [49,50], which is
defined as

N-1
QHT : f 2 cas(2mel'/N) | ¢')

vee{0,1,...,N -1}, (93)

for any N-dimensional qudit.
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Input:
pezt
meczZt
o€ B
e BP

Output:
out € %lﬂ

1: function INEQBASEDONEDG(p, m1, 7, 6)

2 R"™~1 3 0 + ROTANGLES(m, )

3 ang < 0,,,_» /271

4 Rrot(ang, out[m —2])

5: ang < 0,,,_»/2m

6 for { + m—3to0do

7 cNoT(out [l + 1], out[¢])

8

9

ang < 0,/2m
: crot(out[¢ + 1], ang, out[{])
10: ang <— 9g/27’[
11: for{ <+ 1tom —1do
12: cNoT(out[l], out[¢ — 1])
13: cHAD(out ], out[€ — 1])
14: b1
15: while b =1 do
16: for/{ <+ Otot—1do
17: H(ref[(])
18: RATIO(0ut, std, tmp)
19: coMmP(tmp, ref,ineq)
20: for{+ O0tot—1do
21: H(ref[¢])
22: b < MEASURE(ineq)
23: if b = 1 then
24: comp(out, ref, flag)
25: cHAD(flag, out[m — 1))
26: comp(out, ref, flag)
27: spc < 0
28: MUL(out, spc, anc)
29: spc < 0
30: ERASE(out)
31: for{ <+ Otop—1do
32: swap(out[¢], anc[¢])
33: yield out

> working precision
> position of the radix point in fixed-point number representation

> p-bit approximate standard deviation of the approximate 1DG pure state

> p-bit approximate lattice spacing

> p-qubit approximate 1DG state (33) prepared on out register

> classically computes rotation angles for preparing the state in Eq. (79); see Library 5

b rotates (m — 2)™ qubit of out register by angle ,,_»; see Eq. (73)

> erases ang register

> rotates (£ — 1) qubits of out if £ qubit of out is |0)
> erases ang register

> lines (12-13): prepares the state in Eq. (78) on out register

> sets the initial value for binary b

> prepares t-qubit ref register in uniform superposition state

> computes the ratio r; (80) into tmp as per Eq. (81)

> performs the inequality test (82) between the values encoded in tmp and ref

> erases ref register

> measures the single qubit ineq in computation basis; b is measurement’s output
> if measurement’s output is 1, the state in Eq. (77) is generated on out

> performs the inequality test between the values encoded in out and flag

> controlled on flag applies a Hadamard on the leftmost qubit of out

> erases flag
> writes lattice spacing ¢ into spc register

> erases spc register

> erases out register by performing reverse of operations used in preparation

> swaps the qubits of out and anc registers; erases anc

Algorithm 7.

To elucidate our QFHT algorithm, first we describe a
recursive decomposition for the DHT. Let Xz and X be
vectors comprised of the even- and odd-indexed compo-
nents of X, Eq. (92), respectively, and let X; and Xz be
the left half and the right half of X, respectively. Then the
Hartley-transformed vector X, Eq. (92), is written as [51,
Chap. 25]

X, =Xg +CHS (Xo), Xg=Xg—CHS(Xo), (94)
where CHS is the classical Hartley-shift operation with
action

CHS : (xg,x1, . . S XN_1)s

x, 1= xg cos(wl/N) + xy_¢sin(wl/N). (95)

S XN—1) (X, X, -

Quantum algorithm for generating a one-dimensional Gaussian state by inequality testing

The decomposition in Eq. (94) enables a recursive
algorithm for the DHT. The recursive algorithm requires
a temporary workspace for writing the results of interme-
diate computations. We avoid the need for a temporary
workspace by writing the algorithm in a nonrecursive
way and performing in-place operations. Our in-place
algorithm requires a quantum-data reordering, similar to
the data-reordering operation known as “bit reversal” in
the classical FHT algorithm. The bit reversal reorders the
input data vector x such that the data x; at an index i is
swapped with the data xggy(;) at index REV(i), where REV (i)
is an integer obtained from i by reversing its binary digits.

Our QFHT algorithm is based on three key quantum
operations that we define here. The first operation is a
quantum version of the classical bit-reversal operation and

020364-37



MOHSEN BAGHERIMEHRARB et al.

PRX QUANTUM 3, 020364 (2022)

is defined as

QREV : [X0)vacio] X 1)vacri] * ** PN =1)vacv—1]

= |xREV(0))vac[0] ixREV(l))vac[l] o |xREV(N _1))vac[N—1]’
(96)

where REV is the classical bit reversal. This operation
swaps the values encoded in the registers vac[i] and
vac[REV(7)] by swapping qubits of these registers; see the
helper function QREV in line (1) of Library 6. The second
key operation in our algorithm is a quantum Hartley shift
defined as

QHS : [xg) bv1) -+ - [xw—1) += [xg) [x7) - [xy_y),  (97)
where x;j is given in Eq. (95). Notice that this operation is
a quantum version of the classical Hartley shift, Eq. (95).
We implement QHS by N /2 applications of a primitive
quantum Hartley-shift operation defined as

HS: |C>cos |S>sin |x)vac[i] |y>vac[j]

= |C)cos |S>sin |XC +yS)vac[i] |XS _yc>vac[j] s (98)
where the values encoded in the quantum registers labeled
cos and sin are, respectively, the cosine and sine in
Eq. (95); see the helper function QHS in line (6) of
Library 6. The third key operation used in the QFHT
algorithm is a quantum butterfly operation defined as

QBF : |x)vac[i] |y>vac[j] > |x +y>vac[i] |x _y>vac[/'] >
99

which we describe by QBF(vac(i], vac[j]) in our quantum
algorithm. All of these operations can be implemented by
quantum arithmetic, specifically the quantum multiplica-
tion MUL, Eq. (75); see Sec. [V E 4.

The QFHT algorithm proceeds as follows; see Fig. 12
for a schematic description of the algorithm. First we
reorder the size-N input state vector to the algorithm

by implementing the QREV, Eq. (96), operation. Then
the algorithm has log, N stages. For each stage s €
{1,...,log, N}, we group the reordered state vector into
N /2% blocks of size-2* state vectors and perform the QHS,
Eq. (97), on the right half of the state vector in each block.
Then, for ¢ € {0,...,2°/2 — 1}, we perform QBF, Eq. (99),
on the £ component of the left and right halves of the state
vector in each block. Figure 12 shows a schematic repre-
sentation of the QFHT algorithm for N = 8. Components
of the input state vector in this figure is represented from
top to bottom. Hence the top and bottom halves of the state
vector in each block represented in Fig. 12 corresponds to
the left and right halves of the state vector in the block
when the state vector is represented from left to right as in
Eq. (97).

4. Quantum shear transform

We now present a quantum algorithm for performing
a shear transform on a quantum computer. We begin by
specifying the task in a shear transform and describe the
quantum shear transform. Next we explain how a sequence
of shear transforms with exactly one shear element can
implement a general shear transform. We then discuss the
shear transform required for the basis transformation in the
wavelet-based algorithm. We specify the inputs and out-
puts of our QST algorithm and proceed with explaining
the procedure. Finally, we present the QST algorithm as
pseudocode.

For a shear transform, we are given a scalar N € Z™,
a vector X = (X, X1,...,xy_1) € RY and a shear matrix
S € R¥V*¥, where the shear matrix is either a lower or
an upper unit-triangular matrix. The shear transform x =
(X9, X1,...,xy_1) of x specified by the shear matrix S is
defined so that X = Sx. For our application, we consider
only a shear transform with an upper unit-triangular shear
matrix. In this case,

N—-1
xi:xi—}— E S,'j)Cj,

J=itl

(100)

: function QrReV(N, p, vac)
fori <~ 1toN/2—1do
forj<Otop—1do

swap (vacli, j], vac[rRev (i), ])

1

2

3

4

5: yield vac
6: function gHs(N, p, vac)

7 if N > 1 then

8 for/{ +— 1toN/2—1do

9: (cos, sin) <— (cos(ml/N),sin(ntl/N))
10: us(cos, sin, vac[{], vac[N — £])

11 (cos, sin) <— (cos(ml/N),sin(mtl/N))

12: yield vac

> vac is a qubit register with N cells, each of which has p qubits; N is assumed to be an even integer

> Rev(i) is an integer whose binary representations is revers of binary representation of i

> QHS (97) is trivial for N = 1

> writes cosine and sine in Eq. (95) to cos and sin registers
> performs the primitive quantum Hartley transform (98)
> erases cos and sin registers

Library 6. Helper functions for quantum fast Hartley transform in Algorithm 8

020364-38



NEARLY OPTIMAL QUANTUM ALGORITHM...

PRX QUANTUM 3, 020364 (2022)

|fo>vac[0]

|fl>vac[1]

|§2>vac[2]

|T3>vac[3]

|f4 >vac [4]

|f5>vac[5]

\fL'0>vac[o] = — |l'1>vac[o]
1) vacqy) — — 124)vacqy)
122) vac(2] — — |22)vacp2)
|3) vacis) — — 176) yac)3)
QREV
\$4>vac[4] - — |‘T1>vac[4]
|25 ) vac(s] — — |25) vacs)
|6) vacis] — — 1%3) yac[s)
27) vacrr) — — |27) vacp7)

|f6>vac[6]

|E7>vac[7]

FIG. 12.

Schematic description of our quantum fast Hartley-transform algorithm for N = 8; see Eq. (92). Here vac is a quantum

register with eight cells, and each cell comprises p qubits encoding a p-bit number. QREV, Eq. (96), reorders the values encoded in the
input state-vector by swapping qubits of vac[i] and vac[REV(i)], where REV (i) is an integer obtained from 7 by reversing its binary
digits. The algorithm has log, N stages after QREV, each of which comprises N /2 QBF, Eq. (99), operations represented by crossed

lines; there are N /2° blocks of QBF operations at stage s € {1,..

Hartley-shift operation on its input state vector as per Eq. (97).

is the shear transform X of x.

The quantum shear transform is similar to the quantum
fast Fourier transform. Specifically, the QST specified by
S is a quantum circuit QST designed so that

QST : |xo) [x1) - - - [xn—1) +> [Xo) [X1) - - - [Xy—1), (101)
where X; are components of the shear-transformed vec-
tor. A shear matrix S is not unitary, so the map |x) —
|Sx) cannot be directly implemented by a quantum circuit.
However, by storing the shear elements of S on an ancil-
lary quantum register and performing quantum arithmetic,
this map can be implemented by a quantum circuit.

To elucidate implementation of QST, Eq. (101), by a
quantum circuit, first we describe how to decompose a

.,log, N} and each block comprises 2°/2 QBF. QHS performs the

dense shear matrix as a product of shear matrices with
exactly one shear element. Let U be an N-by-N upper
unit-triangular matrix and let S(i,j, s) be a N-by-N upper
unit-triangular shear matrix with one shear element s € R
at entry (i,j) with i < j. We decompose U into a product
of shear matrices with exactly one shear element as

0 i+1
U= 1_[ ]_[ S (i), uy), (102)
i=N—2j=N-1

where u;; are elements of the matrix U. This decomposition
implies that a general shear transform can be implemented
by performing a sequence of shear transforms with exactly

Input:
N € Z>ya1-1)
peZT
vac € ®?I:701 <%”2p
Output:
vac € %”ZNXP
1: function QFHT(N, p, vac)
2 orev(N, p, vac)
3 for s «— 1tolog, N do
4: forb < 0to N/2° —1do
5: Qus(2°/2,p,vac[(b+1/2)2%: (b+1)2° — 1))
6 for/ < 0to2°—1do
7 0BF (vac[b2® + €], vac[(b +1/2)2° + {])
8

yield vac

> number of modes; for convenience, we assume that N is a power of 2

> working precision
> tensor product of N p-qubit 1DG states

> (N X p)-qubit approximate ground state prepared on vac register

> performs the quantum bit-reversal operation in Eq. (96); see line (1) of Library 6

> iterates over stages of QFHT; see FIG. 12
> iterates over blocks of butterflies at state s
> see the helper function in line 6 of Library 6

> iterates over butterflies within block b and performs butterfly operations

> performs the quantum butterfly operation in Eq. (99)

Algorithm 8. Quantum fast Hartley transform
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one shear element. Therefore, we consider only a shear
transform with one nonzero shear element.

The required shear transform for basis transformation in
the wavelet-based algorithm is the inverse transpose of the
upper unit-triangular matrix U in the UDU decomposition
for the ground-state ICM in a multiscale wavelet basis. By
Eq. (102), we decompose this matrix as

0 i+1
W) =TT TT S (s —uy). (103)
i=N-2j=N-1

where we use the fact that the inverse of a shear matrix with
one shear element is a shear matrix with the shear element
negated. To implement the shear transform specified by the
shear matrix ST(i,;, —u;;) by a quantum circuit, we write
the shear element s = —u;; into a p-qubit register labeled
shear and implement

|S)shear |x>vac[i] |y)vac[i]

= |S>shear |x>vac[i] |y + Sx)vac[j] ’ (104)
where vac[i] and vac[j] are two p-qubit quantum regis-
ters that store the two p-bit numbers x and y, respectively.
Notice that this map is identical to the quantum multipli-
cation MUL in Eq. (75). Hence we implement the map by
performing one MUL, Eq. (75), operation and describe it by
MUL(shear, vac]i], vac[j]) in our quantum algorithm.

