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Quantum simulation of quantum field theory is a flagship application of quantum computers that promises
to deliver capabilities beyond classical computing. The realization of quantum advantage will require methods
that can accurately predict error scaling as a function of the resolution and parameters of the model and that can
be implemented efficiently on quantum hardware. In this paper, we address the representation of lattice bosonic
fields in a discretized field amplitude basis, develop methods to predict error scaling, and present efficient qubit
implementation strategies. A low-energy subspace of the bosonic Hilbert space, defined by a boson occupation
number cutoff, can be represented with exponentially good accuracy by a low-energy subspace of a finite-size
Hilbert space. The finite representation construction and the associated errors are directly related to the accuracy
of the Nyquist-Shannon sampling and the finite Fourier transforms of the boson number states in the field
and the conjugate-field bases. We analyze the relation between the boson mass, the discretization parameters
used for wave function sampling, and the finite representation size. Numerical simulations of small size ®*
problems demonstrate that the boson mass optimizing the sampling of the ground state wave function is a good
approximation to the optimal boson mass yielding the minimum low-energy subspace size. However, we find that
accurate sampling of general wave functions does not necessarily result in accurate representation. We develop

methods for validating and adjusting the discretization parameters to achieve more accurate simulations.
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I. INTRODUCTION

Numerical simulations of systems with continuous vari-
ables, whether classical or quantum, require digitization and
truncation approximations. For a simulation to be useful, it
is essential to know the limit and effect of these approxi-
mations. The impact of discretization is especially important
when the computational resources required for simulation are
scarce. This is a concern for present and near-future quantum
computations and classical simulation of complex systems.
For example, in the case of strongly correlated systems and
lattice field theories, complex schemes are developed [1,2] to
extrapolate the finite-size results to the thermodynamic and
continuous limits. Unlike the parameters defining the physical
problem under investigation, the parameters defining the algo-
rithm (discretization parameters, cutoffs, number of iterations,
etc.) should be chosen by the user to optimize the efficiency
of the simulations. To do this, criteria are needed to assess
whether the choice of these parameters is valid and proce-
dures are needed to adjust them for higher accuracy when
necessary. In this paper, we present digitization procedures
for bosonic fields, investigate the errors introduced by these
procedures and the errors’ dependence on the discretization’s
parameters, and introduce a guide for validating and adjusting
the discretization’s parameters using feedback from quantum
simulations.

Quantum computing offers a change of paradigm for nu-
merical simulations. Many-body and field theory simulations,
severely limited on classical computers by the exponentially
large memory requirement or the insurmountable Monte Carlo
sign problem, might be feasible on future quantum computers.
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Nevertheless, due to the characteristics of the hardware used
for quantum computations, quantum algorithms require a rad-
ically different way of storing, manipulating and measuring
the information compared to classical computations. As a
consequence, specific methods are needed for error analysis,
benchmarking, and validation.

In a commonly used approach for the numerical simula-
tion of continuous field theories, especially for High Energy
Physics problems, the space (or the time-space) coordinates
are discretized and the continuous theory is mapped to a lattice
field theory. The lattice field problem is solved numerically
with the best methods available. The continuous field results
are obtained by extrapolating the lattice spacing to zero. This
procedure is well studied in the literature and is not the subject
of this work. In condensed matter problems, the lattice is given
by the physical crystalline structure, and this procedure might
not even be necessary. A different approach, which is the focus
of this paper, involves the discretization and the truncation of
the field amplitude and the representation of the lattice field
with qubits.

Systems with bosonic degrees of freedom arise in the Stan-
dard Model (Higgs field, gauge fields) and in the low-energy
effective models describing collective excitations in con-
densed matter physics (phonons, magnons, plasmons, etc.).
One challenge in developing quantum algorithms for bosonic
systems is related to the truncation of the Hilbert space, since,
unlike fermion or spin systems, boson systems can have an
unbounded occupation number. While it is easy to map a
truncated Hilbert space onto the qubit space in a boson num-
ber basis, it is difficult to efficiently implement the evolution
operator in this basis for many models of interest (such as
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relativistic scalar field models and electron-phonon systems).
For this reason, truncation and discretization in the field
amplitude basis have been considered. The first quantum
algorithm for scalar field theories using field amplitude dis-
cretization was proposed by Jordan et al. [3,4]. Their error
analysis, based on the Chebyshev’s inequality for estimat-
ing the probability to have large amplitude fields, implies a
number of discretization points per site that scales as O(e 1),
where € is the field truncation error. In fact [5-8], the number
of the discretization points scales exponentially better than
this, i.e., 0(10g2(e’1)), when the wave function is restricted
to a low-energy subspace defined by a boson number cutoff.
This is a consequence of the properties of the Hermite-Gauss
functions [6,7] when using Nyquist-Shannon sampling.

The main focus of this paper is the representation of the
lattice bosonic fields on the finite space of the quantum hard-
ware. By representation of a bosonic field on qubits, we mean
two things: (1) a mapping of the bosonic wave functions to
qubit wave functions and (2) an isomorphic mapping of the
bosonic field operators to discrete field operators acting on
the qubit space.

The paper starts with a general overview of the main results
and concepts, in Sec. II. Section III builds upon the work
presented in Refs. [6,7] and addresses the construction of the
finite representation in the field amplitude basis. It extends
the previous work by providing a thorough analysis of the
errors associated with this construction and investigating the
relation between the sampling errors of the field-variable wave
function and the boson truncation. By errors in this paper,
we mean only the theoretical errors related to the boson field
representation on qubits. We do not consider other errors
specific to quantum simulations that arise from Trotterization,
qubit decoherence, gate fidelity, control noise, etc. The con-
struction of the finite Hilbert space is possible because (1)
the boson number wave functions both in the field and the
conjugate-field bases can be accurately sampled in a finite
number of points, which is a consequence of the Nyquist-
Shannon sampling theorem applied to almost band-limited
and field-limited functions [9-11] and (2) the field and the
conjugate-field sampling sets can be accurately connected via
a finite Fourier transform. The accuracy of the finite rep-
resentation depends upon the errors arising from sampling,
the finite Fourier transform and the truncation introduced by
the boson number cutoff. The dimension of the finite Hilbert
space is the same as the number of the sampling points.
The low-energy subspace is spanned by the boson number
states below a cutoff. For a fixed cutoff, the errors decrease
exponentially with increasing number of the sampling points.
Empirically, we find that an accuracy € ~ 10~* requires a
finite Hilbert space dimension that is two times larger than
the dimension of the low-energy subspace. Many interesting
problems, including the broken symmetry phase of the &*
field model and the intermediate and the strongly coupled
regimes of electron-phonon systems, can be addressed with
no more than six qubits per lattice site. However, a word of
caution is appropriate. While accurate representation implies
accurate sampling, the converse statement is not true. We
present examples of functions that can be sampled with great
accuracy but have a significant component outside the low-
energy subspace. The action of the discrete field operators on

states outside the low-energy subspace yields uncontrollable
errors. Therefore, a measurement of the boson distribution
is necessary to ensure that the wave function in a quantum
simulation belongs to the low-energy subspace.

The second part of the paper (Sec. IV) addresses the choice
of the discretization parameters in quantum simulations. Dif-
ferent choices of the discretization and sampling intervals
correspond to different choices of the boson mass and boson
vacuum. The optimal choice of the boson mass corresponds
to the minimal boson number cutoff since this choice also im-
plies the minimal size of the finite Hilbert space and implicitly
the smallest number of required qubits for implementation.
The optimal boson mass is interaction-dependent and it is not
known a priori. While finding the optimal boson mass by
minimizing the boson number cutoff is impractical, finding
the boson mass that maximizes the accuracy of the wave
function’s sampling is feasible, requiring only local field mea-
surements. By employing exact diagonalization methods for
small size ®* problems in different parameter regimes, we
find that the boson mass providing optimal sampling corre-
sponds to the optimal boson mass.

In the third part of this paper (Sec. V), we describe mea-
surement methods for the local field and the conjugate-field
distributions and additionally for the local boson distribution.
We also introduce a practical guide for adjusting and vali-
dating the discretization parameters using the feedback from
quantum simulation measurements. The guideline follows a
simple procedure. First, based on the field distribution mea-
surements, the sampling intervals are adjusted to minimize the
sampling errors. The optimal sampling intervals determine the
number of discretization points and the boson mass to be used
in further simulations, provided that these parameters yield
a measured boson distribution below the cutoff. Otherwise,
the number of the discretization points is increased. Note
that the boson distribution measurement is not needed during
the optimization process, but only as a final check after the
discretization parameters are adjusted.

In Sec. VI we discuss the applicability of the discretization
method presented here to quantum problems written in the
first quantization formalism and the challenges for imple-
menting bosonic algorithms on present and future quantum
computers.

Section VII contains our conclusions.

II. OVERVIEW

The objective of our work is to present a comprehensive
study of bosonic field digitization on quantum computers. We
present our methodology in great detail to allow the readers
to build their own models and perform calculations for spe-
cific problems. However, in this section we present a general
overview of the main results and concepts.

A general assumption for our method is that the problem of
interest can be addressed accurately by restricting the Hilbert
space to a finite low-energy subspace defined by a cutoff of
maximum N, bosons per lattice site.

While qubit encoding of the boson number states is
straightforward (employing, for example, a binary represen-
tation of the boson number), the implementation in the boson
number basis of the Trotter step operators corresponding to

052405-2



BOSONIC FIELD DIGITIZATION FOR QUANTUM ...

PHYSICAL REVIEW A 105, 052405 (2022)

the field-dependent interaction terms requires a lengthy de-
composition in single and two qubit gates, as discussed in
Sec. IIT A. The implementation of these Trotter steps is much
simpler in the field amplitude basis, since the Hamiltonian’s
field-dependent terms are diagonal in this basis. However,
representing the truncated low-energy subspace in the field
amplitude basis has its challenges, caused mainly by the fact
that the field amplitude basis is a continuous and unbounded
set. Controlled discretization and truncation procedures are
required. We address the construction of the bosonic field
representation in the field amplitude basis in Sec. III B.

We start constructing the representation of a local Hilbert
space in Sec. I[II B 1 and then, in Sec. III B 2, the representa-
tion for the lattice field is constructed as a direct product of
local (one at each lattice site) representations. The construc-
tion of the local representation is based on the discretization
properties of the Hilbert space’s vectors in the field ampli-
tude basis. In this basis the vectors are equivalent to square
integrable functions. Their weight at large argument decreases
fast with increasing the argument. The same statement is true
for the Fourier transform of these functions. The Nyquist-
Shannon sampling theorem can be employed to approximate
these functions and, as well, their Fourier transforms. A
field variable wave function can be reconstructed with O(¢)
accuracy from its value in a finite set of sampled points.
Analogous the Fourier transform of the wave function can
be reconstructed with O(e) accuracy from its values in a
finite set of conjugated-field sampled points. The set of field
sampling points and the set of conjugate-field sampling points
are related with O(e) accuracy via a finite Fourier trans-
form. The error O(¢) can be decreased by increasing the
width of the field and conjugate-field sampling windows.
In Appendixes B 1 and C2 we calculate upper bounds for
the sampling errors, relating these bounds to the wave func-
tion’s weight outside the field and conjugate-field sampling
windows.

To construct the local representation we focus on the sam-
pling properties of boson number states written in the field
amplitude basis. Both the boson number states in the field
amplitude basis and their Fourier transforms are proportional
to Hermite-Gauss functions. For a cutoff N, and an accuracy
€ a finite number of discretization points N, > N, can be
chosen such that all boson states with n < N, can be sam-
pled with O(e) accuracy in N, field-variable points or N,
conjugate-field-variable points. The sampling and the recur-
rence properties of the Hermite-Gauss functions allows us to
define a N, finite-size Hilbert space # and discrete version of
the field and conjugate-field operators, ® and [T, acting on 7.
On the subspace of 7 spanned by the first N, eigenvectors of
the discrete harmonic oscillator Hamiltonian [i.e., constructed
with the discrete field operators, ® and TII; see Eq. (45)]
the discrete field operators obey the canonical commutation
relation [®, [1] = il + O(¢). For a problem of interest, as
long as N, is taken large enough such that the contribution
of the boson states with n > N, can be neglected, the infinite
Hilbert space can be replaced by 7 and the field operators
® and IT can be replaced by ® and IT with O(e) accuracy.
The number of the qubits required for a local representation
is ny = log,(N,). The representation for a N site lattice field,
requires N log, (N,)) qubits.

In practice it is essential to quantify and control the errors.
In the last part of Sec. IIIB 1 a numerical analysis of the
errors involved in the construction of the finite representation
is presented. For N, = 64, N, = 128, and N, = 256 we cal-
culate the sampling errors and the error associated with the
commutations relation of the discrete field operators. These
errors are proportional to the tail weights of the boson number
states outside sampling interval windows. For a fixed N, the
representation error can be reduced exponentially by increas-
ing the number N, of the discretization points. The ratio
Ny/N, belongs to [0.3,0.7] when the error is in the range
[107>,1073]. For example, a finite representation with an
accuracy of order 107 can be obtained by taking N, = 2N,
Encoding this representation requires only one extra qubit
(per site) when compared to the encoding in the boson number
basis.

The relation between the sampling accuracy of a general
wave function and its projection onto the low-energy subspace
defined by the boson number cutoff is further addressed in
Sec. III C. While belonging to the low-energy subspace im-
plies accurate sampling (consequence of the representation’s
construction described in Sec. III B), we find that the converse
is not true. We present two examples of functions with small
tail weights outside sampling intervals which can be dis-
cretized with very good accuracy but have significant weight
onto the subspace spanned by boson states with n > Nj,. As
a consequence, the discrete field operators acting on these
functions produce uncontrollable errors. Accurate discretiza-
tion of bosonic field wave functions is not enough to ensure
the accuracy of the numerical simulations. Boson number
distribution measurements are required to ensure the wave
function belongs to the low-energy subspace.

The construction of the field amplitude representation de-
pends on the definition of bosons, which is not unique. The
boson creation and annihilation operators depends on the mass
parameter. Different mass bosons are related by a squeezing
operator (Bogoliubov transformation). Different choices of
the boson mass correspond to different representations. A rep-
resentation which requires the smallest truncation cutoff N,
for a given accuracy is optimal, since it requires the smallest
amount of resources for algorithm implementation.