We now discuss the inputs and output of our quantum
algorithm for performing the required shear transform for
ground-state generation. Inputs to the algorithm are N p-
qubit quantum states and the parameters that specify the
shear matrix U in the UDU decomposition of the approx-
imate ICM: wavelet index /K, number of modes N, the
upper bandwidth w, Eq. (54), and shear elements of U. The
algorithm’s output is an (N X p)-qubit quantum state that
represents an approximation for the ground state, Eq. (31),
of the discretized QFT in a multiscale wavelet basis.

We now describe the procedure of our quantum
algorithm for performing the shear transform specified by
the shear matrix in Eq. (103). To perform this shear trans-
form, we need to perform a sequence of shear transforms
with one shear element; order of the shear transforms is
imposed by Eq. (103). We start by performing the right-
most shear transform in Eq. (103) and proceed to perform
the leftmost shear transform. That is, we start by i = 0 and
proceed to i = N — 1, and for each i we perform the shear
transform defined by ST(i,, —u;) forj > i.

The inputs, output, and explicit procedure of our quan-
tum algorithm for performing the needed shear transform
for ground-state generation is presented by the pseudocode
in Algorithm 9. In this algorithm, we use the helper func-
tions in Library 7 and our method for storing the nonzero
shear elements—described in Sec. IV C 3 and illustrated in
Fig. 9—to find the location of the nonzero shear element

in the shear matrix and perform only the shear transform
induced by these elements.

E. Complexity analysis

In this subsection, we analyze time complexity for our
two ground-state-generation algorithms with respect to the
primitive operations discussed in Sec. III A 3. We begin,
in Sec. IVE 1, by analyzing time complexity for classical
preprocessing of the Fourier-based algorithm and present
time complexity for the wavelet-based algorithm’s classi-
cal preprocessing in Sec. IV E 2. The time complexity for
our quantum algorithm for generating a one-dimensional
Gaussian state is discussed in Sec. IVE3. We analyze
time complexity for the quantum fast Fourier-transform
algorithm and the quantum shear-transform algorithm in
Sec. IVE4 and Sec. IV E 5, respectively. Finally, we put
all complexities together in Sec. IVE 6 and discuss the
overall time complexity for the Fourier- and wavelet-based
algorithms.

1. Classical preprocessing in Fourier-based algorithm

Here we analyze time complexity for classical pre-
processing in the Fourier-based algorithm. Following
Algorithm 1, classical preprocessing involves comput-
ing various elementary functions, such as logarithm and
trigonometric functions, and has two key subroutines:
computing the second-order derivative overlaps, Eq. (13),
and eigenvalues of the ground state’s ICM. First we
discuss time complexity for computing the elementary
functions and then analyze the key subroutines’ time com-
plexity. Finally, we build on these complexities and discuss
the overall complexity of classical preprocessing.

The elementary functions used in various subroutines of
the classical preprocessing in Algorithm 1 are logarithm,
square-root, inverse-square-root, and trigonometric func-
tions. The time complexity for computing these functions
is analyzed with respect to time complexity for performing
multiplication [39]. Multiplication is a primitive operation
in our cost model and has a unit cost. Therefore, as per
Sec. II D, the time complexity for computing square root
or inverse square root of a number in our cost model is
O(1), and the time complexity for computing logarithm or
trigonometric functions to precision p are each O(logp).

We now proceed with analyzing time complexity for
computing the second-order derivative overlaps, Eq. (13).
We compute these overlaps by Algorithm 11 using
Beylkin’s method [44]. The derivative overlaps in this
method are elements of the unique solution vector for
a system of 2/C linear algebraic equations with 2/C —
1 unknowns; see Appendix C. The standard algorithm
for solving the system of linear equations is based on
Gaussian elimination that requires O (K?) basic arithmetic
operations. Hence the time complexity for computing the
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function ssQST(, s, sg“), p,vac[0: 2% —1])

1:
2 forj<+i+1to2% —1do > lines (2-5) perform the shear transform induced by the ss block of inverse-transpose of U
3: shear < 755(;;01')2507i(i+l)/2+j7(i+1) b writes negate of the shear element at (i, /)™ entry of Ugo) into the shear register
4 MUL(shear, vacli], vac[j])
5 shear < —siss?izm —i(i41) /24— (i+1) > erases the shear register by re-writing negate of the shear element
6 yield vac[0 : 2% — 1]
7: function swQST(i, s, c, Ss‘?’c), p,vac[2¢ : 2¢+1 1))
8: forj <+ 0to2°—1do > iterates over columns of ngf)'c)
9 shear <— 75(50',;)‘
sw; 1]
10: MUL (shear, vacli], vac [2° + j]) > note that j* column of Ul is (2% + /)™ column of U
11: shear < —S(SO,’C.)-
sw;i,j
12 yield vac[2°¢ : 2¢+1 — 1]
13: function p1AGWwWQST(, 7, S&f;‘y,), p,w,vac[2" : 2rt1 —1])
14: forj < Otow —1do > iterates over columns of SS;{I,)
15: shear < —s(r’r,)v ;
ww;i,j
16: if i < 2" — w then
17: MUL (shear, vac [2" 4 i] ,vac [2" + i+ 1+4]) > note that ith row ofU%) is (2" + i)™ row of U
18: ifi >2"—wandj <2 —1—ithen
19: MUL (shear, vac [2" + 1], vac [27! — w + j])
20: shear < 7S(r,r')‘ .
ww; i,]
21: if i < w — 1 then > perform shear transform corresponding to shear elements in TRP of SS;;Q
22: forj<itow—1do
. (r.r)
23: shear < 7Sww;2’—1—i,j
24: MUL (shear, vac [2" + 1], vac [27! — w + j])
. (r,r)
25: shear < _Sww;zul—i,j
2:  yield vac[2" : 271 — 1]
27: function oFFD1IAGWWQST(, 7, c, SE;;,C,), p,w,vac[2¢ : 2¢t1 — 1))
28:  h  1asTCOLNNZ(r, ¢)
29: H < vERTWIDTH(, C)
30: W < winTH(7, ()
31: (ivt,ipg) < (h—1,2" = (H—h—1)) > iLT is row index of last column’s last nonzero in TRP and igp is row index of first
column’s first nonzero in BLP of UE;,’,,C,)
32: jrr ¢ WIDTH(7,¢) —w +i2°7" > computes column index of first nonzero in i row in TRP of SSJ;Q
33:  forj < 0towmnTH(r,c) — 1 do > iterates over columns of s%)
. (re)
34: shear <— —sww;i/]-
35: if i <ipyandj < jpr then > lines (35—40): perform shear transform corresponding to shear elements in MP of Sg(f,)
36: MuL(shear, vac [2" + 1], vac [2° + j])
37: if ipT < i < ipg then
38: MUL (shear, vac [2" +1], vac [ZC + 277 —irt) + ]])
39: if i > ipg andj > 2677(1' — iFB) then
40: MUL (shear, vac [2" 4 1], vac [ZCJrl —w—(2°—i)2° "+ ]])
41: if i <iprandj > jpr then > perform shear transform corresponding to shear elements in TRP of Ss‘r{f,)
42: MUL (shear, vac [2" + 1], vac [2°t1 — W +f])
43: if i > ipg and j < 2°77(i — ipp) then > perform shear transform corresponding to shear elements in BLP of S&%)
44: MUL (shear, vac[2" + ], vac[2° + f])
45: shear < fs(r'c,)- :
ww;i,j

46:  yield vac[2¢ : 2611 — 1]

Library 7. Helper functions for quantum shear transform in Algorithm 9
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Input:
K e Zzg
N € Z>s01-1)
pEeEZT
weZt

> wavelet index

> number of modes; for convenience, we assume N is a power of 2
> working precision

> upper bandwidth of diagonal ww blocks in approximate ICM A

S — {sgo) c R%zso(zso—l),s£$,c) c R2® Xzf,Sg&i) c R x(wmtn(r,c)—(w+1)5r) “ng(4lc _ ZH =isp<r<c<k:= 10g2 N} >

shear elements in main and upper-diagonal blocks of U in UDU decomposition of A; here winTH(r, ¢) (55) is bandwidth of A},

Output:
vac € JKENXP
1: function QST(IC, N, p, w, S)
2 fori < 0to2% —1do
3 $sQST(i, 50,85, p, vac[0 : 2% — 1))
4 forc <« sptok —1do
5: swQST(, 5o, ¢, Sgi(,l’c), p,vac[2¢ : 2+ —1])
6 forr < sptok—1do
7 fori < 0to2" —1do
8 p1AGWWQST (i, 7, st p,w,vac[2" : 2+ —1])
9 forc+r+1tok—1do

10: orrFD1AGWWQST(i, 7, ¢, ngr(?, p,w,vac[2¢ : 2¢+1 — 1))

11: yield vac

(r.c)
> tensor product of N p-qubit 1DG states

> (N X p)-qubit approximate ground state prepared on vac register

> perform the shear transform induced by the ss block of inverse-transpose of U

> see line (1) of Library 7

> perform the shear transform induced by the sw blocks of inverse-transpose of U

> see line (7) of Library 7

> perform the shear transform induced by the ww blocks of inverse-transpose of U

(r,r)

> iterates over rows of Uy,
> see line (13) of Library 7

> see line (27) of Library 7

Algorithm 9. Quantum algorithm for a shear transform

derivative overlaps is cubic with respect to the wavelet
index K.

We compute eigenvalues of the ground state’s ICM by
Algorithm 3. By the lines (3)+4) of this algorithm, com-
puting each eigenvalue requires performing O(K) basic
arithmetic operations and computing two elementary func-
tions: square root and cosine. The square-root function is
computed once, and cosine is computed O(K) times. By
time complexity for computing these functions, comput-
ing each eigenvalue requires O (X logp) basic arithmetic
operations. Therefore, time complexity for computing the
eigenvalues is

Teigens € O(NIC Ing), (105)

because N eigenvalues are computed.

We lastly put all complexities together to achieve
the overall time complexity for classical preprocessing
in the Fourier-based algorithm. Following Algorithm 1,
classical preprocessing requires computing the working
precision p, the second-order derivative overlaps A, eigen-
values A of the ICM, lattice spacing § and the standard
deviation ¢ for the discrete 1DG states. Computing p
requires computing one inverse-square-root function and
one logarithm function. Computing § and &, respectively,
require computing one and N inverse-square-root func-
tions. Therefore, by the time complexities for computing
logarithm and inverse-square-root functions, the time com-
plexity for computing p, §, and 6 are O(logp), O(1), and

O(N), respectively. The combination of these complexi-
ties with the complexity for computing A and A yields
OK? +NKlogp). As p, Eq. (49), is logarithmic in N,
the overall time complexity for classical preprocessing is
quasilinear in the number of modes N.

2. Classical preprocessing in wavelet-based algorithm

We now analyze time complexity for classical prepro-
cessing in the wavelet-based algorithm. In contrast to
Algorithm 1, classical preprocessing in the wavelet-based
algorithm, Algorithm 2, has two unique subroutines: com-
puting the circulant row in unique blocks of the ground
state’s ICM and the UDU decomposition for the approx-
imate ICM. First we elaborate on the time complexity
for these unique subroutines and then discuss the over-
all time complexity for classical preprocessing in the
wavelet-based algorithm.

We begin by analyzing time complexity for Algorithm 4,
which computes the circulant row in unique blocks of
the approximate ICM. This algorithm involves computing
eigenvalues of the ground-state ICM, the low-pass filters,
Eq. (1), and the circulant row of the fixed-scale ICM A9,
Eq. (24), at scale ¢ for ¢ € {sy, . .., k}. The time complexity
to compute the low-pass filters for Daubechies K wavelets
with precision p is

Tiowpass € O(K log® Klog BK + p)), (106)

see Appendix B. As per lines (3)}+4) of Algorithm 4,
computing circulant row of A® requires performing one
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division, ® (N) multiplications, N additions, and comput-
ing N cosine functions. Computing trigonometric func-
tions with precision p require O(logp) basic arithmetic
operations; see Sec. II D. Therefore, time complexity to
compute circulant row of A% is O(N logp). Computing
circulant row of A by circulant row of AC+D requires
O (K29 basic arithmetic operations. Therefore, the overall
time complexity to compute the circulant rows of A9 for
c€{sg,...,k—1}1is

TS, € O(K2F) = O(KN),

cire

(107)

where we use k = log, N. By a similar analysis, following
lines (8)~(18) of Algorithm 4, we obtain

. € O(KN log, N), v € O(KCNlog, N), (108)

circ circ

for time complexity to compute circulant rows in the

sw and ww blocks of the ground-state ICM. The time

complexity to perform the rest of computation is

Thighpass € O(K)a (109)

the high-pass filters in lines (6)—(7) of Algorithm 4. Alto-

gether, Egs. (105) to (109) and the fact that p is logarithmic
in the numbers of modes N, yield

Tcirc = Jleigens + Tlowpass + T:;frc + TZIMr)c + T::Vlrc + Thighpass
€ O(KN log, N), (110)

for the overall time complexity to compute the circulant
rOwS.

We now proceed with analyzing time complexity for our
UDU-decomposition algorithm presented in Algorithm 5.
This algorithm computes diagonal elements of the diagonal
matrix D and shear elements of the upper unit-triangular
matrix U in the UDU decomposition of the approximate
ICM A. We separately analyze time complexity for com-
puting the diagonal elements and time complexity for com-
puting the shear elements. The sum of these complexities
then yields the UDU decomposition’s time complexity.