In principle the optimal boson mass can be determined
by optimizing the boson distribution as a function of the
mass parameter. However, this approach is impractical, since
boson distribution measurement is expensive in quantum sim-
ulations. On the other hand the measurements of the local
field and conjugate-field distribution are straightforward (as
discussed in Sec. V A). Calculating the sampling windows
which minimize the sampling errors of the wave function is
much easier than optimizing the boson mass for the smallest
cutoff Nj. In Sec. IV we investigate the relation between the
optimal sampling intervals and the optimal boson mass.

For a given number of the discretization points, the sam-
pling and finite Fourier transform errors are the smallest when
the weight of the wave function outside the field sampling
interval F equals the weight of the wave function’s Fourier
transform outside the conjugate-field sampling interval K. For
this choice of the sampling intervals, is the ratio K/F, which
equals the representation’s boson mass, the same as the opti-
mal boson mass? While we don’t know the answer in general,
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numerical simulation for small size lattices find the answer to
be yes in many cases. Several examples are presented.

The harmonic oscillator case is illustrated first in Sec. [V A.
The optimal boson mass is equal to the harmonic oscillator
mass parameter my, since in this case the ground state is the
vacuum state. When the boson mass m; is larger (smaller)
than myg, for a fixed truncation error, the cutoff number N,
increases linearly with increasing the ratio m;/mqy (mg/m;).
The optimal boson mass can be obtained by optimizing the
sampling errors. The ratio K/F = my when F and K are
chosen such that the the weight of the wave function outside
the interval F' equals the weight of the wave function’s Fourier
transform outside the interval K.

Two examples of interacting systems, a local ¢* scalar
field (Sec. IVB 1) and a two-site ¢* scalar field with imag-
inary mass (Sec. IVB2) are also presented. In both cases
the ground state local field distribution is narrower than the
local conjugate-field distribution. Optimal sampling requires
the ratio K/F to be larger than the Hamiltonian mass pa-
rameter. The ratio K/F determined this way agrees with the
optimal boson mass obtained by optimizing the boson number
distribution.

In order to enhance the fidelity of applications using our
methodology, procedures for validating and adjusting the dis-
cretization parameters N, and m for optimal performance,
using feedback from quantum simulations, are presented in
Sec. V. The procedures require measurements of the local
field distribution, the local conjugate-field distribution and the
local boson distribution. These measurements, described in
Sec. V A, are local, involving the register of log, (N, ) qubits
assigned to encode the bosonic field at one lattice site. The
field and conjugate-field distributions require a direct mea-
surement of the qubits. The boson distribution measurement
is more laborious. We present two methods for the boson
distribution measurement. The first one employs quantum
state tomography [12,13] of the local qubit register of size
log,(N,). The second method is done by employing Quan-
tum Phase Estimation method [13,14] for a local harmonic
oscillator and requires an ancillary register of log,(N,) + 1
qubits. The boson distribution can be measured with great
accuracy since the energy levels of a harmonic oscillator are
equidistant. The probability of having bosons above the cutoff
Ny, is given by the probability to measure integers larger than
Ny, in the ancillary register.

Finally, to support efficient utilization of compute re-
sources, a practical guide for adjusting the discretization
parameters in order to improve quantum simulation’s per-
formance is proposed in Sec. V B. The initial discretization
intervals are determined by assuming a mean-field value for
the boson mass. Simulations are run and the local field and
conjugate-field distributions are measured. The sampling in-
tervals are adjusted to optimally cover the regions where
the field and the conjugate-field distribution have significant
support. New simulations which measure the boson distribu-
tion are run. If the number of bosons above the cutoff N is
negligible (i.e., it is of the order of the desired accuracy) the
discretization parameters are good and the simulation’s results
can be trusted. Otherwise the number of the discretization
points N, should be increased to accommodate for a larger
cutoff N.

III. LOW-ENERGY SUBSPACE REPRESENTATION

The Hilbert space of a lattice bosonic field is a direct
product of local Hilbert spaces at each lattice site. Every local
Hilbert space is infinite dimensional, but for most problems
can be represented by a finite subspace that contains the rel-
evant degrees of freedom. In general, the relevant degrees of
freedom depend on the problem under investigation. In this
work, we study the low-energy physics of a field theory where
a cut off NV, on the boson occupation number can be imposed
at each site, such that the states with more than N, bosons
per site can be safely neglected. First, we briefly discuss the
problems associated with the representation of the bosonic
field in the boson occupation number basis. Then we address
the bosonic field representation in the field amplitude basis.

A. Representation in the occupation number basis

The lattice boson number states are a direct product of
single site boson number states. At each site the boson number
states |n) are eigenstates of the harmonic oscillator Hamilto-
nian:

o=t Late a4 2 (1
== —m, =myla'a+ = ).
"2 20 0 2
The creation and the annihilation operators, a' and a, are
related to the field operators by

1
P = M(a+a*) and 1= —i /%(a—aT) 2)
and |n) = —=a'"|0), where |0) is the boson vacuum state.

!

The bos\{)’i number basis has been used extensively for
numerical simulations of bosonic fields on classical comput-
ers. For field theories, it is intuitive to define a low-energy
subspace by introducing a cutoff N, in the boson number
states. The cutoff is chosen such that the states with more than
N, bosons have a negligible contribution to the low-energy
physics. In general, the cutoff N, depends on the interaction
type and strength, but also on the boson mass parameter my,
as can be seen in Eq. (2). A particular choice of the boson
mass my makes the most efficient use of the computational
resources, as we will discuss in Sec. I'V.

At each site, boson number states truncated to a cutoff N,
can be easily encoded on n, = log,(N,) qubits of a quantum
computer. For example, a binary representations of the integer
number n can be used. Different encodings are also possible
[15]. However, quantum computation using the boson number
representation is difficult to implement in models with field-
amplitude-dependent coupling when the cutoff N, is of the
order of 10 or larger (i.e., when n, > 3). For example, let’s
consider coupling terms such as Z< .y @ ®; present in o*
theory or in the phonon models, where j and [ are nearest-
neighbor lattice site indices. The correspondent Trotter step
unitary operator,

) ) Frt +
—i0D; D —iy—(aa,+a.a+aja;+a;a,
e WP — o 2;,;0( jTE AR 1)’ (3)

has a dense matrix representation. Since a general unitary of
size k requires O(4°) CNOT gates [16—18] this Trotter step re-
quires a lengthy decomposition with O(4?") two-qubit gates
(in this case k = 2n, because bosons at two different sites are
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involved). Similarly, the Trotter step operators for % > ; <I>‘}

interaction in ®* theory or for electron-phonon coupling in
phonon models requires a decomposition with O(4™) two-
qubit gates (in this case bosons at only one site are involved,
hence k = ny).

For weakly interacting problems with small number of
bosonic excitations, quantum algorithms implemented using
a boson number representation for the bosonic field might be
feasible. The study of different encoding schemes presented
in Ref. [15] finds that the efficiency of a particular encoding
is heavily dependent on the model and on the truncation cut-
off. In this study we propose a finite representation suitable
for quantum algorithms addressing both weakly and strongly
interacting field theories.

B. Representation in the field amplitude basis

We consider first the local field construction and then we
extend it to lattice field.

1. Representation of the local Hilbert space

In this section, we address the finite representation of local
Hilbert space at a particular lattice site. The local Hilbert space
is specified by the field and the conjugate-field operators, ®
and I1T, satisfying the canonical commutation relation

[P, IT] =il. “)

The local Hilbert space admits continuous bases, such as
the field and the conjugate-field variable ones, and denumer-
able bases. In the field variable basis, the local Hilbert space is
the space of the square integrable functions, L>(R). The boson
number states, discussed in Sec. IIT A, are an example of a
denumerable basis.

Considering the difficulties associated with the implemen-
tation of Trotter step operators for field-amplitude-dependent
interaction terms in the boson number basis, a more conve-
nient basis for quantum computation is the field amplitude
basis {|¢)}. Here {|¢)} are the eigenvectors of the field opera-
tor, i.e., ®|¢) = ¢|p). The field-dependent interaction terms
and the corresponding Trotter step operators are diagonal
in this basis and easy to implement in a quantum algo-
rithm [6,7,19]. However, the eigenvectors {|¢)} are Schwartz
distributions and not proper vectors of the Hilbert space.
The eigenspectrum of the field operators is continuous and
unbounded, but a representation suitable for quantum com-
putation requires discretization and truncation procedures. An
apparent difficulty to introducing a finite representation for
field operators is caused by their commutation relations. It is
known (see, for example, Ref. [20]) that the canonical com-
mutation relations cannot be satisfied on a finite dimensional
space, since on a finite dimensional space the trace of the
left-hand side of Eq. (4) is zero and the trace of the right-
hand side is not. However, we construct (see Sec. IIIB 1b)
a finite Hilbert space 7 with a dimension N,, larger than the
boson number cutoff N, to represent the low-energy subspace
of dimension Nj,. We define the field operators & and IT
on the finite Hilbert space such that [®, TT]Iy, = ily,, where
Iy, is the projector operator onto the low-energy subspace

b
spanned by the first N, eigenvectors of the harmonic oscillator

Hamiltonian. The algebra generated by the operators ® and IT
is isomorphic with the algebra generated by @ and I1, when
both are restricted to the low-energy subspace.

The construction of the finite representation in the field
amplitude basis is based on the discrete sampling of the square
integrable functions, which is discussed in the next section.

a. Nyquist-Shannon sampling of wave functions. The field
amplitude representation of the low-energy subspace is di-
rectly related to the discretization and the truncation of wave
functions belonging to L>(R) space. The discretization proce-
dure takes advantage of the fact that the weight of the square
integrable functions at large argument is small and decreases
with increasing argument.

To simplify our analysis we consider arbitrary wave
functions f(¢p) € S(R), where S(R) is the Schwartz space
containing the smooth and rapidly decaying functions. The
Schwartz space is dense in L?(R) [21-23]. The Fourier trans-
form

R 1 o .
- —ikg g 5
o) = = f_ Fedg 5)

also belongs to S(R).
We introduce the field limiting projector on the interval
[-F, F]

F
P = / 9} (gl do ©)
—F
and the tail vector

lwl) = (1 = P)If) = Qrlf), %)

with |f) = ff((p)|<p)d(p. The norm of |wp) is equal to the
tail weight of f(¢) outside the interval [—F, F],

—F o0 %
Jwr ] = ( f (@) dg + / @) d¢> . ®

—00 F
Similarly, we introduce the conjugate-field limiting (we will
also call it band-limiting borrowing a signal processing com-
mon nomenclature) projector on the interval [—K, K],

K
Py = / lic) (x| dxc, )
-K
and the tail vector
lwl) = (1= POIf) = Oxlf)- (10)

The norm of |w‘[’;) is equal to the tail weight of f (k) outside
the interval [— K, K],

K P %
|wk | = (/ If(:c)lzd:c+/ |f(:<)|2d;<> .oan
- K

(o]

The tail weight of f(¢) outside the interval [—F, F] can be
made as small as desired by increasing F. In the literature
[9-11], functions with € small tail weigh are called almost
field-limited functions. Analogously, the tail weight of (k)
outside the interval [—K, K] can be made as small as desired
by increasing K. The function f(¢) is almost band-limited.
When ||w1’2|| is small, the vector |f) can be considered
band-limited to a good approximation, i.e., |f) & Px|f). The
Nyquist-Shannon sampling theorem [24] for band-limited
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functions can be employed. The approximation for f(¢) (see
Appendix A) is

f(@) ~(p|Px|f)
= > {pilPelflux(p — o) ~ Y flgdux(p — @),
T o (12)
where
i =i, Ay= %, and ug(p) = sinc(%)
sin (7 £
= —f) (13)
Ta,

Moreover, f(¢) is small for |¢| > F when F is large. The
summation in Eq. (12) can be restricted to a finite number N,
of points

Ng=1
Yol

o~ i =3

—1
2

f(pdug (@ — ¢i), (14)

when the condition Ny,A, > 2F is fulfilled, i.e., when the
sampling points cover the window interval [—F, F] where
f has significant support. Note that the Nyquist-Shannon
theorem commonly described in the literature considers the
summation index i in Eq. (12) to take integer values, but this
is easily generalized to half-integer values (see Appendix A),
which are more convenient for an even number of discretiza-
tion points (as required by a qubit representation).

According to Eq. (14), the wave function f(¢) can be
approximated by a finite expansion of sinc functions with the
coefficients equal to the value of the function in

2
N, = [;FK—‘ (15)

equidistant points. In Eq. (15) the notation [x] means the
ceiling function applied to the real number x, and is equal
to the least integer greater than or equal to x. Finding ana-
lytical bounds for the accuracy of this approximation is not
straightforward, see for example Ref [11]. We claim that (see
Appendix B 1) a bound for Eq. (14) is

1f = Fll S Jwi | + [wi |

LT +\/1(|f(—F)|2+ IFE)P).  (16)
2K 2K ’

where rI’; is the weight of « f () outside the interval [—K, K],

, & s !
= ([ eniwracs [Ceifeora) . an
—00 K
All terms in Eq. (16) vanish rapidly in the limit of large F
and K for the rapidly decaying functions belonging to the
Schwartz space.

Using the same reasoning, the conjugate-field variable
functions can approximated by a finite expansion of N, sinc

functions

Np—1

foy="Y" flepurlec =), (18)
p=—"
with
Kp=DpAc, A= %, and up(k) = sinc(f). (19)

K

The vector | f,) differs from | f) by

S
~ : - T
1= Bl S Jwil + Jwi | + 7

T 2 N
+ \/E(If(—K)IZ +HIFEP),  (20)

where r£ is the weight of ¢ f (¢) outside the interval [—F, F1],

—F 00 %
r}é=< / Q| f (@) dy + / ¢2|f(¢)|2d¢>- Q1)
- F

o0

The accuracy of both approximations of |f), | f(p) and |f.),
is determined by the values of f(¢) and f (k) outside the
intervals [—F, F] and [—K, K], respectively. Note that | f;)
is a band-limited function and |f;) is a field-limited func-
tion, while |f) isn’t necessary band-limited or field-limited.
An approximation of |f) that is both band-limited and field-
limited does not exist, since no analytical function, except
the zero function, can be simultaneously band-limited and
field-limited [10,11,25].

The vector |f) can be reconstructed from a set containing
the field-sampled values {f(g;)}; or from a set containing
the conjugate-field sampled values { f (kp)}p. The accuracy of
the reconstruction is determined by the values of | f) outside
the field and conjugate-field sampling intervals. However,
accurate sampling is only a necessary condition for the rep-
resentation of the bosonic field on quantum hardware. A
quantum algorithm also requires implementation of unitary
operators that can describe accurately the evolution of the
system. While the field and conjugate-field functions f(¢)
and f () are related by a continuous Fourier transform, the
representation for bosonic fields on qubits is based on the
assumption that a finite Fourier transform (FFT) connects the
sampling sets {f(¢;)}; and { f (kp)}p with high precision, as
will be discussed in Sec. I[IIB 1 b.

The difference between the FFT F of the field sampling set
{f(¢;)}; denoted by {(Ff )(kp)}, and the function’s Fourier
transform in the conjugate-field sampling points {f (kp)}p is
determined by the weight of the function outside the sam-
pling windows and decreases with increasing F' and K. In
Appendix C 1 we find that

Np—1

Ac D0 AENGY = FoeP S 2(Jwh ]+ Jwk])

+ %[If(—F)F +IFF)

+ %[|f<—1<>|2 +IFEOP]. 22)

052405-6



BOSONIC FIELD DIGITIZATION FOR QUANTUM ...

PHYSICAL REVIEW A 105, 052405 (2022)

Similarly, the difference between the inverse finite Fourier
transform of the set {f(«,)},, denoted by {(F7'H)(@)}i, and
the function at the field sampling points, { f(¢;)};, is given by

Nyp-1
2

Ay Y IF P — Fel S 2(|wh ]+ |wi]?)

+ %[If(—F)IZ + )]

+ %[|f(—1<>|2 +IFEOR]. 23)

The definition of 7 and F~! is given by Eqgs. (C3) and (C4)
in Appendix C 1.

b. Finite representation construction. In this section, we
define the discrete field operators and construct the finite
Hilbert space of the representation based on the discretization
properties of the boson number states. This section ends with
a detailed analysis of the errors generated by the approxima-
tions used in this construction.

Sampling of Hermite-Gauss functions. The wave func-
tions’ sampling procedures discussed in the previous sec-
tion are applied here to the boson number states in the field
amplitude basis. The boson number states form a denumerable
basis for the local Hilbert space and provide an intuitive way
to introduce the relevant low-energy subspace for the problem
under investigation.

In the field amplitude basis the boson number state |n) is
the Hermite-Gauss (HG) function of order n,

1/4
— — (M !

where H,, is the Hermite polynomial of order n. The Fourier
transform of ¢,(p) to the conjugate-field variable « is also
proportional to a Hermite-Gauss function of order n [26],

(—iy" 2 K
H((—). @5
<\/m0> ( )

= _ T o
(k|n) = ¢u(k) 7'['/4m(1)/4«/2"_n!e 0

The recurrence properties of the HG functions [see also
Eq. (2)] imply

e T H,(Jmop), (24)

1
Pdu(0)=(p|P|n) = m(\/ﬁ%—l (@) +Vn+ 1g,1(9)),
26)
K ulic)=(ic|TTn) = —i, | ?(ﬁ«ﬁn_l(m — T F 11 ().
@7)

The HG functions have significant weight on an interval
centered on zero and are exponentially small at large argu-
ment, as can be inferred from Egs. (24) and (25). The width
of the window needed to contain a significant weight increases
with increasing order n. Several HG functions are shown in
Fig. 1 for illustration.

For a boson state ¢, (¢), the sampling errors appearing in
Egs. (16), (20), (22), and (23) can be written in terms of the
tail weights ||wf§”|| and ||w£”||. This can be understood by
noting that ||wf§"|| and ||w£”|| are monotonically decreasing
with increasing F and K, respectively, when F and K are

3.
——— e m—— L L
1

< 04
0.2

-0.2
-0.4

T T

T

FIG. 1. (a) Hermite-Gauss functions ¢y(¢), ¢15(¢), and ¢z4(¢)
(respectively, solid, dashed, and dot-dashed lines) and the discrete
harmonic oscillator (with my = 1) eigenstates @o(¢;), ¢15(¢;), and
4334 (¢:) (respectively, circle, square, and triangle symbols) for a finite
Hilbert space with N, = 64 discretization points. Within 0(10™)
accuracy the support of the HG functions with n < N, = 34 is inside
the interval [—L, L], where L = ,/mN, /2 [see Eq. (29)]. These HG
functions are sampled accurately by the discrete harmonic oscillator
eigenvectors. (b) The support of ¢s7(¢) (solid line) has significant
weight outside [—L, L], and the function cannot be sampled by
the eigenvector ¢s;(p;) (circle symbols) of the discrete harmonic
oscillator.

large enough. Therefore the dependence F' = F (]| wﬁ” I, and
K=K(| wﬁ" I) can be found, i.e., the sampling interval widths
can be expressed as function of the tail weights. As a conse-
quence, all of the terms r%", r%", |¢,(F)|* and |, (K )|* can be
written in terms of the tail weights.

For HG functions, a parameter L can be defined that re-
lates the field and conjugate-field sampling windows when
lwf Il = lwi I

F=——, K=Lym. (28)

The HG function ¢,(¢) and its Fourier transform én(k) can
be sampled with a finite set of points

2 2,
we[2e=[2] e

and an error determined by the function tail weights,

€w(n, L) = || wzf"

= [wi ] (30)

By considering only the leading term 2"¢" of the Hermite
polynomial H,(¢), employing partial integration, and apply-
ing Stirling’s formula, it can be shown that

1 2o L2n
e L) S ——

Ly7 n!

17 D=2l nin 2 —Linn

e
€29

For a fixed n, the tail weight €,,(n, L) decreases exponen-
tially with increasing L. For a fixed L and n < 2eL?, the tail
weight €,,(n, L) increases with increasing n. Thus, for a cutoff
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N, and an error €, a parameter L(N,, €) can be chosen such
that

ep(n,L) < e foralln < N,. (32)

By increasing L, the error € can be decreased exponentially,

ie., € x e_%’L(Nb_%)'“L, as can be inferred from Eq. (31).
Equations (14), (16), and (32) imply that, for n < N,

Ng—1

Ou(@) = Z On(@iu (@ — @i) + O(e), (33)

where
—iA, amd A, = |2 34
@ =1A, an 0 = Nwmo‘ (34)

Similarly, Eqgs. (18), (20), and (32) imply that, for n < Nj,

Np—1

Gy =D Pulicplur(kc — )+ 0(€),  (39)

p Mozl
where
2
kp=pAc and A, = |0 (36)
N,
The orthogonality properties of the sinc functions,
/Wc(@ —oug(p — @) do = Ayij, 37
and HG functions yield the following orthogonality relation
No—1
2
Ay Y Gul@)u(9i) = Sum + O(€) forn,m < Nj.
Np—1
="z

(38)

Finally, Egs. (22), (23), and (32) imply that, for n < Np,
the field sampling set {¢,(¢;)}; and the conjugate-field one
{¢n(kp)}, are related via a finite Fourier transform

A _ Ly A Ne R .
VAalicy) mjz_zw_]ﬁm@,)e +0(e)

(39)

Finite Hilbert space construction. The low-energy sub-
space of dimension N, can be represented by a Hilbert space

‘H of dimension N, > N, spanned by a set of orthogonal
vectors {|@;)};. On H, we define the discrete field operator

% 2
Q@) = ¢il@i), withg; =iA, =i T and
N(pm()
Ny—1 N,—1 Ny, —1
= , — 1..., , 40
l 2 T 2 “0)
and the discrete conjugate-field operator

M =myFOF ", (41)

where F is the finite Fourier transform,

i o Jp
N“) |(P,

Ppl- (42)

ﬁ:\/—N, Z

Note that the vectors {|&,)},, obtained by applying a finite
Fourier transform on {|@;)};

Np-1
~ 1 e 27r/11
2,) = Flg,) = D e, @3
VN et
- 2

are eigenvectors of I1,

and

l=I|i2p) =K,|lkp) withk, =pA,=p

¢
Np—=1 No—1 |\ Nyl
S R

p=— (44)
_The subspace of 71 spanned by the first N, eigenvectors,
{|¢n)}, of the discrete harmonic oscillator Hamiltonian
~ :ll_[2+l 2&)2 (45)
2 2"
is a representation of the low-energy subspace of the full
Hilbert space with O(¢) accuracy, provided that N,A, > 2F,
where F is large enough that the weight of the n = N, + 2
Hermite-Gauss function outside the interval [—F, F] is O(¢)
small. ~
To validate our construction, consider the subspace of H
spanned by the vectors {|71)},<n,+> defined as

1) = Ay Y $u(@DlB) = VA Y $alicy)IR,) + Oe)
i p
(46)

[see Egs. (39) and (43)]. Note that the ability to relate ac-
curately the field and conjugate-field sampling points of HG
functions of order n < N, + 2 by the finite Fourier transform
is essential for Eq. (46). The set {|7i)},<n,+2 is orthogonal and
normalized [within O(e) accuracy], as implied by Eq. (38).
Moreover Egs. (26) and (27) imply

(@1 ®17) = 01 @117)
1 ,—
+ O(e), (G
(@I T117) = iy (R i) = =i\ | 5 (VI = 1)
— Vi 1(Ryln+ 1))
+ O(e), whenn+1<N,+2, (48)

since, as can be deduced from Eq. (46), (@;|71) o ¢,(¢;) and
(kplfi) o< @u(kp). Egs. (47) and (48) can be written as

F(fln—l )+ Vit 1n+ 1)) + 0(e)., (49)

d|71)
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1 1
H, = =TI? + = @2
=700t
EA
Ny |
E,=n+5 ———
(@0 =il |

IR

~ 1 1.
Hy =EH2 +E¢2
E A
__N<p
—1 N
— 1 E,~n+=
—t [&10] =iy,

FIG. 2. Within O(¢) accuracy, the algebra generated by the field operator @ and IT restricted to the N, size low-energy subspace of the
harmonic oscillator Hamiltonian (1) (shaded region, left side) is isomorphic with the algebra generated by the discrete field operators & and I1
restricted to the the N, size low-energy subspace of the discrete harmonic oscillator Hamiltonian (45) (shaded region, right side). The accuracy
increases exponentially with increasing the size N,, of the finite Hilbert space; see Eq. (61).

i) = —i /%(ﬁ|fm) — Vit ln+ 1)+

x O(e), whenn+1<N,+2. (50)

Using Egs. (49) and (50), it can be shown that

N 1
Hy i) = m0<n + 5>|ﬁ) + O(¢) whenn+2 < N, + 2.
(51)

The vectors {|71)},<n, are approximations of order O(¢) of the
eigenstates of the discrete harmonic oscillator. For illustration,
in Fig. 1(a) we show several eigenvectors {|¢,)},-n, of Hj
(circle, square, and triangle symbols), obtained by exact di-
agonalization. As can be seen, they sample very well the HG
functions plotted with lines.

Using Egs. (49) and (50) to calculate the commutator of
the discrete field operators, one gets

[®, IT]|7) = ilii) + O(e), forn < Nj. (52)

Thus the operators ® and [T obey [within the error O(e)] the
same commutation relation as ® and IT [see Eq. (4)] on the
subspace spanned by the vectors {|71)},<p, .

As long as the physics of the problem of interest can be
addressed by truncating the number of bosons per site to N,
(i.e., N, is taken large enough), the full Hilbert space can be
replaced by the finite-size H space and the operators ® and
IT can be replaced by ® and IT, respectively. The operators ®
and IT act on the subspace spanned by {|q§n)}n<Nb as the field

operators ® and IT act on the subspace spanned by {|n)},<y,.
The situation is illustrated in Fig. 2.

Nevertheless, the high-energy eigenvectors of the finite
space # have very different properties then the corresponding
eigenvectors of the full Hilbert space. For example, one can
see in Fig. 1(b) that the H) eigenvector coefficients ((;|ds7)
(circle symbols) do not sample the HG function ¢s7(¢) (solid
line), since ¢s7(¢) does not belong to the low-energy subspace
when N, = 64. When doing numerical simulations one has
to make sure that N, and N, are sufficiently large that the
high-energy subspace contribution to the physical problem
can be safely neglected. This will be discussed more in Sec. V.

An interesting property of the discrete harmonic oscillator
Hamiltonian ?71;1, Eq. (45), is that it commutes with the FFT.
By writing

I S 1. 1
H, = Emé(]—"qﬂf—l + E<1>2> =

it is easy to see that [H, F] = 0. The last equality in Eq. (53)
is a consequence of the parity inversion symmetry of 7. All
eigenvectors {|@,)}, of 7 (the ones belonging to the high-
energy subspace too) are eigenvectors of the finite Fourier
transform. This is just the discrete version of the HG func-
tions’ property of being eigenvectors of both the harmonic
oscillator Hamiltonian and the continuous Fourier transform.

Error analysis. We argued previously that the errors of
the finite representation are of the same order of magnitude
as the weight €, (n, L) of the HG functions with n < N, +
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_6h = R g
$Q/ g = \?// B o

-90 | | | |

| L | L |
107 20 40 60 80 100 120 140 160
n

FIG. 3. Tail weight €,,(n) [Eq. (30)] (solid lines) of HG functions
vs n for N, = 64 (upper, black), N, = 128 (middle, red) and N, =
256 (lower, blue) discretization points. Equation (54) (dashed lines)
is a good approximation for small n < 0.3N,,. For larger n, €,(n) =
€.(n —2)/(1.5y/n(n — 1)) with €.(n) given by Eq. (61) (dotted lines)
provides a better bound for the error.

2 outside the interval [—F, F]. In this section we investigate
numerically the errors involved in the construction of the finite
representation.