First we analyze time complexity for computing diag-
onal elements of D, which, as per Eq. (61), is a block-
diagonal matrix whose blocks are diagonal matrices Do
and D' for 59 < ¢ < k. Computing i diagonal element
dﬁfv)v; , of D according to Eq. (63) requires computing
nonzero elements in i™ row of V%9, Eq. (62), for each
s € {c, ...,k — 1}, multiplying each nonzero element in ;"
row of U, Eq. (60), by its corresponding element in ih
row of V() and adding them all. The number of nonzero
elements in each row of V&9 is at most WIDTH(c, s),
where WIDTH(c, s), Eq. (55), is bandwidth of the block
A and, by Eq. (62), computing each nonzero element
of V(& requires one multiplication. Therefore, comput-
ing each of the 2¢ diagonal elements of D¢ requires at

ww

most 3 ) WIDTH(c, s) basic arithmetic operations. Conse-
quently, time complexity to compute all diagonal elements
in the ww blocks of D is

k—1 k—1
T = 2 x (3 ) wipTH(C, s)) e O(KN log, N),

c=s( s=c

(111)

where we use k = log, V.

By a similar analysis, we obtain time complexity to
compute diagonal elements in the ss block of D. To com-
pute i diagonal element in this block, we compute all
elements in the i row of the ss and sw blocks of V because
these blocks are dense matrices. Being dense blocks, the
sum of nonzero elements in any row of the ss and sw blocks
is at most N, the number of columns of V. Therefore, com-
puting each diagonal element requires at most 3N basic
arithmetic operations, so we have 7’§§ags = 2% x (3N) for
time complexity to compute diagonal elements in the ss
block of D. This equation together with Eq. (111) yields

Tdiags = Tiiags T+ Taings € O(KN log, N), (112)

for the time complexity to compute all diagonal elements
of D.

We now analyze time complexity for computing shear
elements of U in the UDU decomposition. As per Eq. (60),
U is a block matrix with three types of blocks: ss, sw,
and ww blocks. By Eq. (66), computing the shear element
at entry (m,i) of the sw block N requires multiply-
ing each nonzero element in m™ row of US™ by its
corresponding element in m™ row of V&9 Eq. (62), for
s € {c,...,k— 1} and adding them all. The NNZ elements
in each row of V&9 is at most WIDTH(c,s), Eq. (55),
hence computing each shear element of Ul requires at
most 2 )~ WIDTH(c, s) basic arithmetic operations. Being

a dense matrix, U has 2% x 2¢ shear elements and,
therefore, we have

Y k—1
M= Y [(zso < %) x (zzwm(c,g)]

c=k—1 s=c

e O(KN log, N), (113)

for time complexity to compute all shear elements in the
sw blocks of U. Likewise, by Eq. (67), computing each
shear element of the ww block U":9 requires at most
2 WIDTH(c, s) basic arithmetic operations. This block
is a sparse matrix with at most 2" x WIDTH(r,¢) shear
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elements. We therefore achieve

S0

Tt =Y Xc: 2" X WIDTH(r, ¢)

c=k—1 r=s(

k—1
X (2ZWIDTH(C,S)> € O(KNlog, N),

S§=c

(114)

for time complexity to compute all shear elements in the
ww blocks of U.

A similar analysis yields the time complexity T3, to
computing all shear elements in the ss bock of U. By
Eq. (65), computing the shear element at entry (m,i) of
the ss block requires multiplying each nonzero element in
m™ row of this block by its corresponding element in m'™

row of the ss block of V, multiplying each nonzero ele-

ment in m™ row of USY™ by its corresponding element in
m™ row of VS0 for every s € {so, ...,k — 1} and adding

them all. As the ss and sw blocks of U are dense matri-
ces, computing each shear element in the ss block requires
at most 2N basic arithmetic operations and because the ss
block has 2% x (2% — 1)/2 € ®(K?) shear elements, we
have T% . € O(K2N). The sum of this time complexity

by the time complexities in Eq. (113) and Eq. (114) yields

Tshear - walear + T

s shear

+ Tt € O(K?N log, N), (115)

for time complexity to computing all shear elements of
U. Finally, by the time complexities for computing the
diagonal, Eq. (112), and shear elements, Eq. (115), we
obtain

Tupu = Tdiags + Tshear € O(’CzN lng N): (1 16)

for the UDU decomposition’s time complexity.

We finally discuss the overall time complexity for
classical preprocessing in the wavelet-based algorithm.
Classical preprocessing in Algorithms 1 and 2 have four
identical subroutines: computing (1) working precision p;
(2) second-order derivative overlaps A; (3) lattice spac-
ing §; and (4) the vector ¢ of standard deviations for
the approximate 1DG states. As per the discussion in
Sec. IVE 1, the overall time complexity for these subrou-
tines is O(N). By the combination of this time complexity
with the time complexities for the two unique subroutines,
Teire> Eq. (110), and Typy, Eq. (116), we conclude that the
time complexity for classical preprocessing in the wavelet-
based algorithm is quasilinear in the number of modes
N.

3. One-dimensional Gaussian-state generation

Here we analyze time complexity for the quantum
algorithm presented in Algorithm 6 that generates an

approximation for a 1DG state on a quantum computer.
We begin with analyzing time complexity for executing
the quantum circuit in Fig. 10, which represents the itera-
tive part of Algorithm 6. Then we discuss the algorithm’s
overall time complexity.

The quantum circuit in Fig. 10 involves performing
two ANGLE, Eq. (72), operations, one ROT, Eq. (73), two
SHIFT, Eq. (74), one Pauli-X, and one CNOT operation. The
circuit’s time complexity i, is therefore

Titer = 2TANGLE + TROT + ZTSHIFT + 2: (1 17)
where Tyncie, Tror, and Tgyer are time complexities to
implement ANGLE, ROT, and SHIFT operations, respectively.
The ROT and SHIFT operations operate on quantum regis-
ters with p qubits, where p is logarithmic in the number
of modes. As illustrated in Fig. 13, implementing ROT,
Eq. (73), requires performing at most p standard rota-
tions and SHIFT, Eq. (74), is implemented by performing
p SWAP gates. Therefore, Tror € O(p) and Tgyer = p. Our
analysis in Appendix E shows that Tz € O(p?). The
combination of these complexities yields

Tier € O, (118)
for time complexity of the quantum circuit in Fig. 10,
which implements the iterative part of Algorithm 6.

The quantum algorithm in Algorithm 6 performs the
operations of the quantum circuit in Fig. 10 m times. The
algorithm also involves performing m SWAP operations,
lines (6)~«7) of the algorithm, and one MUL, Eq. (75),
operation in line (8). All of these operations are also used
in the uncomputation part of Algorithm 6. Therefore, by
Eq. (118) and m < p, the overall time complexity Tipg for
generating a 1DG state by Algorithm 6 is

Tipg = 2m) x Ty +2 x (m+1) € O@p?).  (119)
As p, Eq. (49), is logarithmic in the number of modes
N, the overall complexity for generating a 1DG state is
logarithmic in N.

4. Quantum fast Hartley transform

We now analyze time complexity for our quantum fast
Hartley-transform algorithm presented in Algorithm 8. Our
algorithm is based on three key quantum operations: QREV,
Eq. (96), QBF, Eq. (99), and HS, Eq. (98); see Sec. [VD 3.
First we analyze time complexity for performing these key
operations with respect to the primitive operations in our
cost model (Sec. IIT A 3). Then we build on these complex-
ities and discuss the overall time complexity for the QFHT
algorithm.

We begin with analyzing time complexity to perform
the quantum data-reordering QREV, Eq. (96). This opera-
tion reorders the values encoded in the size-N input state

020364-44



NEARLY OPTIMAL QUANTUM ALGORITHM...

PRX QUANTUM 3, 020364 (2022)

bp—1)

|by —— —  |bp-2)
ROT =

|0) — — |bo)

0) c —[Ro R

Implementation of ROT, Eq. (73), and SHIFT, Eq. (74), by primitive operations. Left: implementing ROT using bits of a p-bit

FIG. 13.
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number b requires at most p standard rotations R, := exp(—2mi/2%). Right: implementing SHIFT requires p SWAP gates.

vector vac by swapping qubits of vac[i] and vac[REV(i)]
for each i € {1,...,N/2 — 1}, where REV(i) is an inte-
ger obtained form i by reversing its binary digits. Hence,
we have Topey € O(N) for time complexity to perform
QREV, Eq. (96). Next we analyze time complexity 7ope
for performing the quantum butterfly QBF, Eq. (99). This
operation can be implemented as

|x>vac[i] |y>vac[j] = |x +y>vac[i] |y>vac[j]
= |)C +y>vac[i] |2y>vac[j]

= |X +y>vac[i] |()C +y) - 2y>vac[j] ’
(120)

on two quantum registers vac[i] and vac][j] by two addi-
tions and one multiplication. The quantum addition and
multiplication here are in-place operations, and no uncom-
putation is required. Therefore, Topr € O(1) with respect
to the quantum primitive operations. We use the LDU
decomposition

c s 1 O0]]|c 0 1 s/c
[s —c:|=|:s/c 1] [o —l/c:| [o 1]’ (12

to implement the primitive Hartley shift HS, Eq. (98), by
in-place quantum arithmetic operations; note here s +
c? = 1. Assuming that the values of ¢ and s are stored
into two ancillary quantum registers, HS, Eq. (98), can be
implemented by in-place operations as

|x)vac[,-] Iy)vac[j] = |x +ys/c>vac[i] |y>VaC[i]
— |CX + Sy>vac[l‘] |_y/c>vac[j]
= |CX + Sy>vac[i] |XS _yc)VaC[j] ’ (122)

on two quantum registers vac[i] and vac[j] by perform-
ing six basic arithmetic operations. We therefore have
Tus € O(1) for time complexity to perform HS.

We now discuss the overall time complexity for the
QFHT algorithm. This algorithms starts with reordering
the size-N input state vector and proceeds with log, (V)

stages. Each stage requires performing N /2 quantum but-
terfly operations and N /4 primitive quantum Hartley-
shift operations; see Fig. 12 and implementation of QHS,
Eq. (97), by HS, Eq. (98), in Library 6. Thus, by the time
complexities for the key quantum operations, we have

Torr = Torev + ((N/Q’)TQBF + (N/4)THS) log, N
€ O(N log, N), (123)

for time complexity to perform the quantum fast Hartley
transform, Eq. (92).

5. Quantum shear transform

Here we analyze time complexity for performing a
shear transform on a quantum computer. First we discuss
time complexity to perform shear transform with a dense
shear matrix. Then we analyze time complexity for our
QST algorithm presented in Algorithm 9, which performs
the shear transform required for generating the free-field
ground state on a quantum register.

We use the decomposition in Eq. (102) to analyze time
complexity for performing a QST with a dense shear
matrix. As per this decomposition, performing a general
shear transform is accomplished by performing a sequence
of shear transforms with exactly one shear element. The
number of terms in the sequence is equal to the NNZ shear
elements in the shear matrix, and the sequence’s order is
specified by Eq. (102).

To perform the shear transform specified by each term of
the sequence, we write the shear element into an ancillary
quantum register denoted shear and perform a multipli-
cation as per Eq. (104). Then we erase the shear register
by rewriting the shear element. Therefore, performing a
shear transform with exactly one shear element requires
three primitive operations: writing into a quantum register,
performing one multiplication, and erasing the quantum
register. Consequently, the time complexity for perform-
ing a shear transform scales linearly with the NNZ shear
elements in the shear-transform matrix. The NNZ shear
elements for a dense N-by-N shear matrix is N(N — 1)/2,
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so we have © (N?) for time complexity to perform a shear
transform with a dense shear matrix.

We now specify the time complexity to perform the
required quantum shear transform for ground-state gener-
ation. The shear matrix for the required shear transform
is sparse. We use the identified relationship between the
time complexity to perform a shear transform and the
NNZ shear elements to obtain the time complexity for per-
forming a shear transform with a sparse shear matrix. In
particular, the complexity for performing a sparse shear
transform is achieved by counting the NNZ shear elements
in the shear-transform matrix. The NNZ shear elements for
the sparse shear matrix U in the UDU decomposition of
the approximate ICM scales as O(Nw), where w, Eq. (54),
is logarithmic in the number of modes N. Therefore, time
complexity for Algorithm 9, which performs the QST with
the sparse shear matrix U, is quasilinear in the number of
modes.

6. Overall complexity for Fourier- and wavelet-based
algorithms

We now determine the overall time complexity for the
Fourier- and wavelet-based algorithms for ground-state
generation. Both algorithms have a classical preprocessing
and quantum routine. We begin by discussing the overall
time complexity for each algorithm’s quantum routine. We
then put together the overall time complexities for classical
preprocessing and quantum routine to establish the overall
time complexity for each of the two algorithms.

The quantum routine for each of the two state-
generation algorithms comprises two subroutines: gen-
erating N different 1DG states and performing a basis
transformation to transform the 1DG states to the free-field
ground state. The basis transformation in the Fourier-based
algorithm is performed by executing a quantum Hartley
transform, and the basis transformation in the wavelet-
based algorithm is performed by executing a quantum
shear transform.

The time complexity for generating each 1DG state is
logarithmic in the number modes N as per Sec. IV E 3, so
time complexity for the first subroutine in each algorithm’s
quantum routine is quasilinear in N. The time complexities
for performing the quantum Hartley transform and the
quantum shear transform are also quasilinear in N, as
discussed in Sec. IVD3 and Sec. IVES5, respectively.
Specifically, the time complexity for quantum routine of
the Fourier-based algorithm (FBA) and the wavelet-based
algorithm (WBA) is

TAha™™ ¢ O(N logy N + N log} (N //Moevac)s
T ¢ O(Nw + N logl (N//moeva)),  (124)

respectively, where w is given in Eq. (54). Therefore,
the overall time complexity for the quantum routine of

each ground-state-generation algorithm is quasilinear in
the number of modes N.