Figure 3 shows the tail weight of the HG functions,
€yw[n, L(N,)] [see Egs. (29) and (30)], as a function of n for
N, = 64, N, = 128 and N, = 256. The tail weight is obtained
by numerical integration of Eq. (8). For comparison, the tail
weight approximation obtained from Egs. (29) and (31),

—IN, 2 linN, —%Inn "(nm+1) —1lnn
e 4''%e 4 ve 2 ez( )e 4 y

€w(n, Ny) ~

(54)

is shown with dashed lines. Equation (54) is a good approx-
imation for the tail weight for n < 0.3N,, and overestimates
€, (n) at larger values of n.

Nonzero €,(n) causes a finite difference between the
discretized HG functions |7) defined by Eq. (46), and the
eigenvectors of the discrete harmonic oscillator, |, ). Employ-
ing exact diagonalization to calculate |¢,) we find that

ea(n) = |l17t) — I¢pa) | (55)

is proportional to €,(n), i.e., €;(n) = 1.5¢,(n), as illustrated
with thin continuous red and dashed red lines in Fig. 4.

Each time the field operators ® and IT act on the eigen-
vector |¢,) of Hj, the errors are amplified approximately by
a factor of +/n + 1. This can be understood from Egs. (49)
and (50) when one replaces |n/—|\—/1) with |@,11) + (In/—\F/I) -
|pus1))- The leading error associated with the finite magnitude
of |m) — |¢nt1) is magnified by a factor 4/ + 1. Numer-
ical calculations agree with this assertion. For example, the
state I1|@,) behaves as IT|n) up to an error,

V1) = ~n+ 1|q£,l+1>)H.
(56)

As shown in Fig. 4 with dash-dot-dot green and dotted
green lines, e(n) ~ +/n + leg(n + 1). The same conclusion

en(n) = Hﬁwm - ;—%(

(b) o1
-10”
Jo - 10°
'y 10"
: =}
; 55
" r10°5
'I, .I. /, ﬁu
p _f fo. - &g 10
: ------ Vn¥Te (nt+1) E o7
¢ — Eop s
--—- V(oFD)(n+2)e (n+2)[ 107
80 -9
[ R 10

60 70 80 %0 100110

FIG. 4. The tail weight, €,,(n), Eq. (30), of HG functions (dash-
dot black), the difference between the discretized HG and the discrete
harmonic oscillator, €,(n), Eq. (55) (thin solid red), the error as-
sociated with the [T operator er(n), Eq. (56) (dash-dot-dot green),
the error associated with the ®I1 operator e (1), Eq. (57) (thick
solid blue), and the commutation relation error, €.(n), Eq. (58)
(orange circle symbols). In good approximation €,(n) ~ 1.5¢,(n)
(dashed red line), e (n) = +/n + ley(n + 1) (dotted green line), and
eonn(n) X €. ~ /(n+ 1)(n + 2)e;(n + 2) (dot-dash-dash blue line).
The size of the finite Hilbert space is (a) N, = 64 and (b) N, = 128.

is valid for the error associated with the behavior of the state
d>|q§,,) (not shown).

The error associated to the commutation relation,
[®, [1]|,), is comparable with the errors associated to the

states ®T1|p,) and T1d|¢,). Figure 4 shows
con() = || 1IG,) — 3 (V= Dl 2)
+V(n+ D+ 2)us2) + 1d0)

with a thick solid blue line, and

e = [I([®, 1] = i)Ipa)l, (58)

with orange dots. We find (see also the dot-dash-dash blue
line) that

€on(n) X €. ~ /(n+ 1)(n+2)eq(n+2). (59

Since €, (n, N,) increases with increasing n, for a finite
representation of size N, and cutoff N, the leading error
is of the order of €,(N,+2,N,). For a given cutoff N,
the error can be reduced exponentially by increasing the

number of discretization points Ny, € o< €,,(Np + 2, N,) <
T (2Np+3) .
e~ iNet 5 Ny a5 Eq. (54) and the numerical results shown

in Fig. 3 imply.

For fixed accuracy, an increase of the low-energy subspace
requires an increase of N,,. For small N,,/N, the dependence
between N, and N, at fixed error is given by Eq. (54). The
region where the accuracy is of order € = 1073-107° is of
practical interest for simulations. In this region N,/N, e~
[0.3, 0.7] and Eq. (54) overestimates the errors. Numerical in-
vestigations and arguments based on the WKB approximation
[6,7] indicate that, in this region

NW ~ c1 + 2Ny, (60)

) (57)
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where c¢; and ¢, are accuracy-dependent parameters. At fixed
accuracy, there is a linear dependence between the size N,
of the finite space 7 and the boson cutoff number Nj. For
example, we find that the number of discretization points
N, ~ 32 + 1.5N,, for an accuracy € = 1073 [7]. In practice,
for many problems of interest, such as scalar ®* theory
and electron-phonon systems, the representation in the field
amplitude basis requires only one more qubit per harmonic
oscillator than the representation in the boson number basis.
Numerical investigations in the region with the error range
€ € [107,1073] [7], yield the following upper bound for the
error associated with the commutation relation [Eq. (58)],

€, < 10g~(0-51Np—0765N,). 61)

In Fig. 3 we show with dotted lines €,(n)=¢€.(n—
2)/(1.54/n(n — 1)) [see the numerical dependence between €,
and €. in Eq. (59)] where €, is given by Eq. (61).

2. Representation of the lattice Hilbert space

The construction of the lattice representation is a straight-
forward extension of the local representation construction.
The lattice Hilbert space is a direct product of N local infinite
Hilbert spaces,

N
H=]]oH,=L"R"). (62)
j=1

where N represents the number of the lattice sites. The finite-
size Hilbert space of dimension (N, wW,

N
# =[]e#. (63)

j=1
with #; being the local Hilbert spaces of dimension N,
constructed in Sec. IIIB 1, is a representation of the lattice

low-energy subspace with maximum N, bosons per site. The
Hilbert space H is spanned by the vectors

N,—1 N, —1
2 2

with i j=

(@i 11@i)2 -+ - @iy )N

(64)

The discrete field operators are defined as

D@11 @i v = DI Bi)1 - 1Bi,) o+ @iy )

(65)
T1@i01 - |Rom)) - 1@y IN=m Al @i )1+ |Romy) -+ 1 @iy I
(66)
where
@i 1w 1Ry -+ @iy I
Ny-1
1 2 . . . i2ni/-m/-
= S 1@ 1) (@) ve'
VN, o
7= 2
(67)

is obtained via a local Fourier transform at site j. The
conjugate-field operator can be written as

ﬁj =m0]~:j&>j]-71, (68)

where
Fi=h®h® 11 ®F); @I ®Iy (69)

is the finite Fourier transform acting on the local Hilbert space
H;.
On the subspace spanned by

{|$n1>1|¢;n2>2 e |$nN)N}n1,n2 ..... ny <Np» (70)

where |§,); € H; is the n’s’ eigenvector of a discrete har-
monic oscillator Hamiltonian (45), the field operators satisfy

[®:, 1;] = 8;;[ili + O(e)], (71)

where O(e€) represents the error of constructing local represen-
tations and was discussed in Sec. I[II B 1. With O(¢) accuracy,
the algebra generated by the field operators is isomorphic with
the algebra generated by the continuous field operators when
restricted to the low-energy subspace defined by n; < N, at
every j site.

C. Accurately sampled states not contained
in the low-energy subspace

We have described how to map a low-energy subspace
of the infinite Hilbert space onto a low-energy subspace of
a finite Hilbert space. The dimension N, of the local finite
Hilbert space depends on the dimension N, of the low-energy
subspace and the accuracy €.

While an accurate representation of the low-energy sub-
space implies accurate sampling of the low-energy wave
functions, the converse is not necessarily true. Good sampling
of a wave function does not imply that the wave function be-
longs to the low-energy subspace. There are functions that can
be sampled with e-accuracy in N, points and do not belong to
the low-energy subspace of dimension N,(N,, €). Since the
high-energy subspace projection of these wave functions is
significant, the actions of the discrete field operators on them
yield uncontrollable errors. Therefore, it is important to verify
that the system wave function has a boson distribution that is
below the cutoff. We describe how this can be accomplished
with quantum simulations in Sec. V.

To emphasize this point, we present examples of wave
functions with small tail weights outside sampling intervals
that can be sampled accurately on N,, discretization points, but
have a significant high-energy weight and therefore cannot be
represented accurately on a finite Hilbert space of dimension
N,.

(pFor the first example, we consider a band-limited function
f(@) [see Egs. (12) and (13)]

Ny=1

floy= > aux(p— g, (72)

_ Nt

- 2

where we take FF = K = ,/mN,/2 [see Eq. (15)], with N, =
64. As described in Appendix D, the coefficients a; are chosen
such that the behavior as ¢ — o0 is

8 10
(e w\ A A
rwen(5 -3 )r toae) @
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FIG. 5. (a) The square amplitude of the functions f(¢) [Eq. (73)]
and g(¢) [Eq. (78)] (solid black) and of their Fourier transforms
f (k) and g(«x) (dashed blue), respectively. At this scale, f and g
are indistinguishable. (b) |f(¢)|* (solid black) and |g(¢)|?> (dashed
green) for ¢ < —F. (¢) | f(x)|? (solid blue) and |3(x)|? (dashed red)
for k < —K. The weights of both f and g outside the sampling
interval is small, ~#0(107°). (d) The function s(¢) [Eq. (79)] used
to define g(¢). s(¢), and implicitly g(¢), decay exponentially fast at
large |g|-

where ¢y is a normalization constant, i.e., the function de-
cays as |p|™® with increasing |@|. The square amplitudes
|f(¢)]? and |f(k)|? are plotted in Fig. 5. For ¢ < —F, we
have |f(¢)|> ~ O(107'%) as can be seen in Fig. 5(b). The
weight outside the interval [—F, F] is ||w1{: | ~ 1.1 x 107,
Since the function is band-limited, f (k) =0 for |«| > K.
By construction, the finite Fourier transform connects the
sets {f(¢)}i——w,—n/zav, -7z and {f (Kp)} p— =W,y /2. N, =172
without error, since, in the sampling points, the function coin-
cides with the aliased function [see Egs. (C1) and (C2)].
Despite the small tail weight and perfect sampling, the
wave function f(¢) cannot be represented accurately on a
finite Hilbert space of size N, = 64. To demonstrate this, we
show in Fig. 6(a) the boson distribution of the wave function

f(p),

2

p(n) = |{nlf)I? (74)

'/qbn(q))f(w)dw

and in Fig. 6(b) the weight 1 — Wy, of the high-energy sub-
space versus the cutoff N, where

Wy, = D p(n). (75)

n<N,

The figure indicates a significant boson distribution for n >
N, = 30. In fact, we observe that 50% of the wave function
belongs to the subspace spanned by boson states with n >
30 and 20% of the wave function belongs to the subspace
spanned by boson states with n > 40. However, according
to the data presented in Fig. 4(a), the boson number states
with n > 30 cannot be represented with O(107>) accuracy on
N, = 64 discretization points.

0 10 20 30 40 50 60
L | I | L | | L | L |
(@) > P
0.151 b |<n|f>[, |<n|g>]
~ 2, =~ ~_ 2
r I <6, [F>[",|<0 [g>]
w01k
Q‘:: L
0.05+
05 H”n”ﬁn 5| nnH nn” Iﬂ-ﬂ
L)
0.4_—
203
— 0.2»—
O'lj
OF———7——71 771 T T T
25 30 35 40 45 50 55 60
N

FIG. 6. (a) Boson distribution of the wave functions f(¢) and
g(p) (solid black). Discrete harmonic oscillator eigenstate distribu-
tion of the discretized states | f) and |2) (hashed red). At large n the
boson and the discrete harmonic oscillator eigenstate distributions
differ significantly. (b) The high-energy weight of the wave functions
f(p) and g(p) vs the cutoft N,. Fifty percent (20%) of the wave
functions” weight belongs to the high-energy subspace spanned by
states with n > 30 (n > 40).

Due to the significant high-energy weight of f(¢), the
representation of the function on a finite space with N, = 64,

=2
= Y f@lan, (76)
- 2]
yields uncontrollable errors when measurements are taken.
For example, the boson distribution calculated on the finite

Hilbert space using the discrete representation f and the har-
monic oscillator eigenstates ¢,,,

() = [(@al )17 (77)

is different from the real boson distribution given by Eq. (74),
as illustrated in Fig. 6(a).

Since the asymptotic behavior of the wave function might
impact significantly its boson distribution, we consider a
second example obtained by multiplying f(¢) with the ex-
ponentially decaying function s(¢):

8(@) = cof (9)s(@), (78)

1
)= . (79)
(7o + 1) Cx s 1)

In Eq. (78), ¢, is a normalization constant, and, in Eq. (79), we
take o = 0.4. The function s(¢), plotted in Fig. 5(d), takes the
value 1 almost everywhere inside the interval [—F, F'] and de-
cays exponentially outside this interval (s(¢) o exp(—¢2/c?)
at large |¢|). Unlike f(¢), which might be considered a spe-
cially chosen case, g(¢) is a more common example. It is not
band-limited or field-limited and has exponentially decaying
tails. However, at the scale shown in Fig. 5(a), the functions
f(p) and g(¢) are indistinguishable. The difference between
f(p) and g(¢) can be seen in Fig. 5(b). The difference
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between their Fourier transforms can be seen in Fig. 5(c).
The tail weight of g(¢) outside [—F, F]is ||wi| ~ 6 x 107°
Unlike f (x), the conjugate variable function g(x) is not zero
for k > |K|. However, its tail weight is small, [|w§ || ~ 6.2 x
1076, Within accuracy O(107), the discrete representation of
g(¢) is the same as the one for f(¢), |2) ~ |f).

Despite the different asymptotic behavior of the functions
f(p) and g(p) at large argument, the difference between the
boson distribution of these two functions functions is very
small, indistinguishable on the scale shown in Fig. 6. The
differences are noticeable for n > 80 where the boson weight
is small, of the order O(10~1%) (not shown). All the conclu-
sions we drew about f(¢) are valid for g(¢) too. The wave
function g(¢) is not restricted to the low-energy subspace
corresponding to N, = 64 and accuracy O(10~>) and cannot
be represented accurately on a finite Hilbert space of size
N, = 64. The boson distribution |(n| 2)|? of the wave func-
tion g(¢) differs from the boson distribution |(¢,|3)|> of the
discrete representation.