The sum of overall time complexities for each
algorithm’s classical preprocessing and quantum rou-
tine yields the algorithm’s overall time complexity. By
the complexity analysis in Sec. IVE1 and Sec. IVE2,
the overall time complexity for classical preprocessing
of the Fourier- and wavelet-based algorithms is

TS ¢ (K3 + KON log, 102, (N //M0Evac))»
ﬂ\;lgisical) c O(’C3 + JCIN 10g2 N), (125)

respectively. By combining overall time complexities for
each algorithm’s classical preprocessing and quantum rou-
tine, we conclude that the overall time complexity for each
of the two state-generation algorithms is quasilinear in the
number of modes.

F. Lower bound for ground-state generation

In this subsection, we discuss a lower bound on the gate
complexity for generating the free-field ground state with
respect to the number of modes in the discretized QFT. We
show that one cannot generate a good approximation for
the ground state in a sublinear time. In particular, we argue
that any sublinear algorithm results in an exponentially bad
approximation for the free-field ground state regarding the
number of modes.

The free-field ground state for an infinite-mass (my —
oo) theory is the tensor product of the all-zero state for
every mode. The infinite-mass theory, however, is not a
physical theory. For a physical field theory with a finite
but very large mass, the free-field ground state is a ten-
sor product of one-dimensional Gaussian states with small
variances; the variance of each Gaussian is 0% = 1/my,
which is small due to the large mass my. Now suppose
a sublinear algorithm exists that generates an approxima-
tion for the ground state of a large-mass theory; i.e., let
us assume that the algorithm’s gate complexity scales as
N for 0 < o < 1. In this case, the algorithm must leave
the state of N'=% modes untouched in order to have sub-
linear gate complexity, meaning that the Gaussian states
for the untouched modes are approximated by the all-zero
state. The fidelity between the qubit representation of a
one-dimensional Gaussian state with variance o2, i.e., the
discrete 1DG, Eq. (33), state over a lattice with spacing §
and 2" points, and the all-zero state is

Fipg := (0 - - 0|Glattice (7, 8, m))
—1p2

8 Z _2,% (126)
= —= = e o .
N J

where 6 = 0/§ and N is the normalization in Eq. (33).
For fixed §,if02 = 1/mg > §,then6? = 6%/8> > 1/0? =
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mgy. We therefore have

—1/2

< (1 + 28—1/(2m0))_1/2

2
FlDG < E e /2mg
J

< e—l/(4m0),

(127)

where the last inequality follows from 1 + 2 exp(—x/2) >
exp(x/2) for any x € (0,1). In this case, the fidelity
between the ground state and the generated state falls off
exponentially with respect to the number of modes that
are untouched. Specifically, the fidelity between the ground

state |G) and the generated state ‘é) is <G’é> =F {VDI: <

exp[—N'"%/(4my)], which falls off exponentially with
respect to N.

For all other finite-mass field theories, including the
zero-mass (mo — 0) theory, generating the free-field
ground state requires a nontrivial operation on every mode
because the ground state, in this case, is a superposition of
computational states with Gaussian amplitudes. Therefore,
generating a good approximation for the free-field ground
state requires a number of gates that scales at least lin-
early with respect to the number of modes; any sublinear
algorithm results in an exponentially bad approximation
for the ground state.

G. Fourier versus wavelet approach

In this subsection, we compare the Fourier and wavelet
approaches for ground-state generation. We consider two
cases where the wavelet approach could be advantageous
over the Fourier approach: (1) QFTs with broken trans-
lational invariance and (2) generating states beyond the
free-field ground state. In Sec. IV G 1, we consider a sim-
ple case of inhomogeneous-mass QFT and explain why the
wavelet approach could be advantageous. We then follow
in Sec. IVG2 by comparing particle-state generation in
both Fourier and wavelet approaches.

1. Inhomogeneous-mass QF T

Here we perform a numerical study to justify why
the wavelet-based approach could be preferred over the
Fourier-based approach for QFTs with broken translational
invariance. We consider a simple case where the free-field
Hamiltonian (4) has a position-dependent mass. In partic-
ular, we consider a point defect in the QFT where the mass
is mg plus a §-function term. The inhomogeneous mass can
be seen as a space-dependent source term for a massive
scalar QFT in one spatial dimension, a case for which esti-
mating the vacuum-to-vacuum transition amplitude was
shown to be a BQP-complete problem [52].

We model the point defect by adding to the fixed-scale
coupling matrix, Eq. (23), a matrix containing all zeros

except for one nonzero diagonal element that is signif-
icantly larger than the free QFT mass my. In this case,
the Fourier-based approach is not appropriate because a
discrete Fourier transform cannot diagonalize the modi-
fied coupling matrix. However, our numerical experiment
demonstrates that the wavelet approach accommodates
such a modification.

In our numerical experiment, we take the nonzero diag-
onal element to be 100 x m and compute the ground-state
ICM, Eq. (32), for a wide range of my. Figure 14 (left)
shows a visualization of the approximate ICM, Eq. (50),
derived from the modified coupling matrix and Fig. 14
(right) shows the bandwidth of the approximate ICM’s
diagonal blocks with and without the point defect for a
wide range of m. As per these figures, the fingerlike sparse
structure of the ground-state ICM in a multiscale wavelet
basis is not affected by the point defect. Consequently, the
wavelet-based algorithm is not affected by the point defect
and successfully yields an approximation for the free-field
ground state with a quasilinear gate complexity.

2. Particle-state generation for the free QF T

Here we describe a procedure used by the main server
(Sec. Il A 2) for generating a free QFT particle state in
the Fourier and wavelet approaches. First we explain how
to prepare a free wavepacket, i.e. a spatially localized
free particle, in the Fourier approach. Then we describe
wavepacket preparation in the wavelet approach. Finally,
we compare time complexity for particle-state generation
in the two approaches.

We begin with particle-state generation in the Fourier
approach. For simplicity, we consider preparing a free
particle whose position-space wavefunction is the scaling
function sgk)(x) at scale k. Specifically, we aim to prepare
the wavepacket state

)= " |6,

scale

(128)

where ‘G(k) >, Eq. (24), is the free-field ground state in

scale
~(R)T

the Fourier approach and a ., is the creation operator con-

structed from the scale-field operator ég?, Eq. (9), and
its conjugate momentum [41]. Following the Jordan-Lee-
Preskill approach for preparing a free-particle state [2, p.
1027], we introduce one ancillary qubit denoted anc, and
construct the Hamiltonian

A% = a8 @ (1)) + 3% ® (0)ancl 1D (129)

The time evolution generated by this Hamiltonian for time
t=m/21s

(130)

scale

il 2 | Ak | K
e G0N 10)ane = = |58} Tane
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FIG. 14. Effect of a mass defect on the ground-state ICM, Eq. (32), represented in a multiscale wavelet basis. Left: visual repre-
sentation for approximation of the modified ICM, Eq. (50), in a multiscale wavelet basis where elements with a magnitude less than
10~8 are replaced with exactly zero; rows and columns of the matrix are ordered as the matrix in Fig. 1. Right: bandwidth for diagonal
blocks of the approximate ICM with mass defect (orange dashed line) and without mass defect (blue line) for a wide range of mass:

mo € [1076,10°].

and we obtain the desired wavepacket state, Eq. (128),
up to a global phase with no entanglement between the
wavepacket and ancilla-qubit states. By expressing the
constructed Hamiltonian (129) in terms of the scale-field
operator <I>Y 2> Eq. (9), and its conjugate momentum, we
obtain a local Hamiltonian that can be simulated by a
technique described in Sec. 2.2.4 of Ref. [2] with gate
complexity that is logarithmic in the numbers of modes.

For particle-state generation in the wavelet approach, we
consider a free particle whose position-space wavefunction
is the wavelet function w; )(x) at scale r for some inte-
ger » < k. In this case, the wavepacket state we wish to
prepare is

(131)

wavelet

‘wﬂ : Aw ‘G(lo )

where ’Gwavelet> Eq. (31), is the free-field ground state

()T

in the wavelet approach and a,, is the creation operator

constructed from the wavelet-ﬁeld operator CDiv) o Eq. 9),
and its conjugate momentum at scale 7. Analogous to par-
ticle creation in the Fourier approach, we construct the
Hamiltonian

AY) = a0 @ (1) 100D + a7, ® (10)andl1D),  (132)

and simulate time evolution according to this Hamiltonian
for time ¢t = /2. By the time evolution, we obtain the
wavepacket state in Eq. (131), up to a global phase, and
an ancilla-qubit state that can be discarded.

We now compare time complexity for generating a
single-particle state in the Fourier and wavelet approaches.

For comparison, we assign a unit cost to simulating time
evolution for a constant time induced by a local Hamil-
tonian in these two approaches. Specifically, we assign a
unit cost to simulating time evolution induced by IA{S(;]?,
Eq. (129), in the Fourier approach and time evolution
induced by Hv(vr)g, Eq. (132), in the wavelet approach for
a constant time.

Without loss of generality, we discuss time complex-
ity for preparing the wavepacket state in Eq. (131) for
both approaches. As described, preparing this state in the
wavelet approach requires simulating time evolution gen-
erated by I:[‘E:), Eq. (132), for constant time ¢ = /2. To
prepare the same wavepacket state in the Fourier approach,

we express time evolution generated by H&, Eq. (132),in
terms of time evolution generated by A (12),, Eq. (129), for
various £'. To this end, first we write the creation opera-
tion a( )T as a linear combination of the creation operators

&ff)z. Let d :=k — 59, where 59 < k is the scale index for
the lowest scale, and let

T
A (k)T . O AT
AbT = ( ""as;zk—l) ,

SO H
ﬁ(k)% [ AT A(s0)T  Also)f A~ (s0)T
e N IR M S RV, R L O B
~(so+ DT NN
e RPRRR AN Pl B (133)

be the vector of creation operators in the fixed- and
multiscale wavelet bases, respectively. Then

AT = wPadr, (134)
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FIG. 15. From left to right: visualization of the d-level wavelet-transform matrix (WTM) with level d € {1, 2,3} at scale k = 6 for

the Daubechies wavelet with index /C = 3; size of matrix is 2% x 2%

. The number of nonzero elements in each row of the one-level

WTM is 2K. The NNZ elements in those rows of the two-level WTM that pertain to the first level, i.e., the bottom half rows, is 2/C,
and the NNZ elements in the rows pertaining to the second level, the top half rows, is 4/C. For the three-level wavelet transform, the
NNZ elements in those rows pertaining to the third level is 2 times the NNZ elements in the rows pertaining to the second level, which
itself is two times the NNZ on the rows pertaining to the first level. The NNZ elements increases by a factor of 2 when we increase the

level of wavelet transform by one.

where Wg‘) is the d-level wavelet-transform matrix at scale
k; see Appendix A. This equation yields

Z W &(k)’r

AT _
a dyeer G s
Z’

wil T

(135)

forany sg <r < k.

The NNZ coefficients in this summation depends on two
parameters: the wavelet index /C and the difference (k — r)
between the finest scale £ and the scale r. Specifically,
the NNZ coefficients is 2"kC for any r < k. This rela-
tion follows from the recursive relation for the scaling and
wavelets function at different scales described by Egs. (1)
and (2), respectively. By Eq. (2), each wavelet function at
a particular scale 7 is a linear combination of 2/C scaling
functions at one higher scale » + 1. Similarly, by Eq. (1),
each scaling function at a given scale can be written as a
linear combination of 2/C scaling functions at one higher
scale. Therefore, a wavelet function at scale r is a linear
combination of 2" scaling functions at scale k > r. See
Fig. 15 for a visual insight into the relationship between
the NNZ coefficients, (k — r) and K.

By the combination of Egs. (135), (132), and (129), we
have

k) frk)
Wfl;ll’Hv;U >

oo _ Z

D, = (136)
[/

hence the time evolution induced by this Hamiltonian for
time ¢ = 7r/2 in the Fourier approach yields

()
1Hw;e”/2

(k)

scale

G

e

J0hane = =i [0} Danes (137)

020364

and, therefore, we obtain the wavepacket state in Eq. (131)
up to a global phase. Because of the bosonic commutation
relations between the bosonic creation and annihilation
operators in Eq. (129), any term in the right-hand side of
Eq. (136) commutes with other terms. Consequently, we
have the decomposition

() —i
e_]Hw; fﬂ/z = 1_[6 !

YA

a®

4

)
Wfi; w”/z, (138)

for the time evolution induced by the wavelet Hamiltonian
(136). By this decomposition, simulating time evolution
induced by the wavelet Hamiltonian for constant time
/2 in the Fourier approach is achieved by simulating
time evolution induced by the scale Hamiltonian (129)
with 257 C different £ for constant time ty := W;’,‘)Z o7 /2.
Therefore, generating a single-particle state at scale r in the
Fourier approach is ® (2-"K) times more expansive than
generating the same state in the wavelet approach.

V. DISCUSSION

We have established two quasilinear quantum algo-
rithms, one Fourier-based and the other wavelet-based,
to generate an approximation for the ground state of a
massive scalar bosonic free QFT. Specifically, each of
the two algorithms’ time complexity is quasilinear with
respect to the number of modes in the discretized QFT.
Our algorithms deliver a superquadratic speedup over the
state-of-the-art quantum algorithm for ground-state gener-
ation and are optimal up to polylogarithmic factors. The
Fourier-based algorithm is limited to translationally invari-
ant QFTs. By numerical simulations, we have shown that
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the wavelet-based algorithm successfully yields the ground
state for a QFT with a broken translational invariance.

We have also developed two quantum algorithms for
generating one-dimensional Gaussian states. Our first
algorithm is based on the Kitaev-Webb method [19] for
preparing a 1DG state, which itself is an application of the
standard state-preparation method by Zalka [13], Grover
and Rudolph [14]. The Kitaev-Webb method, however, is
restricted to 1DG states that possess an extremely large
standard deviation, whereas our algorithm generates a
1DG state with any standard deviation. Our second quan-
tum algorithm for generating a 1DG state is based on
inequality testing [15] that mitigates the number of arith-
metic operations required by the standard state-preparation
method.

Methodologically, in the Fourier-based algorithm, we
discretize the continuum free QFT in a fixed-scale basis.
The ground-state ICM for the discretized QFT has a cir-
culant structure, and we utilize this structure to establish
a quasilinear quantum algorithm for ground-state gener-
ation. In the wavelet-based algorithm, we discretize the
continuum-free QFT in a multiscale wavelet basis. In this
case, the ground-state ICM is a quasisparse matrix. Specif-
ically, most elements of this matrix are nearly zero, and
we replace these values with exactly zero. This replace-
ment enables a fingerlike sparse structure for the ground-
state ICM that we exploit to achieve a quasilinear time
complexity for the wavelet-based algorithm.

We went beyond ground-state generation and con-
structed procedures for preparing free-field wavepack-
ets in the Fourier- and wavelet-based approaches. We
showed that, unlike the Fourier approach, the wavelet
approach enables preparing particle states at different
energy scales without an additional cost required for the
Fourier approach. Specifically, we showed that preparing
a free-field single-particle state at scale with index r is
©(2%¥"K) times more expensive than preparing the same
state in the wavelet approach, where K is the wavelet
index and k > r is the finest scale’s index. The wavelet
approach’s cheaper cost to preparing states beyond the
free-field ground state suggests that this approach is advan-
tageous over the Fourier approach in other aspects of
simulating a QFT. Moreover, as shown by the numeri-
cal simulations, the wavelet-based approach is applicable
to field theories with broken translational invariance due
to inhomogeneous mass, suggesting the wavelet-based
approach allows simulating more general quantum field
theories [12].

Our Fourier-based algorithm’s key point is utilizing the
circulant structure of the ground state’s ICM due to the
translational invariance of the free QFT. We note that
the ground-state ICM in the Jordan-Lee-Preskill approach
[1,2] has the same structure as the ICM in our Fourier-
based approach. Hence our Fourier-based algorithm can
be used for generating the ground state of the lattice QFT

in the Jordan-Lee-Preskill approach and accelerate their
algorithm for ground-state generation. However, in con-
trast to their approach, the coupling-matrix elements in our
Fourier approach are exact. The discretization error, due
to approximating the derivative operator in the free-field
Hamiltonian by a discretized derivative operator, results
in a nonexact coupling matrix in the Jordan-Lee-Preskill
approach [1,2]. Consequently, the Fourier approach could
be preferred over the lattice approach for generating the
free-field ground state.

In developing our ground-state-generation algorithms,
we cared only about producing quasilinear algorithms and
opted to focus on their readability rather than optimizing
their performance. Therefore, our algorithms’ time com-
plexity could be improved, but any improvement will not
change the quasilinear scaling of the algorithms’ complex-
ities.

Our Fourier- and wavelet-based algorithms have clas-
sical preprocessing and quantum routine. The classical
preprocessing of each algorithm produces a certain amount
of classical information required for executing the quan-
tum routine of the algorithm. We analyzed not only the
quantum complexity but also the classical complexity of
our state-generation algorithms in order to ensure that the
resulting procedures are indeed quasilinear in the num-
ber of modes of the discretized QFT. We established the
classical time complexities

N
T](:CB)A c O (}C3 + ]CN 10g2 10g2 <\/ﬁ)> ,

&, € OC? + K2N log, N), (139)

for classical preprocessing of the Fourier- and wavelet-
based algorithms, respectively, and the quantum time
complexities

N
T 0 (NlogzN + Nlog; (W>) ,

NK NK N
Q) A 2 3
T<WBA €0 (( mo) 10g2 (mogvac> N 10g2 (\/ mosvac>> ’
(140)

for their quantum routine; all parameters are specified in
Table I1.

In contrast to the usual approach of using gate com-
plexity, i.e., the number of low-level quantum operations
in an algorithm, as a metric to analyze time complexity
for a quantum algorithm, we have analyzed our quan-
tum algorithm’s time complexity with respect to high-level
operations. The high-level quantum operations in our com-
plexity analysis are similar to the high-level operations
in the classical random-access machine model. In par-
ticular, we have assigned a unit cost to basic arithmetic
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operations such as multiplication and addition on a quan-
tum computer. By the high-level operations, we avoid the
implementation details of these operations in the compi-
lation step. Nevertheless, our algorithm’s gate complexity
remains quasilinear with respect to the number of modes,
as the high-level operations are executed on quantum
registers with size logarithmic in the number of modes.
However, the power of logarithmic factors in our algo-
rithms’ gate complexity depends on implementations of
the high-level operations, specifically quantum multipli-
cation, as other basic arithmetic operations are cheaper
to implement than multiplication. Whether to use school-
book multiplication 4 la Héaner, Roettler, and Svore [53]
or Karatsuba multiplication a la Gidney [54] or even as-
yet-undeveloped quantum multiplication algorithms based
on asymptotically efficient classical multiplication algo-
rithms such as the Schonhage-Strassen algorithm [55, Sec.
4.3], our algorithms’ gate complexity stay quasilinear in
the number of discretized QFT modes.

VI. CONCLUSIONS

Free-field ground-state generation is a bottleneck for the
prior approaches to simulating a massive scalar bosonic
QFT on a quantum computer. In this paper, we have
established two quantum algorithms for generating an
approximation for the free-field ground state with a quasi-
linear gate complexity in the discretized QFT number of
modes. Our algorithms provide a superquadratic speedup
over the prior approaches and overcome the ground-
state-generation bottleneck in simulating a massive scalar
bosonic QFT. We have shown that our ground-state-
generation algorithms are optimal up to polylogarithmic
factors. In particular, we have proved that any state-
generation algorithm with a sublinear time complexity will
result in an exponentially bad approximation, with respect
to the number of modes, for the free-field ground state.

We have compared the Fourier- and wavelet-based algo-
rithms and shown that the wavelet-based algorithm is
advantageous over the alternative Fourier-based algorithm
for two cases where we go beyond ground-state genera-
tion and translationally invariant QFTs. Specifically, for
beyond ground-state generation, we have shown that the
wavelet-based algorithm enables generating particle states
at different energy scales directly, whereas the Fourier-
based algorithm allows only direct preparation for particle
states at a fixed energy scale. Preparing a particle state
at different scales by the Fourier-based algorithm requires
further transformations that add to the cost of initial-
state generation for simulating the QFT. The Fourier-based
algorithm is limited to translationally invariant QFTs. We
have shown by numerical simulation that our wavelet-
based algorithm is applicable to field theories with bro-
ken translational invariance due to inhomogeneous mass,

suggesting the wavelet-based approach allows simulating
more general quantum field theories.

We have also developed two quantum algorithms for
generating a one-dimensional Gaussian state, which is
required for preparing the free-field ground state—a mul-
tidimensional Gaussian state. Our first algorithm for 1DG-
state generation is based on the standard state-preparation
method [13,14], and the second algorithm is based on
inequality testing [15] that mitigates the number of arith-
metic operations required in the standard method for gen-
erating a 1DG state. Our inequality-testing-based method
is more practical than the Zalka-Grover-Rudolph method
[13,14], i.e., the standard state-preparation method, and
can be used broadly in the state-preparation subroutine of
quantum-simulation algorithms.

The key point of our ground-state-generation algorithms
is to utilize the circulant structure and the fingerlike
sparse structure for a differential operator represented in a
fixed- and multiscale wavelet basis, respectively. Our tech-
niques for exploiting these structures could be used more
broadly in the quantum simulation of continuous classical
or quantum systems whose Hamiltonian involves differ-
ential operators, including fermionic QFT [3], as well as
quantum-chemistry simulations [56]. Our methods, par-
ticularly the wavelet-based method, could be replaced
with finite-difference or finite-element methods to improve
quantum algorithms for partial differential equations
[57-59].

We have focused on ground-state generation here, but
our methods could be employed to improve other aspects
of simulating a QFT, namely time evolution and mea-
surement. In particular, akin to particle-state generation
at different energy scales, the wavelet approach could be
advantageous over the Fourier approach for measuring
mean momentum of a particle state at the final step of a
QFT simulation.

We have particularly used Daubechies wavelets in
developing our state-generation algorithms. These algo-
rithms, however, work for any compactly supported
wavelets that are differentiable. A future direction is to
see how other types of compactly supported wavelets
could improve the state-generation algorithms. In partic-
ular, least-asymmetric wavelets [28, pp. 254-257] also
known as symlets [60, p. 27], a variant of Daubechies
wavelets with nearly symmetrical basis functions, could
result in a more sparse ground-state ICM for a given
threshold value, Eq. (50), and improve the wavelet-based
algorithm.
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APPENDIX A: WAVELET TRANSFORM

In this Appendix, we review a family of basis trans-
forms called “the” discrete wavelet transform. The specific
member of that family of transforms will be clear from
the context. Here we focus only on the one-dimensional
wavelet transforms.

Two parameters specify a one-dimensional wavelet
transform. The first parameter is a choice & of scale for
Z*(R). The second parameter is a choice of decompo-
sition level d > 1. The d-level wavelet transform at scale
k is recursively defined as follows. The one-level wavelet
transform at any scale k is defined to be the canonical
isomorphism

Wh. S =S oW, WP.=wh (A1)
where S; and W, are the scale and wavelet subspaces,
respectively, defined in Sec. Il A. The d-level wavelet
transform, for d > 1, is defined as

W((jk) — (W(k—d+l) Sl . (A2)

(k)
—d+1> Wd_l’
where Slg_—d = Wk7d+1 (&) Wk7d+2 @--- D W is the
orthogonal complement of S;_, considered as a subspace
of ;. Thus Wfik) executes the sequence of transformations

w®)
Sk —> Sic1 @ Wi
k-1
W el
——— S 2 ® Wi ® Wi

wkDgn
k—
2 SO W O Wi ® Wi

W(k7d+l)®]l n
k—d+1

————————> S d B Wied @ - & Wi, (A3)

The action of the canonical isomorphism W® can be
expressed in terms of two infinite matrices

i hy  hy hy hy hy -
H=]--- h,z h,1 ho h1 h2 R Y
oo hog hos hoy hoy hy -

o 80 &1 82 g 84 -
G=|-- g2 g1 & & & |,
82 &1 8 -

(A4)

called the low-pass and high-pass filter matrix, respec-
tively. These infinite matrices are to be multiplied to vec-
tors ¢® € Sy expressed in the basis {sik)}, meaning that

these vectors take the form

D=l |, = (s0lr). @s

The infinite matrix H is then defined so that H - ¢® =
¢~ Note that the form of H and G do not depend on
k. Also note that H and G are both row-sparse operators if
the wavelet is compactly supported, as only a finite number
of i and g coefficients are nonzero. With these definitions,
we have WP . ¢® = (H- ¢®) @ (G - ¢®).

We do not work with an infinite matrix representation in
this paper and instead restrict attention to finite-sized sys-
tems. Specifically, we restrict attention to subset £ ()
of .Z?(R) that has support only on unit interval $ := {x €
R|0 < x < 1}. In this restricted space, the scale coefficient

¢® = (sW|f) for the function f € £ (8) is guaranteed

=
to be equal to zero for all but a finite number of values of
£. Specifically, the fact that

supp (sy‘)) ClxeRI0<2x—0<2K—1}, (A6)

where supp(e) refers to support of a function, implies that

cg{) =0if¢ < 1 —2K or £ > 2% That is to say, only 2* +
2K + 1 scale coefficients cék) could be nonzero. We thus
treat the infinite-dimensional vector ¢® as though it were
finite-dimensional with dimension 2 4 2/C + 1. Similarly,

we treat H and G as though they were (21 + 2/ 4+ 1) x
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(2% + 2K 4 1) matrices and hence W® as though it were
a (2K +4K +2) x 2F + 2K + 1) matrix. Applying W®
to a vector is described as calculating the “discrete wavelet
transform” of the vector.

The treatment described here leaves W® as a non-
square matrix, which cannot be an automorphism of S; C
£? ($). We deal with this issue in two ways. In the first
way, which we refer to as the “open boundaries” case,
we discard the negative index values £ < 0. Although this
leaves us with a square (2 x 2¥) matrix, the result is
not invertible and hence is not an automorphism of S; C

bhy bhs 0 0
bhy, bhs
8o &1 2 g3

bgs 0 0
bgy bgy bgs

bgs
| bg>

where b = 0, +1, —1 depending on whether the boundaries
are open, periodic, or antiperiodic.