These two examples of functions with small tail weight at
large argument, one band-limited and having algebraic decay
and one with exponential decay, that can be sampled accu-
rately but cannot be restricted to the low-energy subspace,
show that the criteria of small weight at large argument is not
enough for determining the size of the finite representation.
It would be useful to have an estimate of the Hermite-Gauss
functions expansion series for almost band-limited and field-
limited functions as a function of the tail weights and the
cutoff N,

Ny
’ =Y culn) | = EWN. |wh. [wk]. - . (80)
n=0

Such an expression could be used to estimate the cutoff N, and
the number of the discretization points necessary for an accu-
rate representation by measuring the field and conjugate-field
distributions. We are not aware if an estimation like Eq. (80)
exists in the literature. It is possible that combining the es-
timation of the prolate spheroidal wave functions expansion
of almost band-limited functions [11] with the estimation of
the Hermite-Gauss function expansion of prolate spheroidal
wave functions [27] would yield an useful expression, but the
problem requires further investigation.

IV. SAMPLING PARAMETERS AND
THE BOSON MASS CHOICE

As discussed previously, the low-energy subspace of a
bosonic field can be mapped accurately onto a low-energy
subspace of a finite Hilbert space. The dimension N, of the
local finite Hilbert space is monotonically increasing with
the low-energy subspace dimension N,. The boson number
states and implicitly the cutoff N, are dependent on the mass
parameter my [see Eq. (2)]. The definition of the finite Hilbert
space # and of the discrete field operators depends on m too,
as implied by Egs. (40) and (41). There are many possible
finite representations of the bosonic field that correspond to
different choices of the boson mass. The optimal represen-
tation is the one that requires the smallest cutoff N, for the
ground state and for the low-energy excitations of the system.

A. Squeezed boson states

To represent the ground state of a harmonic oscillator with
mass myg, the optimal choice for the boson mass is simply
my, because for this choice the ground state has zero bosons
(the ground state is the vacuum). However, other choices
for the mass parameter can be taken, but they require more
discretization points for a specified accuracy, as we discuss
below. We work through this case as a prelude to more com-
plicated Hamiltonians where the optimal choice of mass is not
obvious.

The Hamiltonian (1) can be rewritten as

2
_m(m o
H, = T(m_% — )(alal —|—a1a1)

2
m (Mo
+4(m%+

where the mass m; bosons are defined by

1)(2a1'a1 +1), (81)

1 1
a4{=7§<~/mld>—z o ) and
1 1
aq :E(N/m]q)—i-l\/nTlH) (82)

The relation between the mass m; bosons and the mass my
ones is given by the squeezing operation

ab = S(rals@r), (83)

Tn(m 84
2n<mo>' (9

In the basis {|n);},, where |n); = J—;a1"|0)] is the state

with nm bosons, the harmonic oscillator ground state |0) is a
squeezed vacuum state [28],

where

_az)
7 and r=

S(r) = e%r(ﬂz

10) = [0)o = ST(r)|0);

/(2n)! (tanh r)"*
2'n! Jcoshr’

The magnitude of the coefficients C,, in Eq. (86) decrease
rapidly with increasing n. For any small € a cutoff N, can be
introduced such that the the harmonic oscillator ground state
has € probability to have more than N, m; bosons.

The cutoff N, increases with increasing or decreasing 2.

In Fig. 7(a) we plot the m;-boson distribution, p(n; =t

Zc In), (85)

n=0

G = (=1)" Cont1 = 0. (86)

p(n, m1 0) = |C,|* as a function of n for different values of

Pt . When m; = my the distribution has p(0) = 1 and p(n >
1) = 0, since the ground state is the my boson vacuum. The

distribution weight at large n increases with increasing - ﬂ or

=0 The cutoff N, is defined by requiring that 1 — Wy, = ¢,
where Wy, is the weight of the low-energy subspace spanned
by the boson number states below the cutoff N, [see Eq. (75)]
and € is the desired truncation error. In Fig. 7(b) we show N,
vs € = 1 — Wy, for different values of the squeezing parame-
ter . The cutoff N, increases logarithmically with decreasing
1 — Wy,. In Fig. 7(c) we show the cutoff N, versus r for differ-
ent values of 1 — Wy,. The cutoff N, increases exponentially
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FIG. 7. (a) m;-boson distribution of the harmonic oscillator
ground state for different values of the ratio m;/my. (b) Boson
cutoff number N, vs the high-energy subspace weight 1 — Wy, for
different values of the squeezing parameter r = %ln(%‘)). (c) Bo-
son cutoff number N, vs the squeezing parameter r for different
values of 1 — WN,. Numerical fitting yields N, ~ [—0.595 — 0.477
In(l — Wy, )]

mg *

with increasing », which implies linear dependence of N, on
the boson mass m;. Numerical fitting yields N, =~ [—0.595 —
0.477 In e]:':l(‘) . Since the number of the discretization points
N, needed to represent the low-energy subspace increases
monotonically with Np,, a boson mass choice m; # myg is not
optimal.

This same conclusion can be inferred just by analyzing the
Nyquist-Shannon sampling parameters of the harmonic oscil-
lator wave functions ¢, (¢) and ¢30 («). For a given number N,
of discretization points, the my-sampling implies the sampling
intervals [see Eqs. (28) and (29)]

N, [7TN,
FO T b4 m() (87)
2m0

which yield equal tail weights ||u)F0 | = ||u) 2|l For m; sam-

pling one has
myo my
h=K/— K=K,/—. (88)
ny my

For m; > my, the field sampling interval decreases while
the conjugate-field sampling interval increases by a fac-

r /mi/mgy. Consequently the tail weight ||w Cl> ||wF0 I
increases exponentially, while ||w}"§‘lJ I < ||w}¢é‘;|| decreases ex-
ponentially (since the tail weights have an exponential
dependence on the sampling intervals’ length) Similarly,
when m, > m the tail weight ||w << ||wF0 || and ||w >

||w}’§3||. In both cases, because of the large increase of one
of the tail weights, the finite Fourier transform that connects
the field and the conjugate-field sampling sets yields a much
larger error [see Eqgs. (22) and (23)] than in the case of my
sampling. Since the error in constructing the finite Hilbert
space representation is proportional to the error introduced

by the finite Fourier transform [see Eq. (46)], sampling corre-
sponding to m; # myg implies larger errors than m, sampling.

B. Sampling intervals

The sampling and discretization intervals depend on the
boson mass and the number of the discretization points, in
accordance with Egs. (34), (36), and (87). The ratio of the
sampling intervals and, as well, the ratio of the discretization
intervals, equal the boson mass

K A,
m=— = —%. (89)
F A,

By definition, the optimal boson mass requires the minimal
number of the discretization points for an accurate representa-
tion. In principle, for a specified accuracy, the optimal boson
mass can be obtained by minimizing the cutoff N, of the wave
function’s expansion in the boson number basis. However,
this is not easy to accomplish, since the extraction of N,
from quantum simulations is laborious, as will be discussed
in Sec. V.

Nevertheless, instead of finding the boson mass for optimal
representation, one can ask about the boson mass that yields
optimal sampling. Adjusting parameters for optimal sampling
in quantum simulations is much easier than optimizing for the
smallest cutoff N, as will be discussed in Sec. V. The sam-
pling accuracy of a wave function is determined by the wave
function behavior outside the field and the conjugate-field
sampling intervals. For a specified accuracy e, the sampling
intervals parameters F and K should be chosen such that
[see Egs. (8) and (11)]

Jwi | = [wi] =e. (90)

This choice will provide, via Eq. (15), the minimum number
of discretization points required for a sampling approximation
with O(e€) accuracy.

Do the sampling intervals F" and K determined by imposing
Eq. (90) yield the optimal boson mass through Eq. (89)?
While we do not know the answer in general, numerical
checks show that the answer is yes in many cases. That is the
case of the harmonic oscillator, as was already discussed in
Sec. IV A. We also found the answer to be yes for small size
®* scalar field models that we can solve numerically using
exact diagonalization methods. In the following, we present
two relevant ®* scalar field examples.

1. Local ®* scalar field

The first example is a strong interacting local ®* field
model, equivalent to an anharmonic oscillator, with the Hamil-
tonian

n 1
H=—+—

242
> zmod) + —

4
1 S o4, 91)

Figure 8(a) shows the field and the conjugate-field distribu-
tion of the ground state of the Hamiltonian (91) for interaction
strength -~ £ =100. One effect of the interaction is to narrow

the field distribution |®(¢)|? and to widen the conjugate-field
distribution |<I>(/c)|2 compared to the noninteracting case. The
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FIG. 8. Local ¢* field theory, Eq. (91), with £ = 100. (a) Field
my

and conjugate-field distributions, | ®(¢)|? (dashed black) and | (k)2
(solid red), respectively, in the ground state. Insets: The conjugate-
field distribution has an oscillatory behavior at large |«|. (b) The ratio
of the sampling intervals widths % vs the tail weight €, calculated by
employing Eq. (90). % is larger than the bare mass m,, and increases
logarithmically with increasing the accuracy. (c) The number of
the required discretization points N, = (%F K7 increases logarith-
mically with decreasing the tail weight. (d) m-boson distribution for
different choices of % (e) The low-energy subspace cutoff N, vs ,’n#:)
for different truncation errors 1 — Wy,. The optimal boson mass is
found when N, is minimum.

interaction also affects the field distributions behavior at large
argument, as can be seen in the insets. The wave function
® (k) has an oscillatory behavior at large |« /.

Optimal sampling implies a ratio (o< K/F') larger than the
bare mass my, because the |$(x)|? distribution is wider than
the |<I>(<p)|2 one. Figure 8(b) shows the ratio of the sam-

pling intervals - £ vs the tail weight €, where F and K are
mgy F

determined by Eq. (90). The ratio mi()% is dependent on €,

and increases logarithmically (and nonuniformly due to the

oscillatory behavior of |®(«)|?) with increasing the accuracy,
1K

from L & ~ 4 for an accuracy € = 1073 to L& ~ 6 fore =
my F my F

107, The number of discretization points N, = [2KF /71,
necessary to sample the local ®* field ground state increases
logarithmically with increasing the accuracy, as can be seen in
Fig. 8(c).

To calculate the boson distribution, we diagonalize nu-
merically the Hamiltonian (91) in the boson number basis.
Figure 8(d) shows the boson distribution, p(n), as function
of n for different choices of the boson mass. In all cases, the
boson distribution decreases rapidly with increasing number
of bosons. We find that the largest decreasing slope occurs
when the boson mass m/mgy €~ [4, 8]. Figure 8(e) shows
the cutoff N, vs the boson mass for different truncation er-
rors 1 — Wy,. Remember that 1 — Wy,, with Wy, defined by
Eq. (75), is the weight of the subspace spanned by the bo-
son number states above the cutoff. The optimal boson mass
occurs at the minimum of N,(m/myg). For a truncation error
1 — Wy, &~ 107> we find m/mq ~ 4. The optimal boson mass

increases to m/mg ~ 8 with decreasing the truncation error to
1 — Wy, ~ 10712,

The optimal boson mass determined by minimizing N, is in
agreement with the boson mass calculated by minimizing the
sampling errors of ®(¢) and (k). Since the truncation error
given by the weight of the subspace spanned by the boson
number states above the cutoff is not the same as the sam-
pling error determined by the wave function’s weight outside
the sampling intervals, a quantitative comparison between §
plotted in Fig. 8(b) and an optimal boson mass extracted from
Fig. 8(e) is not meaningful. However, we found in both cases
that the optimal boson mass is in the same range, m/mg €
[4, 8], and that it increases when increasing the accuracy of
the approximation.

2. Two-site ®* scalar field

The next example is a two-site ®* field theory,

m 1
H = Z (—’—l——m(z)CD,-z—l-éCD?) — h®;D,, 92)

fary 2 2 4!
withmg = —1, ;&5 =2 and ﬁ = 1. The coupling between

the fields operators at neighboring sites is a consequence of
the gradient term, (V®)?, present in the Lagrangian of a
continuous ®* field theory. Although no real broken sym-
metry occurs for a two-site system, the negative value of m(z)
yields interesting behavior relevant for exploring models with
a broken symmetry phase. The field in the ground state has a
two-peak structure and the excitation gap is small.
The local field distribution,

pi(p) = (@lp1lg), (93)
and the local conjugate-field distribution,
pi(k) = (k|p1l«), (94)

are plotted in Fig. 9(a). In Eqgs. (93) and (94)p, is the local
density matrix

p1 = Tra(|¢) (D)), 95)

obtained by tracing out the degrees of freedom at site 2, while
|¢) in Eq. (95) is the ground state of the Hamiltonian (92).

Since the sampling errors of lattice wave functions de-
pend on the tail weights of the local distributions (see
Appendix B 2), the sampling intervals lengths are determined
by imposing wi, = w‘fK = €, where

2 -F 00
wiy =/ dco<<p|p1|¢>+/ do{elpile), (96)
— F

oo

_K oS
w?Kz Zf {kclp1lc) dic +/ klpilkyde — (97)
- K

o0

[see also Egs. (B28) and (B40)]. As can be seen in the inset
of Fig. 9(a), the local field distribution decays more rapidly
with increasing argument than the conjugate-field one. The
ratio of the sampling intervals widths, ﬁ%, versus the tail
weight is plotted in Fig. 9(b). It increases logarithmically

with decreasing tail weight, from ﬁ% ~ 1.2 when the tail
weight is € & 107 to & ~ 2 for a tail weight e ~ 10~'%.
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FIG. 9. Two-site ®* field theory, Eq. (92), with m3 = —1 and
ﬁ =2 and h =1 (a) Local field, Eq. (93) (dashed black) and
conjugate-field, Eq. (94) (continuous red) distributions in the ground
state. Inset: At large argument, the field distribution decays faster
than the conjugate-field distribution. (b) The ratio of the sampling
intervals widths % vs the tail weight. % is larger than |mgy| and
increases logarithmically with increasing accuracy. (c) The number
of required discretization points N, = f%F K7 increases logarithmi-
cally with decreasing the tail weight. (d) m-boson local distribution
for different choices of h;”ﬁ (e) The low-energy subspace cutoff N, vs
‘mlo‘ for different truncation errors 1 — Wy, . The optimal boson mass
is found when N, is minimum.