APPENDIX B: LOW-PASS FILTER FOR
DAUBECHIES WAVELETS

This Appendix describes a method for computing the
low-pass filter coefficients /4, Eq. (1), for Daubechies
wavelets. We begin with describing the method and then
construct a classical algorithm for computing the low-pass
filter coefficients using the described method. Finally, we
discuss the algorithm’s time complexity with respect to the
classical primitive operations described in Sec. 11T A 3.

Several methods are used to compute the numerical val-
ues of the low-pass filters 4,, Eq. (1). A direct method is to
solve the system of nonlinear equations [29, p. 3]

th =2, th}u—zw = 8o/,
¢ ¢

Z(—l)ﬁgz/hzlcflfg =0 VK/ < ’C,

14

(B1)

£?(8) as desired. Despite its weaknesses, this approach
is good enough for numerical studies. The second way
we deal with the nonsquare W® is what we call the
“(anti)periodic boundaries” case. In this approach, we treat
the signal f* as though it depicts a periodic (antiperiodic)
system, so the problematic negative index values £ < 0
would be identical to (the negative of) the index val-
ues 2¥ — £. In this case, we apply the same condition to
the derivative overlap coefficients, Eq. (13). By putting
these two approaches together, the matrix W for the db3
wavelets becomes the 2¢ x 2% matrix

he hs 0 0 7
hy hy hy ks
ho hi hy by
0 0 0 0
0 0 0 0 H
= , A7
g g 0 0 [G} (A7)
82 &3 &4 &5
g &1 & &3
0 0 0 0
0 0 0 0 i

(

which are derived from various properties of the
Daubechies wavelets, such as orthonormality. This non-
linear system can be solved analytically for I < 3 and
numerically otherwise. However, the numerical methods
for solving the nonlinear system become increasingly inef-
ficient as K increases. We use an alternative method pro-
posed by Daubechies to compute the numerical values of
the filter coefficients [28]; also see Ref. [61, p. 81]. The fil-
ter coefficients in Daubechies’ method are obtained by first
computing the 2/C — 2 roots of the polynomial

(B2)

where P(y, K) is a polynomial of degree KC — 1. Next those
roots z; with |z, < 1 are selected. The filter coefficients are
then obtained by identifying the coefficients H, in

2K—-1

Z Hyz2 1, (B3)
=0

K—1
1+ [[e-20=
=0
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for selected roots and normalizing the coefficients as z, =
H,/~/H - H, where H is a vector with elements H,.

The pseudocode in Algorithm 10 describes a for-
mal algorithm for computing the low-pass filters using
Daubechies’ method. This algorithm is used in classical
preprocessing of the wavelet-based algorithm (Sec. IV A),
specifically as a subroutine in Algorithm 4, which requires
the low-pass filters to compute unique elements of the
ground-state ICM in a multiscale wavelet basis.

The time complexity of this algorithm is dominated
by the time complexity for computing roots of f (z) in
Eq. (B2) because the root-finding subroutine in line (4)
is the computationally expensive part of the algorithm.
The coefficients of f (z), a polynomial of degree 2/C —
2, have a magnitude less than 23*. By these properties,
the arithmetic complexity for finding roots of f (z) with
precision p is O(K log’ K log(3KC + p)) using a known
root-finding algorithm [62]. The classical primitive oper-
ations in the cost model described in Sec. III A 3 include
basic arithmetic operations. Therefore, with respect to the
classical primitives, the time complexity for computing
the low-pass filter coefficients is quasilinear in the wavelet
index.

APPENDIX C: DERIVATIVE OVERLAP
COEFFICIENTS

In this Appendix, we describe Beylkin’s method [44]
for computing the derivative overlap coefficients, Eq. (13),
for the Daubechies wavelet with the wavelet index /.
For our application, we restrict the method to comput-
ing the overlaps coefficients for the second-order deriva-
tive operator. Beylkin’s method, however, is general

and could be used to compute derivative overlaps for
derivative operators with any integer or fractional order.
Having described the method, we then present a for-
mal algorithm for computing the second-order derivative
overlaps.

The explicit expression for the Daubechies scaling func-
tion and its derivatives are unknown. Therefore, the numer-
ical value of the derivative overlaps cannot be directly
computed from Eq. (13). Beylkin’s method is an indi-
rect way to compute these coefficients. The second-order
derivative overlaps in this method satisfy the system of
linear algebraic equations [44, Proposition 2]

Z x, =2,

LeZ
K
Xe =4x0 +2 Za2k—1 (x20—kr1) + X2012041) VL E€Z,
k=1
(C1)
where the coefficients
(_l)kflc
= Vkell,...,K},
1= T k= k1) Fel )
QK- 7?
C=|———— C2
[(IC—I)WCI] . €2

are autocorrelation of the low-pass filter /,, Eq. (1). If
IC > 2, then the system of linear equations has a unique
solution with x, # 0 for 2K —2 < ¢ <2K — 2, and x; =
x_¢. Using these properties, we write the linear system in

Input:
Kez*
peZt
Output:
he R
1: function pory(y, K)

K-1
K—141\ ,
2: return /;) < ; )y

3: function LowPASSFILTER(/C, p)
4 R*~2 5 r « roors <ZK71POLY(% — é -%K), p)
5 2 O

6: for { <~ 0to 2K — 3 do
7 if |ry| < 1then

8 append rp to z
9 for{ + 0to L —1do
0 append —1to z

11: R?X 5 H < poryCorrr(z)
12: h+~ H/vVH-H

13: return h

> Daubechies wavelet index
> working precision

> low-pass filter (1) for the Daubechies wavelet with index
> defines the polynomial P(y, K) in Eq. (B2)

> computes roots of f(z) in Eq. (B2) with precision p
> initializes an empty list
> appends roots r; of f(z) with |ry| < 1toz

b appends roots of (14 z)X to z; see Eq. (B3)

> computes coefficients Hy (B3) of a polynomial with roots in z

Algorithm 10. Classical algorithm for computing the low-pass filter for Daubechies wavelets
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the matrix-vector form as Mx = b, where M is a 2K —
1)-by-(2K — 1) matrix with elements

an = }12 + 482m,n - 8m,n
K

+2 Z a1 (8nom—rs1) + Snomi2kt1)» (C3)
f=1

the solution vector is X := (x, ..., Xc_2)" and b is the
vector of all 1’s,1.e.b:=(1,...,1).

The pseudocode in Algorithm 11 describes a for-
mal algorithm for computing the derivative overlaps by
Beylkin’s method. The formal algorithm presented here is
only used to simplify the description of our ground-state-
generation algorithms (Sec. IV A).

APPENDIX D: PROOFS

This Appendix contains the statement and proofs of
several propositions used in this paper.

Proposition 11: Let N be a positive integer, {s,(x) | n €
{0,...,N — 1}} be a set of orthonormal, real-valued, dif-
ferentiable, and compactly supported functions that span a
subspace of £*(R), and let T € RY*N be a matrix whose
elements are

d d
| /dxasn(x)asm(x) Ynmel{0,...,N—1}.
(D1

Then T is a symmetric and positive-semidefinite matrix.

Proof. The symmetry of T is immediate from the
definition of its elements. By definition, an N-by-N sym-
metric real matrix A is positive semidefinite if vTAY >0
for all nonzero v € RY. We use this definition to prove

that T is a positive-semidefinite matrix. Let v be a nonzero
vector in RY and let f (x) := Zﬁ,\:ol VS, (x), then

N-1
T _
v Iv= VL Ui

n,m=0

q (V! d (V!
d 2
= /dx (Ef (x)) > 0.

Thus, by definition, IT' is a positive-semidefinite matrix.
|

(D2)

Proposition 12: Let my € R be the free mass and A €
RN*N be the ground-state ICM in a wavelet basis. Then
the smallest eigenvalue of A is my.

Proof. The spectrum of the ground-state ICM in a fixed-
and multiscale wavelet basis are identical because they are
unitarily equivalent. Therefore, we prove only this propo-
sition for a fixed-scale ICM A, Eq. (24). This matrix is
the principal square root of the fixed-scale coupling matrix
in Eq. (23). The fixed-scale coupling matrix can be written
as

K® = mil — 4 AP = mj1 + 4'T, (D3)
where A® is a matrix whose elements are the second-
order derivative overlaps A2 Eq. (13), and the second
identity in Eq. (D3) follows from Eq. (D1) and Eq. (13).
Eigenvalues of K are

2K—1 27l
WO = md AP 23 4P cos (Tj> , (D4)
(=1

Input:
Kezt
pezt
Output:
Ac RZ/C*I
1: function DERIVATIVEOVERLAPS(/C, p)
2K —1)! r
2: Cé | ———
{(IC —1)14K-1
3: for k from 1 to K do
(71)k71C

4 Aok—1 < (K=K +k-1)1(2k-1)

bk,1 ~—1
M + mrx(K)
A+~M b
return A

> wavelet index
> working precision

> second-order derivative overlaps (13)

> see Eq. (C2)

> computes the auto-correlation coefficients in Eq. (C2)

> MTX is a function that constructs the matrix M by Eq. (C3)

Algorithm 11.

Classical algorithm for computing the second-order derivative overlaps in Eq. (13)
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which yields
2K-1
a)=m— AP =23 AND =mf,  (D5)
£=1

where the second identity follows from properties of the
second-order derivative overlaps [33, Appendix A]. By
Egs. (D3), (D5), and Proposition 11, m} is the smallest
eigenvalue of the coupling matrix and therefore my is the
smallest eigenvalue of the ground-state ICM in both fixed-
and multiscale wavelet basis. |

Proposition 13: (Bound on determinant of near-identity
matrices [63].) Let N € Z*, e € [0,1) and A=1—E €
RN such that |Ejj| < e forallije{0,....N—1} If
Ne < 1, then

1 — Ne < det(A) < (1 —Ne)~ L. (D6)
Proposition 14: Letr J € 2Z%, o € Rt and § < min
(1/2,0). Define r := 8/(c~/2) and

J/2-1
N? ::/ dx e~ 12 =o2m, N2 =52 Z e
R j=—J/2

(D7)
Then
J/2-1 Js/2 2
1 . 1 X
— §e’r > —2/ dve 262, (DS)
NNjZ_J/z N2 ssp
Proof. Let
z1/4
=142 —1), D9
Pl <F<3/4> ) 2
where I" is the I" function. We first prove that
N < /psN, (D10)
J/2—1 J8/2
N e-fzrzz/ dxe™™/° (DI1)
—J8/2

j==J/2

Proposition 14 follows from Egs. (D10) and (DI11);
Eq. (D10) implies that \/p8/(N'N) > 1/N? and multiply-
ing each side of this inequality by each side of Eq. (D11)
yields Eq. (D8). We now prove Eq. (D10). Note that

J/2—1

Z e_j2r2 f Ze_erZ _ @Ze_k%ﬁ/'z’ (DIZ)

j=—J/2 JEZ keZ

where the equality follows from the Poisson summation
formula [64, p. 385]. We now find an upper bound for

the right-hand side of Eq. (D12). Note that 7> < 1/2 so
e K/ < e’zkzﬂz, also e~ 2K’ < T2 gk for each
k € 7./{0}, therefore,

X:eszrrz/r2 < 26721(2712 <1 _{_671'727[2 Z efrrk2

keZ keZ keZ/{0}

1/4
— 1 71727‘[2 T _1 =p,
e <F<3/4> ) p

(D13)

where we use >, =™ = 71/4/ T (3/4) [65, p. 103].
By Egs. (D7), (D12), and (D13)

J/2—1
N? =52 Z eI < pSN?,

j==J/2

(D14)

which yields Eq. (D10). We now prove Eq. (D11). Note
that

J/2—1 J/2—1
NOT 7 = 5p |1+ 12 > e,

j==J/2 j=1
(D15)

2 2y . .
and, as e /%) is a convex function for |x| > o,

J§/2
/ / dx e—x2/202
—-J§/2

5 L J/2-1
=2/ dxe /2" 42 Z
0

i+1)8
/0 ) dxe7x2/202
j=1

i

Jj2—1
<25+28 Y &7 —2(1/2)8 ((1/\/2) - e*ﬂ’z/“)

j=1

J/2—1
=s[@-1Ve+e T2 Y I
j=1
(D16)

Note that if § < (2 — 1//&)2/p = 0.514998 then §2(2 —
1//e)* < 8/p and therefore,

82 —1/ve) </8/p.

This inequality implies that the right-hand side of
Eq. (D15) is greater than or equal to the right-hand side
of Eq. (D16). Therefore, Egs. (D15), (D16), (D17), and
5 < 1/2yields Eq. (D11). |

(D17)

Proposition 15: Let di. € R and diin € R be, respec-
tively, the largest and the smallest diagonal elements of
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the diagonal matrix D in either the spectral or the UDU
decomposition of a symmetric positive-definite matrix A €
RVN with N € Z+. Also let k € RT be the condition
number of A, quantified as the ratio of the largest to the
smallest eigenvalues of A. Then

dmax
dmin

e Ok). (D18)

Proof. 1f D is the diagonal matrix in the spectral decompo-
sition of A, then dy.x and dyax are, respectively, the largest
and the smallest eigenvalue of A. Therefore, by definition,

dm X
K?n = k. (D19)

If D is the diagonal matrix in the UDU decomposition of
A, then

dmax
dmin

<«k. (D20)

The proof of this inequality is as follows. Let A (A) and
Amin(A) be, respectively, the largest and the smallest eigen-
values of A and let ¢; be the i column of the N-by-N
identity matrix. Then

il

Amax (A) = max X Ax > max el.TAe,- = max (UDUT)

lIxll=1

= m?x d; + Zd, U;- > mlax d; = dppax,

Jj>i
(D21)
)\;ﬁln(A) = Amax (A_l) > max (UDUT);1
=max |d '+ Za’;l (U_l)z > maxd; '
Jj>i
=d. (D22)

The second equality in Eq. (D22) follows from the fact
that the inverse of an upper unit-triangular matrix is an
upper unit-triangular matrix [43, p. 220]. The last inequal-
ity in Egs. (D21) and (D22) holds because d; > 0 for the
positive-definite matrix A. Proposition 15 follows from
Egs. (D19) and (D20). |

Proposition 16: Let k € RT be the condition number of
the ICM for the ground state of a N-mode massive real
scalar bosonic free QFT with mass mg € R in a fixed- or
multiscale wavelet basis. Then

Kk € O(N/my). (D23)

Proof. Note that the ICM A in a multiscale wavelet has
the same condition number as the ICM Ay, in a fixed-scale
wavelet basis because A is obtained from Ay, by a wavelet
transform. We therefore consider the condition number of
A,. Now using Ay = /Ky, where K, Eq. (23), is the
coupling matrix in a fixed-scale wavelet basis, we have

ke @24

We prove that
Somin (Ks) = mg, (D25)
Amax (Kss) € ©(md + N?). (D26)

Proposition 16 follows from Egs. (D24) to (D26). To prove
Eq. (D26), we find a lower and an upper bound for the
largest eigenvalue of K. We use the Gershgorin circle
theorem to find the upper bound [43, p. 388]. This theorem
implies that

Amax (Kss) < miax (Kss;ii + Rz) , Ri:= Z'KSS;U l. (D27)
J#

Note that for any positive-definite matrix K [43, p. 434]

|Kss:ij 2 < Kis.iiKsjj » (D28)
and by Eq. (23)

Ky it = mi + N?Ag. (D29)
Therefore,

K| < m§ + N*Ao. (D30)

Furthermore, K, is a banded circulant matrix with
the lower and upper bandwidth 2K — 2. Thus, using
Eq. (D30),

R < 22K — 2)(mj + N*Ao). (D31)
Equations (D27), (D29), and (D31) yield
Amax (Kys) < (4K = 3)(mg 4+ N> Ag). (D32)

We now find a lower bound for the largest eigenvalue. Note
that

Amax (Kgg) = max X K,x > max e] K e; = m2 + N2 A,
X|[|= 1

(D33)

where ¢; is the i column of 1,y and in the last equal-

ity we use Eq. (D29). Equations (D32) and (D33) yield
Eq. (D26). |
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Proposition 17: (Exponentially decaying ICM at a fixed
scale.) Let my € R" be the free mass, K € Z=3 be the
wavelet index, and r € Z= be the scale index. Let A €
R Eq. (24), with L € Z=»@x 1) be the ground-state
ICM at scale r. Then, for any j

| < dmokP27VIET g0 = IC — 127 Jmy,
(D34)

»
1s5; 0,

where k) > 1 is the spectral condition number of K\?,
Eq. (23).

Proof. We employ the Benzi-Golub theorem [66, Theorem
2.2] to bound off-diagonal entries of ICM A"; see [67, p.
243] for an alternative statement of this theorem. Let @ > 1
and 8 > 0, with ¢ > B, be the half axes of an ellipse in the
complex plane with foci in £1. This ellipse is specified
by the sum of its half axes x := o + B8 > 1, so we denote
the ellipse by &,. Let f (z) be an analytic function in the
interior of £, and continuous on &, for any 1 < x < x,

and let

2xM(x)

M(y) = n;gx[f(zﬂ and K := (D35)

Also let B be a symmetric and banded matrix whose spec-
trum specB is contained in [—1,1] and let B the upper
bandwidth of B. Then by the Benzi-Golub theorem [66,
Theorem 2.2]

y = log, x

y —yli~j|
IIf B, | < K277, Bl

(D36)

The ICM matrix A"”) is the principal square root of the cou-
pling matrix K, Eq. (23), and K\ is a symmetric and
banded matrix with the upper bandwidth 2/C — 2. How-
ever, specK"”) is not contained in [—1, 1], so we cannot
directly apply the Benzi-Golub theorem to this matrix.
Let [a,b] C R be the interval containing specK®. To
apply the Benzi-Golub theorem, by shifting and scaling the
coupling matrix, we construct the matrix

_2KY —(b+a)l

B:
b—a ’

(D37)

whose spectrum is contained in [—1, 1]. Then the function

b—a b+a
z+

f@ = 7 T

(D38)

maps B to the ICM; that is A”) =/ (B). By the Benzi-
Golub theorem, we then have

|A£:) 0,j| < Kz—ﬂil,

(D39)

with

_ log, x
Y=ok -1

(D40)

We now obtain a lower bound for y. The function f (z) in
Eq. (D38) is analytic in the interior of any ellipse £, with
x less than

(D41)

__b+a+ b+a 2 1
X_b—a b—a '

Using the spectral condition number « := b/a of K",
we have

\/K(’)+1_l 2 2

X = =1+ > 1+ :
Vi@ —1 Vi@ —1 Vi@ —1
(D42)

where the inequality holds because ) > 1. Setting

X =142/ —1<3, (D43)

we obtain
log, (x) = log, (1 +2/m S V2R > my 2
(D44)

where the first inequality holds because ™ > 1 and the
second inequality holds because

KD <14+ 42 /md <2 x 42 /mj, (D45)

as per Proposition 16. The combination of Eq. (D40) and
Eq. (D44) yields
y = 1/87, (D46)

where £ is given in Eq. (D34). We now find an upper
bound for K in Eq. (D39). By Eq. (D43) and x > 1

2
—Xl = xvVk® —1=vk® — 142 <2V2(D.
(D47)
The function f (z) in Eq. (D38) attains its maximum at

the point zy := &, where « is the greater half axis of the
ellipse &,. The combination of x =« + B, a*> — B> =1
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and Eq. (D43) yields

2 2
x-+1 x—D 1 5
= =14+ <14 (-1
%0 2x + 2y +2(x )
2
=1+ (D48)
and
b—ax*+1 b+a
M(x)=ﬂggle(Z)I=f(ZO)=\/ Y >
Z&€cy
< \/a/2\/m < V2ak M = mygN 2k @,
(D49)

where the last equality follows because the smallest eigen-
value of K is a = m}. Equations (D35), (D47), and (D49)
yield

K < 4mox®. (D50)

Proposition 17 follows from Egs. (D39), (D46), and (D50).
|

1. Proof of Proposition 8

To prove Proposition 8, first we show that the ey-
approximate ICM A, , Eq. (50), is a positive-definite
matrix. Then we prove that the infidelity between |Gy (A))
and |GN(A%)) is no greater than ¢.

We use the Bauer-Fike theorem [43, p. 405] to show that
A, is a positive-definite matrix. Let Q be a nonsingular
matrix such that Q"'AQ = A is a diagonal matrix and let
E := A — A, . According to the Bauer-Fike theorem, for
any eigenvalue A(A,, ) of A, there is an eigenvalue A(A)
of A such that

1A (Agy) — 2(A)| < i (QIIE], ,

where ||e]|, is the matrix norm induced by any p-norm on
C" and k,(e) is the condition number of a matrix with
respect to this norm. As A is a real-symmetric matrix,
Q can be chosen to be an orthogonal matrix for which
1Qll2 = 1 and k2 (Q) = 1. Therefore, using Eq. (D51) with
p = 2, we obtain

(D51)

|Amin(Agy) — A(A)] < |E[2 < Neéw, (D52)

for the smallest eigenvalue Apmin(4.,) of A,,. The last
inequality here comes from |Ej; | < &y, by the definition of
E and using the matrix-norm inequalities |[E|; < [|E|f <
N max;;|Ej;|, where |e||r is the Frobenius norm of a
matrix. If Anin(Ag,) > Amin(A), then A, is already a
positive-definite matrix. Otherwise, using Eq. (D52)

p‘«min(Aeth) - )\min(A)| = Ngth = SV/\/N’ (D53)

which implies that the A, is a positive-definite matrix.

We now prove Eq. (52). Let T := EA~!, then
(Gh(A)| Gy (Ag))

1/4
= det Adet A, / av xe_%xT(MA‘q‘h)X
Q)N RV
[det(1 — T)]'/*

 [det(1 — T/2)]"72’

(D54)

where we use det A, = det Adet (1 — T) by employing
the multiplicative property of the determinant function [43,
p. 11], and the Gaussian integral

i Q)N \ '
dVxe 2V A — [ D55
/]RN xe (detA) ’ (D35)

for a symmetric and positive-definite matrix A € RV*V,
We now use Proposition 13 to obtain a lower and an upper
bound for determinant of the near-identity matrix 1 — T.
Let us first find an upper bound for |7} |. Note that

N—1 N-1
Tyl =12 E (A7) ] = enmax ) _|(A7), |
k=0 k=0

= eal A7) < ey VN, (D56)

where the last inequality follows from the matrix-norm
relations

Al < VNIAl2 A2 = Amax(A), (D57)

for a real-symmetric matrix A [43, pp. 346, 363], and
Amax(A™1) = A1 (A) < y~!; note that y > 0 is a lower
bound for the eigenvalues of A. By Proposition 13 and
Eq. (D56), if e,y "'N3/? < ¢, then

detl —T)>1—¢, det(1—T/2)<(1—¢g/2)"".
(D58)

Combination of Eq. (D54) and Eq. (D58) yields

(Gv(A)|Gy(A) = 1 — ) * (1 —e/)2 > 1—¢,
(D59)

where, in the last inequality, we use (1 — &/2)!/? > (1 —
e)!/2and (1 — )34 > 1 — ¢ for any ¢ € (0, 1). Therefore,
the infidelity between |Gy (A)) and |GN (Aath)> is at most ¢.

2. Proof of Proposition 9

This Appendix presents a proof for Proposition 9. Fol-
lowing Eq. (59) with » = ¢, we have

A(r,r) — GA(F+1)GT

S 4

ww

(D60)

where G is the lower half of the wavelet-transform matrix
at scale r, see Eq. (A7), with entries G,,, = g,—2,. Using
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Eq. (D60) and circulant property of A"+, we have

2K—-1
(r,r) _ (r+1)
Aww; 0/ — Z g”gmAss; 0,(2j +m—n)* (D61)
m,n=0

By virtue of Proposition 17, |Ag;+é}| decreases as j
increases. For any m,n, and j > 2/C — 1, we have 2j +

m—n=>j,so

A oy imm| S ST Y =2 -1, (D62)
Eq. (D61) and Eq. (D62) yield
2K—1
AT 1 <A D Igugul, (D63)
m,n=0

and because Y _ g2 = 1, we have |g,| < 1. Therefore,

2K—-1 2K—-1 2K—-1
> lgngnl < (Z |gm|) (Z |gn|) <4K?. (D64)
n=0

m,n=0 m=0

Proposition 9 follows from Egs. (D34), (D63), and (D64).

3. Proof of Corollary 10

Here we prove Corollary 10. By virtue of Proposition
9, the off-diagonal entries in diagonal blocks of the mul-
tiscale ICM decay slower as the scale index r increases.
Therefore, for a given threshold value ey, the bottom-right
block of the approximate ICM Eq. (50) has the largest
bandwidth among the diagonal blocks. Plugging r = k — 1
into Eq. (53) we obtain

A o5 1 < e, (D65)
for
) 16KCmok ®
il = &% log, (T) . (D66)
t!

We now use Proposition 8 and 2! < logN to express
the upper bandwidth in terms of K, my, &yac, and N. By
Eq. (53)

£® = Q2K - 12" /my < 2K — 1) (logN) /my.
(D67)

The smallest eigenvalue of the ICM is my, so by Proposi-
tion 8 we take g4, = moevacN >/2. Therefore,

16KC2moc ™ 16K2N2c® _ 32K2N/24442

Eth Evac m(z)gvac
32K2N3/210g? N 16K2N?
< 2T 2 (D68)
2
WIO‘C"V@‘C 0¢vac

where we use Eq. (D45) in the first inequality. In the last
two inequalities we use

and 32N*?1log? N < 16N?,
(D69)

k+1 2
2 S 10g N7 gvac Z Evac’

for £y,e € (0,1) and N € Z*. Equation (54) follows from
Egs. (D66)D68).