The number of discretization points, N, = {%F K1, increases
logarithmically with the accuracy, as shown in Fig. 9(c).
The local boson distribution,

pi(n) = (n|p1|n), (98)

for different choices of the boson mass is shown in Fig. 9(d).
The boson distribution decreases rapidly with increasing num-
ber of bosons. The largest decreasing slope is observed for
m/|mgy| =~ 2. The cutoff N, versus the boson mass is shown in
Fig. 9(e) for different values of the truncation error 1 — Wy, .
For a truncation error 1 — Wy, ~ 107> we find the optimal
boson mass to be m/|my| = 1.2. The optimal boson mass
increases to m/|mgy| &~ 2 with decreasing the truncation error
to 1 — Wy, ~ 10712,

As in the case of the local ®* field example, the boson
optimal mass calculated by minimizing N, is in agreement
with the boson mass that minimizes the sampling errors of
the local field distributions pi(¢) and p;(x). In both cases,
the boson mass is in the same range, m/|mg| € [1.2, 2], and it
increases when increasing the accuracy of the approximation.

Note that the optimal mass from our analysis is not de-
termined by the standard deviation of the field distributions
but by the field and conjugate-field distributions’ behavior at
large argument. The ratio of the standard deviations in some
mean-field theory approaches is related to the value of the
boson mass. Our results suggest that the mean-field solutions
obtained in this way are not very good approximations to the
optimal mass.

V. POSTSIMULATION DISCRETIZATION VALIDATION
AND PARAMETERS ADJUSTMENT

For an accurate simulation, the low-energy subspace
should be large enough to contain the relevant physics. The
number N, of discretization points per lattice site and the bo-
son mass determine the low-energy subspace, but the optimal
values for these parameters are not known a priori. Therefore,
it is important to determine a posteriori whether the chosen
simulation’s parameters are good and to have procedures to
adjust them for optimal performance.

Note that when sufficient quantum computational re-
sources are available, in order to estimate the accuracy of the
simulation’s results, one can run simulations for subsequently
increasing values of N, and analyze the results’ convergence
properties. However, this approach does not provide direct
information about optimal discretization intervals and likely
will result in suboptimal use of the available resources.

A. Local measurements

The results of a quantum simulation are obtained by mea-
suring the state of the qubits in the computational basis. Not
all information about the system is easily accessible from
quantum simulations. To validate the choice of discretization
parameters in our simulation, we only need measurements
of the local field distribution, the local conjugate-field dis-
tribution and the local boson distribution. Fortunately, these
observables can be measured relatively easily. We discuss
their measurements below.

The implementation of quantum algorithms for bosonic
fields is described at length in Refs. [6,7,19]. Here we present
only the minimum information necessary to understand the
measurements methods. For every lattice site, n, = log,(N,)
qubits are assigned and the discrete field eigenvector |@;); is
mapped to

1200 =[x, -2 x5, 1) (99)

where xi € {0,1} and j =1, N is the site label. The field
operators [see Egs. (40) and (65)] are defined by

ng—1
_— o N, —1
Q;|@i); = @il@i); with <pi=A¢<22xr— w2 )
r=0

(100)

The field distribution at site j is given by

(@) = (@ilpjl@i) (101)

and is obtained by the direct measurement of the qubits as-

signed to represent the field at site j, as shown in Fig. 10(a).
The conjugate-field distribution at site j is given by

pilkp) = (Kplpjlkp), (102)

where {|%,);}, are obtained by applying a local Fourier trans-
form (i.e., a n,-qubit Fourier transform at site j) to {|®;);};, as
described by Eq. (43). The measurement of this distribution
requires an inverse Fourier transform, F1 [see Eq. (42)], at
site j before measuring the qubits, as shown in Fig. 10(b).
The finite representation of the boson occupation num-
ber distribution (i.e., the probability of the discrete harmonic
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FIG. 10. At every lattice site n, = log,(N,) qubits are assigned to represent the field. (a) The field amplitude distribution at site j can is
obtained by direct measurement of the qubits assigned for the site j. (b) The conjugate-field amplitude distribution requires an inverse Fourier
transform, F~! [see Eq. (42)] at j before measurement. (c) Quantum phase estimation algorithm for measuring the boson distribution at site
J- An ancillary register of size n, = n, + 1 is used to store the phase factors associated with the evolution of the system under the action of a

local discrete harmonic oscillator Hamiltonian [Eq. (109)].

oscillator eigenstates) at site j is given by

pi(n) = (ulpj|bn)- (103)
If we write the system’s wave function as
Ny—1
) =" canle)bn) s (104)
e n=0

where {|e)} is an arbitrary basis for the whole system with the
site j excluded, the boson distribution is

pim) =" lcenl®.

The probability to have bosons above the cutoff N, is given by

Ny—1 Ny—1
en= pim=Y > lcal

n=N, e n=N,

(105)

(106)

The bosonic field representation is accurate when €y is negli-
gible.

We present two methods for the measurement of the local
boson distribution. The first method employs quantum state
tomography (QST) for the local density matrix p;. As de-
scribed in [12,13], p; can be written as

1
Pi= g 2 Sy P, (107)
V0seens U/xq—]—o
The Pauli strings Py, ..., , =0i, @0}, ® - Qoy,  are

products of Pauli matrices. The single-qubit operator oy ,
acting on the qubit g € {0,1,...,n, — 1} belonging to the
local register at site j, takes four possible values, O’l{; €
{1, 0., 0y,0.}. The coefficients s,, . Vgt = Tr(P,,. ... v”q_,,oj)
are determined by measuring the corresponding Pauli strings.
Similar measurements of the Pauli strings are also employed
in Variational Quantum Eigensolver algorithms [29]. Since

the number of the independent coefficients defining p; is
4" — 1, the number of measurements required for QST scales
exponentially with n,. This put a severe limitation on QST
with large n, [30-32]. However, the current experimental de-
velopment [32-34] indicates that QST for n, < 8 (which we
believe is large enough for addressing most interesting boson
problems) will be feasible in the near future.

Once the local density matrix is determined, its elements
in the computational basis can be easily calculated, since this
implies evaluating the matrix elements of the Pauli strings
in the computational basis. Finally, the boson distribution is
given by

Ny—1

Pin) =" (Bul@) (@il pjl @) (@1]n).

i,1=0

(108)

where the coefficients (¢,|@;) are obtained from the exact di-
agonalization of the discrete harmonic oscillator Hamiltonian
(45).

The second method for the measurement of the boson
distribution at the lattice site j employs quantum phase esti-
mation (QPE) [13,14] measurements for the discrete harmonic
oscillator

A D U 1
Hyy = 510 + Zmg®° — Zmo = Hy — Zmo, (109)

2 2 2
where we subtract the constant term %mo for convenience. The
eigenvalues of the Hamiltonian (109) have the following prop-
erty (within the desired accuracy of the finite representation
approximation):

for n < N, (110)

En = myn,

E, # mgon, for n > N,. (111)

For example, see the eigenvalues of the discrete harmonic
oscillator for N, = 64 and N, = 128 plotted in Fig. 1(a) of
Ref. [7].
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The time evolution operator corresponding to Hamiltonian
(109)

U(O) = e 27 0Hn (112)

can be implemented using Trotterization methods, as de-
scribed in Refs. [6,7,19]. The operator (112) acts only on the
n, qubits assigned to the field at the site ;.

The implementation of the phase estimation algorithm is
illustrated in Fig. 10(c). An ancillary register of n, qubits is
used. On every ancillary qubit, a Hadamard gate is applied.
Next, for every qubit m from the ancillary register (with m =
0, n, — 1), a control-U (20) gate, acting on the ancilla qubit
m and the local field register at site j, is applied.

The state of the system together with the ancillas changes
from

N,—1
$)0)a =D > cenle)|$n);10)as (113)
e n=0
where |0), is the ancillary register state, to
Nw_] onr_q
> Z Cenle)|n); Z ) g€~ 2O, (114)

after applying the Hadamard and the CU operators. In
Eq. (114), |x), is the binary representation on qubits of the in-
teger x = 0, 2 — 1. To distinguish between the phase factors
corresponding to all eigenvalues of the Hamiltonian (109), the
parameter 6 should be chosen such that
0 < L, where AE = max E, — minE, (115)
AE n n

is the range of the Hamiltonian (109) spectrum.

After the quantum Fourier transform is applied on the
ancilla register, the state described previously by Eq. (114)
becomes

Ny—12mr—1

V=D Centtukl€) ) j1K)a

e n=0 k=0

(116)

where |k), is the binary representation on qubits of the integer
k=0,2" —1 and

2mr—1
Z e—i;ir(znr'eﬁn—k)x

20 ’
x=0

The probability to measure the integer k on the ancilla register
is given by

i = 17

N,—1
P =" Il (118)
e n=0
If we choose
0 = ! , (119)
my2"r
then
2l s 2m (Ep
e = Z e G, (120)

The choice of 6 given by Eq. (119) is convenient since
En/mo = n for n < N,. Thus, for n < N, Eq. (117) is a Kro-
necker delta function, a,; = §,x. The probability to measure
an integer k > N}, in the ancilla register reduces to

N,—1
P =" [cenllaml.

e n=N,

for k > N, (121)

since the terms in Eq. (118) with n < N, are zero. Since
lani| < 1 (see Appendix E), we have the following inequality:

N,—1
Pk <Y Y leal® =€u, for k=N,

e n:Nb

(122)

For any k > Nj, the probability to measure k is smaller than
the probability to have more than N, bosons. Thus

(123)

6H inax P(k) Plmax-

The probability to measure any integer k > N, in the an-
cilla register is given by

21 —1 2 —1
Pan = Z P(k) = Z Z |Cen| Z |ank|
k:Nb e n—Nb k= Nb
= Z Z |Cenl” = —eH (124)
T[ e n=N,
In Eq. (124), we used

21 4

Z |l |? max lawl> > = for n >N, (125

k= Nb T

which is proven in Appendix E [see Eq. (ES)].
Combining Eq. (123) and Eq. (124), the probability to have
more than N, bosons is bounded as

7.[2

Tpau-

According to Eq. (126), the discretization parameters N,
and my used for bosonic field representation are valid if there
is a negligible probability to measure integers larger than the
cutoff N(N, ) on the ancillary registry.

The size of the ancillary register is determined by Eq. (115)

and Eq. (119),
AE
mg

The number of ancillary qubits scales logarithmically with the
energy range of the discrete harmonic oscillator Hamiltonian.
The values of the energy range AE corresponding to different
N, are given in Table I. We find that AE /my < 2N, for N, <
1024 (and probably true for larger values of N, as well but
numerical checks are necessary for confirmation). In practice
the number of ancillary qubits required for the QPE register is

(128)

Plmax < €H < (126)

(127)

n,=ng + 1.

Measuring energies in QPE algorithms with 27" accuracy
and with 1 — e probability requires registers of size n, =
n+log,[2 + 1/(2¢)] [13,14], thus larger than in our case
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TABLE I. Middle row: Energy range of the discrete harmonic
oscillator for different values of N,, calculated using exact diago-
nalization. Bottom row: Boson cutoff number corresponding to the
commutation relation error [Eq. (58)] €, &~ 107*.

N, 32 64 128 256 512 1024

AE /my 42.319 89.396 185.376 379.976 772.944 1564.233
Ny (6. < 107%) 10 30 74 164 353 741

when e < 1072, In our case, the goal of the QPE measurement
is not to estimate the energies of Hj, (which we know from
exact diagonalization of the finite Hamiltonian matrix) but to
measure the boson distribution and especially the probability
to have states with the number of bosons larger than N,. When
the probability to have bosons above the cutoff is negligible,
i.e., €g ~ 0, the boson distribution can be measured with
high precision. This is true because the energies of the states
with n < N, are proportional to n [see Eq. (110)], Eq. (120)
becomes a Kronecker delta function and the probability to
measure k < N, on the ancillary register becomes equal to the
probability to have n bosons [see Eq. (105)],

plk=n)= Z |ce,1|2 =pj(n) for k <N, when ey =0.
e

(129)

B. Simulation guideline for parameters’
validation and adjustment

In this section, we present a guideline for quantum sim-
ulations of bosonic fields. The main goal is to provide a
practical procedure for adjusting N, and boson mass m for
optimal performance. Let’s assume for now that the system
has translational symmetry and the local measurements yield
identical results at all sites:

(1) If 10 or less bosons per site is expected to be adequate
to capture the low-energy physics, start with N, = 32 dis-
cretization points per lattice site. Otherwise start with a larger
N,. Equation (61) can be used to determine the dependence
Np(Ny, €). In Table I we provide the value of N, for different
N, when the accuracy is of order o(10™).

(2) Start with a boson mass m = mgy + ém, where my is the
bare mass and §m is the mean-field contribution.

(3) After the system state is prepared on qubits, measure
the local field distribution, p;(¢;), and the conjugate-field
distribution, p;(«,) at the arbitrary site j, as described in
Sec. VA.

(4) Determine the coefficients B, and B such that
the probability to measure the field outside the range
[—ByF, ByF] and the probability to measure the conjugate
field outside the range [— B K, B K], respectively, is smaller

than €,
Yo pilg) <e (130)
i for |¢;|>B,F
> pilky) <e (131)

p for |k, |>B K

If both B, < f. and B, < f. the wave function sampling is
accurate. The parameter 0 < f. < 1 should be chosen to en-

sure confidence that the distribution weights at large argument
are € small. When f, is very large the confidence is low and
when f. is very small resources are wasted. We believe that an
acceptable range value for f, is [0.6, 0.8].

The factors B, and B, can be modified by changing the
mass factor since they depend on the intervals’ widths F
m~1/2 and K o« m'/? [see Eq. (87)]. A change of the boson
mass by a factor u, m — wm, implies 8, — /up, and g, —
(/B

(5) If BB < ff and B, ~ B, the guess of the initial mass
was close to optimal. If 8,8, < f? and Be # B adjust the
boson mass by multiplying it with a factor of u = B,/B,. The
new boson mass determines the optimal sampling discretiza-
tion intervals.