APPENDIX E: COMPUTING ROTATION ANGLE
FOR 1DG-STATE GENERATION

In this Appendix, we analyze the time complexity for
computing the rotation angle 6, in Eq. (71) on a quantum
computer. We first simplify computing 6, using the double-
angle identity as

1 1
0, = 3 arccos(uy) = % 2 arcsin(uy), (ET)
where
00 /2 2 -1
Up = 2f (0e/2, /2, me ) -1, (E2)

S (0¢, e, my)

and f (64, (e, mye) is defined in Eq. (69). Using Eq. (E1),
computing 8, requires computing u, and arcsin(u,), and
performing one multiplication and one addition. There-
fore, time complexity for computing the rotation angle 6,,
denoted by TanoLe, 1S

Tanore = Ty + Taresin + 2: (E3)
where T, and Ty, are time complexities for comput-
ing u, and arcsin(u,), respectively. By Eq. (E2), com-
puting u, requires computing f* (6,/2, p¢/2, me — 1) and
f (6¢, pe, my), and performing one division, one multipli-
cation, and one addition. Therefore,

T,=2T; +3, (E4)
where T is time complexity for computing f (Ge, Mg, myp).
By Eq. (E3) and Eq. (E4), we need only 7y and Tigin to
obtain 7yee. First we provide a high-level description of
how to obtain 7y and Tycsin. We show, in Proposition 18,
that computing f (6¢, (¢, my) to t bit of precision requires
computing at most 4¢ — 1 exponentials and adding them
all. The argument of each exponential needs performing
one addition, one multiplication, one division and calculat-
ing the square of two numbers. Calculating the square of a
number can be performed by one multiplication [53, p. 7].
Altogether, time complexity for computing f* (6, e, my)
is at most (4¢ — 1) Ty + (4¢ — 2) + 5, and therefore

Ty € O(tTeyp), (ES)
where Ty, is time complexity for computing an exponen-
tial. We use Proposition 19 to show Tcy, scales linearly
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with z. By this proposition, to compute e with 7 bits of
precision, first the polynomial
P(x) == a9+ aix + ax?, (E6)
withayg = 1,a; = 1/4'and a, = 1/4% is evaluated at x and
then the result is iteratively squared 2¢ times. Computing
square of a number needs one multiplication, s0 Teyp =
Tp + 2t, where Tp is time complexity for computing P(x)
in Eq. (E6).
We use Horner’s method to compute a polynomial on
a quantum computer [53], and to obtain 7p. To evaluate
the polynomial in Eq. (E6) at x, we store the coefficients
ap,ai, and a, on a ancillary quantum register and imple-
ment the operation ayx + a; — (axx + aj)x + ay. Imple-
menting this operation needs two multiplications and two
additions before uncomputing the intermediate results, so
Tp is a constant and
Texp € O(). (E7)
We use Proposition 20 and Proposition 21 to obtain Tyycsin-
In Proposition 20, we show that the argument x of arcsin(x)
is a positive number less than 1/2 and, in Proposition 21,
we show a polynomial of degree ¢ suffices to approximate
arcsin(x) with z bits of precision. As described, computing
a polynomial of degree ¢ by Horner’s method requires © (¢)
multiplications and additions, so

Tarcsin = @(t), (ES)

The combination of Egs. (E3)~(ES5) and (E7)~ES) yields
Tancie € O(fz) (E9)

We now state and prove the propositions that we use to
obtain Tangik.

Proposition 18: Letm € Zt,t € Z*, £ € {0,...,m — 1},
we €[0,1), mg :=m— £, 64 € 0,2/ and

2me—1_g
- 110)?
fGespesm) =y exp (—U;—>> (E10)
j=—2ml_1 ¢
2t o
g ) = ) exp (—V;#) . (1D
j=—2t—1 ¢
For2™ > 8(t+ 3), if&K2 > t then
- - 1
If (G¢, e, mg) — OV 21| < oTsE (E12)
else
If(6l9 /-’Lf’mf) _g(6a /’Ll)l =< (E13)

2+l

Proof. We first prove the first part of Proposition 18. Using
the triangle inequality,

lf(5e,lu,me) — oV 275‘

2
=< |f (Ge, e, me) — ZGXP( (HM) )

JEZ

Zexp( (’+“‘)2> — 6V 2m|.

JjEZ

(E14)

Let us now find and upper bound for the first term in the
right-hand side of Eq. (E14). By Eq. (E10),

2
(G¢, pg, my) — Zexp < (]er) )

JEZ
-5 ol on(c)
zmg—l ¢
o0 o0 72m573
.2 _ 2e
2 en(-L) =2 Y =
2m471 ¢ zmgfl e
1 —t
556 . (E15)

The first inequality here holds because wu, € [0,1). The
second inequality is obtained using

i i2 nd my—1 |
D exp (—;—) < > exp (—2225 1), (E16)

omyg—1 zmlfl

and 67 < 2. The last inequality is obtained using 2"¢ >
8(t+3)and 2¢e3/(1 —e /% < 1/2.

We now establish an upper bound for the second term in
the right-hand side of Eq. (E14). By Poisson’s summation
formula [64, p. 385],

ZeXP< g’ )

JEZ

226212 _omgiusi
—O’[/ E 2 O’e] 2mipej

JEZ

o0
= 532m [ 142 e 20 cosmpy)
j=l
(E17)
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Therefore,

Ze"p( g2 ) Py

jEZ

(o)
= 2/ 270y Z e 275? cos(2m [Lef)

j=1

oo
B 2:2.2
<2427, E e 20l
j=1

—27120[2
52«/2;1&62: 0 = 02w a[ g
j=1
2~2 2
<e T <, (E18)

Here we use the triangle inequality and |cos(2m e )| <
1 to obtain the first inequality. The second inequality is
obtained by

oo

oo
—2n2(;2]2 _
D¢ =D e
Jj=1

j=1

2712&[2j )

(E19)

The third inequality is obtained using 1 — e 2 > o=t
for6? > ¢>1,and 23/ 2xe~ =D < | for anyx € RT.
The last inequality holds because 67 > . The first part of

Proposition 18 follows from Egs. (E14), (E15), (E18), and

1 2
—elp e <

+
7 =5 Ve Z™.

(E20)

We now prove the second part of Proposition 18. By
Egs. (E10) and (E11),

|f (Ge, e, me) — g(0, o)l

el 2 2
. e
= Z <exp (——(’ergf) >+exp <——(’+2&2"“ ))
j=2r+1 ¢ ¢
- A o@D
<2 — L - —
<2 Y exp( 2)<zze —2¢
J=2041 =201
1
<o (E21)

The first inequality here is obtained using u, € [0, 1); the
second inequality is obtained using

ome—l_1

oo
-2
D exp (—;—) <) exp( 22’2‘]) (E22)
j=2t+1 j=2t+1

and 5132 < t. The last inequality is valid forany r € Z*. W

Proposition 19: Let t € Z1,x € [0,f] and P(x/) :=1 —
x/l + x% /€. Then, for any £ > &,

le™ — P(x/0)| < 1/4'. (E23)
Proof. Note that
e = () = [P(r/0) + EG/0]
Ea =3 ey (E24)
n>3
Using binomial expansion
tore
e =Px/O+ ) ( )P[_”(X/Z)E"(x/ﬁ). (E25)
n=1 n

Therefore,

14

L
e — P/t < Y (n) PG/ O EC/O)

n=1

e
<> (n) IPOe/O1 " EG/OI", (E26)

where, in the last inequality, we use P(x/£) < 1 forx/¢ <
1. Let us now find an upper bound for |E(x/¢)|. Using
Eq. (E24) and the triangle inequality,

EG/O] <) —(x/ﬁ)

n>3

1
= (x/0)’ Z TR

< g(x/@%)‘/Z —(x/ef (E27)

2

the last inequality holds because e*/¢/3 < 1 for x/¢ < 1.
Using Egs. (E26) and (E27)

—X - E 1 n . Zn n
e = Ple/Ol <) (n)ﬁwef < ; 7 @/0’

n=1
3 3n x3 x3 1 1
1 — | =< -=-=<-.
T2 +ZZ”€2” =20 ( + 2@2) T4
(E28)
Here we use x*/¢ < 1/2 forx € [0,£] and £ > 4'. |
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Proposition 20: Let 6 € [1,00),u € [0,1),m € Z and

2)%7171
[Gopmy= Y e U, (E29)
j:_szl
Then
52, 11)2,m — 1
JOZR2Zm=D (| (30
f (@, u,m)

Proof. Let foven :=f (6/2,11/2,m — 1) and foaa = f (5 /2,
(w+1)/2,m —1). Then f (0,1, m) = feven + fodd, and
Eq. (E30) becomes

feven fodd
f'even +f0dd
We show 3feven = fodd and 3fodd > feven. These two inequal-

ities yield Eq. (E31), which proves Proposition 20. Notice
that

<1/2. (E31)

2m72_1 2m72
i 2 /nx2 i 2 92
Joven = Z e~ @+w7/267 Z e~ -7 /26
Jj=0 j=1
M2 M2
—_ i 2952 —(0i—2— N2 /052
= Y @ N 2
=0 j=2
(E32)
2rn72_1 2m72
foad = Z e~ I /25% 4 Z o=@ —1-1)?/257
=0 j=1
2m72

-y (e—<2/—1+m2/2&2 4 e—(2j—l—u)2/252>. (E33)
j=1

Using these equations

2n172_1

T 2/9x2
feven _fodd = Z <€ & +w7/20

j=0

_ e—(2j+u+l)2/252)

2n172

+ Z (e—(Zj—Z—M)2/252
j=2

+ - (zm—l _M)2/2&2

_ e—(zj—l—mz/zfrz)

_ e—(l—ﬂ)z/%2 (E34)

pm—2

(i _1\2 /952
ﬁ)dd_fevenzz<e 2 —u—1)°/26

Jj=1

e —u)2/252)

2m—2_1

+ Z <e—(21‘—1+u)2/2&2
j=1

4@ 14?267

: 2952
e QAw?/2s )

_ e 25 (E35)

The first three terms in the right-hand side of these equa-
tions are non-negative, so we have

o M2
(E36)

—(1—p)? /252
feven _fodd > —e (=w7/20 5 fodd _feven > —

By these inequalities, Eq. (E32) and Eq. (E33)

2952
3feven — fodd = 2feven — e~ (1-7/25
>2 (e‘“z/”f2 + e—(Z—u)Z/za2)
2952
— o~ U=m)7/25 > 0, (E37)
_ 2752
3ﬁ)dd _féven = 2‘f;)dd — e M /26
> 2 (e—(l+u)2/2&2 + e—(l—u)2/2&2)

e 5 5, (E38)

for all 6 > 1 and w €[0,1). These inequalities yield
3feven = fodd and 3fodq > feven, and hence Eq. (E31). |

Proposition 21: Lett € 7, |x| < 1/2 and

Qe—DnI 1
ol 20+1
(E39)

Q41 =

-1
. 2041
P(x) = Zazz+1x +
=0

Then |arcsin(x) — P(x)| < 1/2%+1,

Proof. Using the binomial series of (1 — x?)~!/2,

arcsin(x) =

/x dx
0 /1 —x2

20— 1
:P(x)—l—/ Z( (215)") X2, (E40)

By this equation and (2¢ — 1)!1/(2¢)!! < 1 we have

X 0 x o
larcsin(x) — P(x)| < / dx szz = / dxx? Zx%
0 =t 0 =0

4x2t+l 1
< — < s
T 32t+1 T 22l

(E41)

where we use |x| <1/2 and t>1 in the last two
inequalities. u
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Input:
Necz"
Ac RNXN
Output:
Ue RNXN
deRN
1: function UDU(N, A)
2 U+~1
3 fori < N —1to0do
4 ViitN-1 ¢ Wit 1:N-1 O dit1:N—1
5: di < @5 — W1 1:N—1" Viit1:N-1
6 if i > 0 then
7 U1, = [0:—1,i — W0s—1,i4+1:N—1* Viji41:N—1] /4
8: return {d,U}

> order of a square matrix
> a real-symmetric matrix of order N

> upper unit-triangular matrix in UDU decomposition of A
> diagonals of the diagonal matrix D in UDU decomposition of A

> initializes U as identity matrix
> iterates over columns/rows of A from right/bottom to left/top
> © denotes the Hadamard product

Algorithm 12. Classical algorithm for UDU decomposition of a dense real-symmetric matrix

APPENDIX F: UDU DECOMPOSITION

In this Appendix, we present a classical algorithm
for computing the UDU decomposition of a dense real-
symmetric matrix. The algorithm presented here elucidates
our classical UDU-decomposition algorithm for a matrix
with a fingerlike sparse structure. First we describe the
UDU matrix decomposition and then present the algorithm
for a dense matrix as pseudocode.

In the UDU matrix decomposition, a symmetric matrix
A is decomposed into the product of an upper unit-
triangular matrix U, a diagonal matrix D and transpose of
the upper unit-triangular matrix. The UDU decomposition
is closely related to the LDL decomposition, where a sym-
metric matrix is decomposed into the product of a lower
unit-triangular matrix L, a diagonal matrix, and transpose
of the lower unit-triangular matrix. The LDL decomposi-
tion algorithm starts from the top-left corner of the matrix
L and proceeds to compute entries of this matrix row
by row [68]. The UDU-decomposition algorithm, how-
ever, starts from the top-right corner of U and proceeds
to compute its entries column by column.

To elucidate the algorithm, we write the UDU decom-
position of a real-symmetric matrix A as

A=UDU' =UV', V:=UD, (F1)

where V is an upper triangular matrix. By definition, the
nonzero elements in the i™ row of V are

Vi in—1 =W in—1 O din—1, (F2)

where © denotes the Hadamard product. By Eq. (F1), ele-
ments of the i column in the upper-triangular part of A
are

(F3)

Ag.i, i = W0, iN—1 " Vi iN—1-

This equation along with u; = 1 and v; = d; yield

di = @jj — W iy N1 - Vi, ik LN— 1 (F4)
Uo:;i—1,i = [AO:i—],i — Uoii—1, i+1:N—1 " Vi, i+1:N—1] /d;i
Viz#0, (F5)

for the diagonal d; and shear elements in the i column of
U, respectively.

The procedure of the UDU-decomposition algorithm is
as follows. We start from the last column i = N — 1 and
proceed to the first column i = 0. For each index i, first we
compute v; ;:y_1, i.., the nonzero elements in the i row
of V by Eq. (F3). Then we compute the i diagonal d; of
D by Eq. (F4) and the shear elements in the i column of
U by Eq. (F5). The inputs, outputs, and explicit procedure
of the algorithm is presented in Algorithm 12.
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