(6) The case B,B. > f? means that both the field and
the conjugate-field distributions close to the sampling inter-
vals’ edges are significant and cannot be adjusted properly
by increasing one sampling interval and decreasing the other
via boson mass scaling. The number N, of the discretization
points should be increased by at least a factor of 8,8,/ 12

At this point the parameters N, and m are good for optimal
field sampling. However, as shown in Sec. III C, accurate field
sampling does not necessary implies wave function contain-
ment to the low-energy subspace.

(7) Measure the local boson distribution as described in
Sec. VA.

(8) If the probability to measure integers k > N, are larger
than €, increase N,, [and implicitly N,(N,, €)] until the proba-
bility to measure integers k > N, are smaller than €.

At this point the finite representation of the bosonic field
defined by the parameters N, and m should be close to optimal
for an accuracy O(e¢).

In case the wave function has no translational symmetry,
measurements at all sites are necessary for the validation and
adjustment of the discretization parameters. The parameters
N, and m should be chosen to provide accurate sampling and a
boson distribution contained to the low-energy subspace at all
sites. In this case, the global optimal m might not be optimal
at every site.

In many simulations, the system’s wave function changes
in time under the action of the evolution operators. This might
be the case for adiabatic continuation or for studying nonequi-
librium physics, for example. In principle, measurements
for the validation of the discretization parameters should be
taken at every time step to make sure that the number of
bosons above the cutoff is always smaller than €. However,
in practice, it is not necessary to take discretization validation
measurements at every Trotter step. The effect of one Trotter
step is of the order of the step size and, therefore, is small.
Likely, it will be sufficient to take discretization validation
measurements at a rather small number of time points, as
long as the boson distribution is well below N, for these
measurements.

Use of the optimal parameters will yield the highest pre-
cision results for the computational resources available, but
this can be challenging in practice. However, accurate, error-
controlled quantum simulations can still be performed without
adjusting the parameters to their optimal value as long as
the problem we address can be restricted to the low-energy
subspace. Adjusting the boson mass to the one optimizing the
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sampling of the wave function might increase the precision of
the simulations even when the mass is not optimal.

VI. DISCUSSION OF FUTURE APPLICATIONS

In this paper, we used the boson number basis to construct a
local finite Hilbert space. A low-energy subspace was defined
by introducing a cutoff in this basis. A different denumerable
basis, for example {|«,)}, might be considered for construct-
ing a finite representation, following a similar procedure.
However, this change is not trivial and would require the
investigation of the Nyquist-Shannon sampling properties of
(play) and (k|a,), knowledge of the recurrence relations for
o{p|a,) and k(k|o,) [similar to the ones given by Eq. (26)
and Eq. (27), respectively] and measurement methods for the
local distribution (e, |p;la,). We mention this as a topic for
future investigation.

Quantum mechanical problems written in the first quanti-
zation formalism can be simulated on a quantum computer
by employing the discretization methods developed for the
bosonic fields. The position X; and the momentum P; opera-
tors (here j is an arbitrary label) entering the first quantization
Hamiltonian H (X;, X,, ..., Pi, P», ...) play the same role as
the field operators ® and II, since they obey the canoni-
cal commutation relation [X;, P;] = il§j;. The field variable
¢ becomes the position variable x while the conjugate-field
variable k¥ becomes the momentum variable p. The system’s
wave function is discretized in the position and momentum
bases. For a general interaction potential V (X, X»,...), a
qubit implementation of the corresponding Trotter step oper-
ator requires the calculation of the phase factor proportional
to V(x1, x2, . ..) for each qubit configuration |x;, x», . ..). This
can be challenging when the computation resources are finite,
being of similar difficulty as designing a quantum circuit to
calculate the function V (x, x5, ...) [35,36]. However, when
the potential can be approximated by a truncated Taylor ex-
pansion, the implementation reduces to a number of Trotter
steps for the monomial terms appearing in the expansion. The
Trotter step corresponding to a monomial term with degree r
(for example X;X; | - - - X;4,) requires O(n;) two-qubit gates
[7]. Special care should also be taken to ensure that the
number of the discretization points is large enough such that
the action of V(Xi, X3, ...) does not violate the low-energy
subspace constraints.

As for many quantum algorithms, the main limitation
for the implementation of bosonic quantum algorithms on
present-day quantum hardware is the two-qubit gate fidelity.
Finite coherence time and control error restrict the maximum
number of two-qubit gates to be less than 100 for quantum
simulation algorithms implemented on state-of-art quantum
processors [37,38]. This is not adequate for large bosonic
field simulations, considering that a Trotter step requires N X
50 ~ N x 10000 two-qubit gates, where N is the lattice size
(depending on the interaction type and strength). Problems
which require time evolution simulations with thousands or
millions of Trotter steps can probably be addressed only after
error-corrected quantum technology is developed. However
we are optimistic that interesting problems, such as the one-
dimensional ¢* model and polaron and bipolaron models, can
be addressed on near-future quantum computers that can run

circuits with thousands of two-qubit gates. For example, for
problems where the cutoff N, < 10 and the accuracy is € &
1072, we estimate Trotter steps requiring N x 50 ~ N x 100
two-qubits gates. These problems can be simulated on near-
future hardware by employing noise mitigation techniques
[39,40] and variational algorithms which only require the
implementation of a few Trotter steps [41,42].

VII. CONCLUSIONS

In this work, we address the representation of lattice
bosonic fields on the finite Hilbert space of quantum comput-
ers. An accurate representation (1) implies accurate storage
of the wave function on qubits and (2) requires definition of
qubit field operators whose action on the qubit wave function
reproduces the action of the real field operators. We construct
a finite representation for the low-energy subspace spanned
by states with the number of bosons per site below a cutoff
Np. Since the lattice Hilbert space is a direct product of local
Hilbert spaces, the representation of the lattice Hilbert space
is a direct product of local Hilbert space representations.

A local Hilbert space is infinite dimensional and equiv-
alent to the space of the square integrable functions. The
construction of the finite representation for a local Hilbert
space is based on Nyquist-Shannon sampling properties of
square integrable functions. Because the weight of these func-
tions vanishes at large argument, they can be sampled with
controlled accuracy both in a finite set of field variable points
and in a finite set of conjugate-field variable points. Within
the same level of accuracy as the sampling approximation, the
two sampling sets, of field and of conjugate-field points, are
connected by a finite Fourier transform. The accuracy of the
sampling approximation is determined by the weight of the
functions outside the sampling intervals. The errors decrease
with increasing the width of the sampling intervals and vanish
in the infinite width limit.

By exploiting the sampling properties of the Hermite-
Gauss functions, we construct a finite Hilbert space of
dimension N,, and define discrete field operators ¢ and I such
that, within O(e) accuracy, the operators ® and IT act on the
subspace spanned by the first N, < N, eigenstates of the dis-
crete harmonic oscillator in the same way the field operators,
@ and TIT, respectively, act on the subspace spanned by the first
N, harmonic oscillator eigenvectors. As long as the relevant
physics of the system is restricted to the low-energy subspace
defined by the cutoff N,, the low-energy subspace can be
mapped to the low-energy subspace of the finite Hilbert space.

We investigate analytically and numerically the different
errors associated with the sampling of the HG functions and
with the action of the discrete field operators on the eigen-
states of the discrete harmonic oscillator. These errors are
proportional to the tail weight of the HG functions. The ac-
curacy of the finite representation is of the same order as
the weight of the HG function of the order N, + 2 outside
the sampling interval. The errors are reduced exponentially
by increasing the number of the discretization points. For
fixed accuracy, the number of discretization points increases
linearly with the size N, of the low-energy subspace.

The definition of the finite Hilbert space and of the discrete
field operators depends on the boson mass. The optimal boson
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mass is the one that requires the smallest number of discretiza-
tion points for a given accuracy. While a calculation of the
optimal boson mass by minimizing the low-energy cutoff N,
is difficult in quantum simulations, finding a boson mass that
minimizes the sampling errors of the system wave function is
much easier. The boson mass optimizing the wave function’s
sampling equals the ratio of the sampling intervals that yield
€ small tail weights. For scalar ®* models on small lattices,
we find that the boson mass optimizing the sampling is a good
approximation for the optimal boson mass.

The states belonging to the low-energy subspace are sam-
pled accurately. However, the converse is not true: accurate
sampling does not necessarily imply that the states belong
to the low-energy subspace. We present two examples of
functions that are sampled with high accuracy but have a
significant high-energy component. As a consequence, local
boson distribution measurements are necessary to validate the
discretization parameters of a quantum simulation.

We present a guideline to validate and adjust the discretiza-
tion parameters N, and m that determine the accuracy of the
simulation for optimal performance. The guideline requires
measurements of the local field, local conjugate-field and local
boson distributions. The field and conjugate-field measure-
ments are done by measuring the qubits assigned to represent
the field. For the measurement of the local boson distribution
we present two methods. The first employs quantum state
tomography of the n,-qubit register assigned to describe the
boson field at a particular lattice site. The second method
employs the QPE technique for a discrete harmonic oscillator
evolution operator acting on the local n, qubit register. The
QPE measurements require an ancillary register of size n, +
1. The probability to measure bosons states above the cutoff
is bounded by the probability to measure integers above the
cutoff in the ancillary register. When the bosons number states
above the cutoff have negligible weight, the local boson distri-
bution can be measured with high precision. The guideline’s
first part explains how, based on the field and conjugate-
field distribution measurements, the discretization parameters
can be optimized for optimal sampling. The validation of
the discretization parameters is finally done by measuring
the local boson distribution. The parameters are valid if the
probability to measure bosons above the cutoff is negligible.
Otherwise the number of the discretization points should be
increased.

The methodology presented here can be applied to quan-
tum problems written in the first quantization formalism, since
the position and momentum operators obey the same commu-
tation relation as the field and conjugate-field operators.

The idea of using an interaction-dependent boson mass to
represent the system’s relevant degrees of freedom in the most
efficient way is not new. When the optimal mass is used, the
state of the system has the smallest number of excitations
per site above the boson vacuum. This might be related to
the renormalization theory method of using an interaction-
dependent physical mass in the diagrammatic calculations.
Instead of the bare mass, which has no real physical signif-
icance, the physical mass absorbs many divergent diagrams
from the diagrammatic expansion. In our case, a large number
of bosonic excitations are absorbed by redefining the boson
mass.
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APPENDIX A: NYQUIST-SHANNON SAMPLING
WITH HALF-INTEGER SUMMATION INDICES

Let f(¢) be a band-limited function, i.e., f (k) =0 for
|k| > K, where f (1) is the Fourier transform of f(¢) defined
by Eq. (5) and K is a positive real number.

The antiperiodicity of the function defined as

faplic) = fxc) for « € [-K, K], (A1)
Fap(kc +2K) = — fop(ic) (A2)
implies
Fap(K) =L i fl)e ™, with

P m [:700.

(e )z (i 1)a 3
¢1—1+2 K l+2 ©»
1 K ‘

fo0 == / ot de. (Ad)

Since f (x) has support only on the interval [—K, K], it can
be written as

F06) = faplORk (1), (AS5)
where Rk (k) is the rectangular function defined as
)1 for x € [-K, K]
Ry () = {0 for |¢|>K (A6)

The Fourier transforms of Rg(x) is proportional to the sinc
function ug (¢) [see Eq. (13)],

1 L inL
V27 / ¢ dic = /27 2229
2w J-k TP
V2 V2
_ ”sinc<i> - AnuK(w). (A7)
(4 (4 @

The function f(¢) is obtained by performing an inverse
Fourier transform of Eq. (AS),

Ay

1 00 ) > )
— d lK(p i —lK(/J;R k
f(p) —m/_w Ke JEE flgpe x (k)

i=—00

= Y fleux(e — @) (A8)

I=—00
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Any band-limited function can be reconstructed from its val-
ues on an infinite and discrete set of sampling points, {¢; =

(i + %)Aw}iz—oo.oo-
APPENDIX B: SAMPLING ERROR

1. Local wave functions

Consider the function f(¢) € S(R). The difference be-
tween f(¢) and f,(¢) defined by Eq. (14) is

@) = Fol@) =F@) = > flgux(p — i)

iI=—00

+ Y fledux(e — )

oo Ngp=1
lil> =5~

=f(p) = (@IPclf) + > UpilPklf)

i=—00

— f(@)uk (@ — @)

+ Z w(¢)uk (@ — i)

=whp)— Y wh@ux(y — @)
+ Z wh(@)uk (¢ — ¢1). (B1)

where wj; and w,/; were defined by Eq. (7) and Eq. (10),
respectively. In the second line of Eq. (B1l), we added and
subtracted the band-limited term (¢|Px|f).

Equaton (B1) can be written as

1) = 1fe) = [wk) = o) + 1) (B2)

with
(plv) = > wilpux(e — @), (B3)
(ol = >~ wh(pux(p — @) (B4)

The sampling error is bounded as
1 — Foll < Jwk | + ol + liell- (B5)

To estimate ||v||, we write |v) in the conjugate-field basis.
Using Eq. (A7), we have

o0 A .
v = 3 wie) R ™

1 o
’ _—
=% | 49wk (@Rk () A

i=—00

=y / dqul(@)Rx (k) (=1)'8(k — g + 2nK)

n=—00

=Rx(k) Y (=1)'wk(x +2nK). (B6)

n=—0o0

The (—1)" factor is a consequence of the half-integer values
of the summation index i in Eq. (B6).
The vector v(kx) can be written as

o0

i) = Y k), (B7)
where
v, (k) = R(K)(—l)”w};(/c + 2nkK). (BS)
Note that wvy(k) = R(kK)wh(k) =0, since wh(x)=
(c|Qk|f) = O for k € [-K, K].
Forn #0
2nK+K

K -
lvall? = / lwl e +20K)[* dic = / lwh 0| dic.
-K 2K —K
(B9)
Now consider the function « f («). Since f K)eS(R) =
k f(x) € S(R). The tail weight of « f(«x) outside the interval
[—K, K], denoted by r,J; is

5 00 5 o 2nK+K 5
(r};) =/ K2|w£(K)| dk= Z / K2|w]];(/<)| dk.
—0 we o Jonk—k

(B10)
Since k2 > K?c*(n) for k € [2nK — K, 2nK + K] and
2n—1 for n>0
c(n) = {2n+1 for n <0’ (BID)
the following inequality is true:
5 o 2nK+K 5
(4 28 3 c? [ fufco
oo 2nK—K
o0
=K> Y c(n) [l (B12)

n=—0oo

Employing Eq. (B7), the Cauchy-Schwartz inequality and
Eq. (B12), one gets

1
ol <Y llvallle)
o lc(m)]
1
< c(n)?|[val?
; ; c(n)?
T i< TE @iy
2\ & 2K
In Eq. (B13) we used
ZL—zzé—”—z (B14)
cn)? Qn—1y 4

n#0 n>1
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The square norm ||¢||? is given by

Ie)? f de Z wh (9w (p;)

i,j=—00

x/ ug(p — @ug(p — @;)de

o]

=8y Y [whgn].

I=—00

(B15)

Note that the sum over i in Eq. (B15) is just the Rie-
mann approximation of the integral | |w£ (¢)|> dg. Using the
Euler-Maclaurin integration rule [43], one gets the following
approximation:

e = Juf |+ 22

5 (FFP + 1)) + O(A).

(B16)
Equations (BS5), (B13), and (B16) imply
f
< f
1 = Tl < ol + ] + 2
\/—[If( F)? + | f(F)?]. (B17)
2. Lattice wave functions
For a wave function f(@) = f(¢1,¢2, ..., ¢n) € S(RY),

let’s consider a sampling interval [—F, F] = [-F, F]¥ c RV,
the projector

F F
sz/ / 0){plde (B18)
—F -F
and the tail vector
lwh) = (1= Po)lf) = Qrlf). (B19)

Analogously, for the conjugate-field function f (k) =
f(/q, K2,...,ky) € S(RV) let’s consider the sampling
interval [— K, K] = [-K,K]YN C RV, the projector
K K
Py = / / lke) (kc|d ke (B20)
-K -K
and the tail vector
|w,j;> =1 = Polf) = Qklf). (B21)

As for the one-dimensional functions, when K is large
|f) = Pk|f), the Nyquist-Shannon theorem can be employed
and f(¢) can be approximated by a infinite series expansion
of sinc functions products. When F is large, the series can be
truncated to (N,)" terms,

Np—1 —I
2

f@=fo)= Y - Z f(w,,, i)
ll:7N¢2| iy Mol
X ug (@1 — (Pi1)~--ul((‘PN —9iy), (B22)
where ¢;, = i;A,, A, = Z,and N, = [2KF].

Analogously to Eq. (Bl), the difference between a
N-dimensional function f(¢)e S(RY) and its truncated
Nyquist-Shannon sampled approximation ﬁ/,((p) defined by
Eq. (B22) is given by

F@) = fo(@) = wi (@) — v(p) +1(9), (B23)

where
v(@) = Y wk(p)ux(p — @), (B24)
He)= Y wr(p)ux(e — ¢;). (B25)

The following notation was used in Eqs. (B24) and (B25):

ug (@) = ug(@)ug(@2) - - - ux (oy)

i={i1, i, ..., 0N}

The norm of the tail vector |w1};) is bounded as

2 N —K o0
||w1f(|| < Z/d/q(/ dk; +/ d/g)
j=1 —00 K

"/dKN|f(K1,...,Kj,...,

N K [ee)
Z(f (KjlpflKj>dKj+f <Kj|:0{|’<j>d’(j>
. K

j=1

2
kn)|

(B26)

where
(B27)

is the local density operator at site j obtained by tracing over
all other sites and

2 -K , 00
{K :/ (K|P;|K>dl<+/ (Klpfllc)d/c
- K

o]

w (B28)

is the tail weight of f(K) at site ;.
To estimate ||v||, we write |v) in the conjugate-field basis.
The Fourier transform of Eq. (B24) yields

V) = Y v, (K),

(B29)

where

Un(K) = Rg (k) (—1)" T2 W e (ke + 2nK), (B30)

052405-23



MACRIDIN, LI, MRENNA, AND SPENTZOURIS PHYSICAL REVIEW A 105, 052405 (2022)

with Rg (k) = 1 for k € [—K, K] and zero otherwise. The norm of v, is

K K 2nK+K
ol = [ v [ divluntes 20808 = [ o B31)
K -K 2nK—-K
Now consider the function lcf(/c) =k .. ./c,,f(/q, ..., kp) € S(RY). The tail weight of lcf(lc) outside the interval [—K, K],
denoted by r‘I’; is
f2 2n K+K 2nyK+K
= Zf dicik? - - f dicyics |l wi (1)) 2. (B32)
2n K—K 2nyK—K
The following inequality is true:
. 2mK+K
ek =K™Y ey f wi () Pdic = K>V Y " c(n)*||val (B33)
- 2mK—K -
where
c(n) = c(m)e(ny) - - - c(ny), (B34)

with ¢(n) defined by Eq. (B11). Employing the Cauchy-Schwartz inequality

Z|vn<x>| —Z|vn(x>||c<n)| \/Dvn(m le(n)? Zl e (B35)

and
N N
1 1 n?
=12 —+1 —1l={—+1 -1, B36
Z|c(n)|2 ( Z(2n—1)2 ) (4 ) (B30
n#0 n>0
one gets
nz M2t
Ml < | —+1 XN (B37)
Using Eq. (B25) and the orthogonality properties of sinc functions, one gets
oo
le))* = / t(@)*de = AY D lwr (o)), (B38)
i=—00
N oo o)
lel> <y a) Z Do Y @i iy i)
j=t h=eo et iy=o00
N 00 e
%Z/ d(pl Z AW/ dgoNf(gOl,,(p,],,gﬂN”z
j=177% ijl - 2o -
N
~y RIS
Jj=1 |lj‘>NL‘
N
2 A,
~ Z[ T+ S (=Flp] | = F) + <F|p§‘|F>)}, (B39)
j=1
where
—F oo
w P = [ detelp! dolplo’ B40
iE = plplp;le) + i pllp;le) (B40)
—00

is the tail weight of f(¢) at site j. Analogously to Eq. (B16), in Eq. (B39) we used the Euler-Maclaurin integration rule to
approximate the Riemann sum with the integral.
Employing Eqgs. (B23), (B26), (B37), and (B39), one has

~ N 72 / )
||f—f¢||<Z[w{K+wa+\/2K(< Flpl|—F)+ <F|p-,f|F>)]+<T+1) o (B41)
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Similarly, | f) can be approximated by the field-limited function |f,) defined as

Nwl -1

HGEFAGES Z Z f(/cp., ke U (kY = Kp,) - uE (e = Ky, (B42)
p1=— NWI PN=
where k,, = p;A., A, = %. The error of the approximation is bounded as
N 72 N2
If =l <> [w,F +wl + \/ZF(< —Klp!| - K) + <K|p;‘|1<>)} + (7 + 1) = (B43)
j=1
where rj: is the weight of @1, - - - @n f (@1, ..., ¢y) outside the N-dimensional sampling interval [—F, F],
2
h =/d<p1 ---fdw%-~-<pﬁ|wp<¢1,...,gaN)F. (B44)
[
APPENDIX C: ALIASING AND FINITE where K = N, A, /2. Equation (C5) reads
FOURIER TRANSFORM
1. Aliased functions 1 K
. . 2 . . _ ) = ; K ei’((ﬂi7 C6
Consider a function f(¢) € L“(R) and its Fourier trans S i) JInh. [ Kf () (Co)

form f (k) given by Eq. (5). Consider also a set of N, field

sampling points {¢; = iA,}; with i = —N“’z_] , N“Jz_l and a set

of N, conjugate-field sampling points {«, = pA.}, with p =
No—1 N,—1
2 072
such that AyA, = A
Here we will show that the aliased functions at the sam-
pling points,

fal@) =By D (=1)"f(gi +nNyA,). (C1)

n=—00

fale)) = VA Y (=1)'flc, +nN,A)  (C2)

n=—0oo

are related via a finite Fourier transform,

N —1

Z falppe™™ % (C3)

1
—_Ne—
J=—73

f,‘;l(KI’) = (ffa)(’(p) =

ﬁ,

and

Nyl

Z aliep)e™ 1. (C4)

falo)) = (F' f)(e)) = f

The proof of Eq. (C3) and Eq. (C4) is similar to the one
presented in Ref. [44] and is sketched below.

The wvalue of the function f(p) at
1/2)Ay}i——xo is given by

1 oo
f () ZEn;oo‘/

—K+2nK

{oi=0G+

K+2nK . )
flk)e™ %dxk

00 K
> / (—=1)"f(kc + nN, A e % dic, (C5)
=—00 -K

j‘
B
5

where
fa) =AY (=1 fk +nN,A). (CT)

. Since ﬁ,A(/c) defined by Eq. (C7) is antiperiodic, i.e.,
Ja(k) = —fa(k + Ny Ay ), it can be written as

falic) = Z flpe™™. (C8)

l—DO

The value of ﬁ,(/c) at the sampling points {«,} —x =%
P=—"3"1

is given by
Ap A
Jatiep) =y/By | = Z Z
x (=1)'f(ei +nN<pA¢)€7’””“"’, (€9)

which implies Eq. (C3). Analogously, Eq. (C4) can be derived.

2. Finite Fourier transform approximation for the continuous
Fourier transform

The difference between the vector defined by the sampling
points of a function and the vector defined by the aliased
function is given by the function’s values outside the sampling
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interval. For example,
Np—1
2

Ay D7 Ifalen) = fl@l* =

Ny -1 n=—00;
2

i=

A
~ [wf | + SEFFIE + 1))

—1

go Z Z |wp(§01+nN A )| —Aw Z |wp(¢z)|

i=—00

(C10)

where the same approximation as in Eq. (B16) was made. Similarly,

Nw—]

N(p—l

A, Z [falicp) = Flep)l? = A,

o1
P:— 2

JARNEEN o
~ [wh]* + SEIF KR + 17 6OR)

P>

p=—

|wK(Kp+nN A )’ = A, Z |wK(K,,)|

;‘ r=

(C11)

The difference between the finite Fourier transform of the set {f(¢;)}; and the vector defined by the function f (k) at the

conjugate-field sampling points is given by

Nyp-1 Ng~=1

A S IFFR) = FwpP =0 Y IFEN®K) = (Fhe) + fulicy) — flacy)?

Ng~=1 Ng—1
p=——5" p=——7%"

Nwl

Nv;l

<24, Z (FF)ep) = (FLa)ep)l® + 24, Z | faliep) = flep)I?

=1
P:—T

Ng~=1

=1
p= 2

Ng—1

=28, > 1f(@) = fal@dP + 280 Y 1 falip) = Fliep)?

Np~=1

Nyp-1
p=——5

2wl + okl

+ %[If(—F)IZ + )]

In the first line of I:Zq. (C12),~ we added and subtracted
the aliased function f,(x,) = (F fu)(x},). In the last line of
Eq. (C12), we used Eq. (C10) and Eq. (C11).

APPENDIX D: BAND-LIMITED WAVE FUNCTION
WITH LARGE NUMBER OF BOSONS

For our example in Sec. III C, we construct a band-limited
function

flp)= (D1)

> aiuk(e — ¢)

where we take F =K = ,/7N,/2 [see Eq. (15)], with
N, = 64.

When the summation over i is restricted to a finite set,
|f(@)| decays as least as lo|~' with increasing |¢| [since
ug (@) < ¢~ '; see Eq. (A7)]. As described below, we choose
the coefficients a; such that | f(¢)| decays as |¢|~® at large |¢|.
Let’s first take all the coefficients a; = 0 except for the one
corresponding to the indices i = £¢q, (Where ¢, is an arbitrary

- %[|f°(—1<)|2 + £ (K] (C12)

(

half-integer). If a1, = 1, one gets

—6117f)

1 sm(
,/ZAw Z— —q17T

1 A2 A?
— _» Sin(ﬂ_ﬂ) G —2 + 643 —%
24, A, 2 7T 2 Tt

A6 AS AIO
+120q] —% + 5040¢] —% + 0(—%)}. (D2)
4% 4% @

sin (%

+6]17‘L’)
fLI1 (‘P) =

rtar

The function f;, (¢) decays as |¢| =2 with increasing |¢|. We
define our function as

f(@) =c1fq, (@) + caf, (0) + 314, (@) + cafy, (@)
+ Cqus (90) + C6fq(‘ (90)

+ c7fq7 (90) + chqs (90)’ (D3)
where ¢, ..., gg are half-integer smaller than N,/3 and
c1, ..., cg are chosen such that the terms proportional to || 2,
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lo|~*, and |@|° cancel out. The function can be written as

8 10
_ (T 0w Aéﬂ Aw
f(p) =cysin <_Aq) - §>_ng08 + 0(71(;710 ) (D4)

where ¢y is a normalization constant term depending on
q1,---,48 and A¢.

APPENDIX E: INEQUALITIES FOR LOCAL BOSON
DISTRIBUTION MEASUREMENT

The probability to measure a certain integer k on the ancil-
lary register depends on the quantity a,; defined by Eq. (120).
We have

anl - |- 22‘:1 SES B W L 16,7775 R,
| = |- ) e = o ——
Lo 2 | sin (%)
with
E,
Pk = = — k. (E2)
mo

The following properties of a,; are true:

(1) |awx| =1 when p, = 0. It can be checked by direct
substitution in the first part of Eq. (E1).

(2) lan| < 1. It follows from the inequality | sin(Mx)| <
M| sin(x)|, which holds for any integer M > 1 and any x (it
can be easily proven by induction). In Eq. (E1) one needs to
take M = 2" and x = /2™

(3) law| = 2/ when || < 1/2. The proof is similar
to the one in Refs [13,14] for estimating the probability to
measure the nearest integer to the phase factor in a QPE
algorithm. The inequality |x| > | sin(x)| implies

L fsin Gz )l | sin (7 )|
2n |%| |77 tnk |
Furthermore, the inequality |sin(x)| > |2x/m|, which holds

for |x] < /2 [on the interval [0, 7 /2] sin(x), is above the
line connecting (0, 0) and (7r /2, 1)] implies

lank| = (E3)

2 1
lank| = p for [uml < 5. (E4)

2
For any n > N, we have u,; < 1/2 when k is the nearest
integer to E,, /myg. Thus for any n > Nj, there is always a k such
that Eq. (E4) is true. That implies

max |a.|* > (ES)

k=N, w2’
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