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In order to exploit quantum advantages, quantum algorithms are indispensable for operating machine learning
with quantum computers. We here propose an intriguing hybrid approach of quantum information processing for
quantum linear regression, which utilizes both discrete and continuous quantum variables, in contrast to existing
wisdoms based solely upon discrete qubits. In our framework, data information is encoded in a qubit system,
while information processing is tackled using auxiliary continuous qumodes via qubit-qumode interactions.
Moreover, it is also elaborated that finite squeezing is quite helpful for efficiently running the quantum algorithms
in a realistic setup. Comparing with an all-qubit approach, the present hybrid approach is more efficient and
feasible for implementing quantum algorithms, still retaining exponential quantum speed-up.
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I. INTRODUCTION

For quantum systems, there exist both discrete and con-
tinuous variables, and they may interact with each other. A
typical example is an light-atom interacting system, which
demonstrates how discrete energy levels and continuous light
fields evolve quantum mechanically. Notably, a hybrid sce-
nario of information processing using both discrete and con-
tinuous variables has been proposed before [1–5], such as
hybrid quantum computing [3–5]. The relevant advantages
have been indicated in tasks like quantum float computing
[6] and quantum phase estimation (QPE) [3,7], in which
infinite dimensions of continuous variables are exploited
[7–10], making the proposals promising.

As is well known, machine learning plays an important role
for extracting worthwhile information and making trustable
predictions in an era of big data [11]. In addition, a mag-
nificent combination of machine learning and quantum me-
chanics has opened a new window for information processing
[12–19]. A class of quantum machine learning [19–22]
is based on the Harrow-Hassidim-Lloyd (HHL) algorithm,
which aims to obtain the inverse of a matrix with exponential
speed-up under reasonable conditions [20]. Normally, quan-
tum linear regression has been regarded as a representative
task in quantum machine learning and investigated by various
all-qubit approaches [13,19,23]. The algorithms for quan-
tum linear regression usually consist of several main parts,
namely, quantum phase estimation, regularization, singular
value transformation, and prediction. All of these approaches
require ancillary qubits to register singular values in quan-
tum phase estimations that are necessary for quantum linear
regression. Depending on the desired precision, the number
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of ancillary qubits may be large, which demands a rarer re-
source of qubits and is a grand challenge for current quantum
technology. On the other hand, the quantum phase estimation
can be implemented much more efficiently using the hybrid
approach [3], which requires merely one qumode based on
appropriate squeezing states [7]. This motivates us to work
out a quantum algorithm of linear regression using the hybrid
approach with desired quantum advantages.

In this paper, we first introduce how to convert a linear
regression into a quantum task. We then recall the quantum
algorithms of all-qubit systems and analyze their properties.
We emphasize the demanding of ancillary qubits and the inef-
ficiency of incorporating regularization and realizing singular
value transformation. By introducing qumodes, we propose a
hybrid approach for quantum linear regression, where single
values are encoded into the entangled two qumodes and
single-value transformation can be implemented simply by
homodyne measurements with postselection. This makes the
algorithm more feasible for future physical implementation
as it involves basic continuous variable quantum operations,
in contrast to the all-qubit approach that requires compli-
cated quantum circuits for quantum arithmetic and control
rotation. A brief proposal for a physical realization of the
algorithm with trapped ions is suggested. Our results show
that the hybrid approach still retains the same order of runtime
O(log MN ) as the all-qubit approach. The regularization can
be incorporated by a controlled-phase gate on two qumodes,
and it may greatly reduce the required squeezing factor for the
case of a bad condition number [10,20]. We also investigate a
basic role of the finite squeezing factor and find that it is not
only helpful for running the algorithm efficiently, but also may
be taken as an extra regularization for regression.

The paper is organized as follows. We introduce quan-
tum linear regression in Sec. II and give an analysis of the
existing all-qubit approach in Sec. III. Then in Sec. IV we
present the quantum algorithm using qumodes and its physical

2469-9926/2019/99(1)/012331(9) 012331-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.012331&domain=pdf&date_stamp=2019-01-18
https://doi.org/10.1103/PhysRevA.99.012331


ZHANG, XUE, ZHU, AND WANG PHYSICAL REVIEW A 99, 012331 (2019)

implementation in trapped ions. Finally, discussions and con-
clusions are given in Sec. V.

II. QUANTUM VERSION OF LINEAR REGRESSION

In this section we will demonstrate how to formulate the
linear regression as a quantum problem that may be solved
using a quantum algorithm. Let us first introduce the linear
regression. Given a training data set of M points {a(m), y (m)},
where a(m) ∈ RN is a vector of N features and y (m) ∈ R is the
target value, the goal is to learn a linear model with parameters
w ∈ RN that can give the prediction ỹ for new data ã as ỹ =
ãT w. The parameters w can be estimated by minimizing the
loss function of least-square errors

L(w) =
M∑

m=1

(
wT a(m) − y (m)

)2 + χ ||w||2 (1)

over w. Here χ ||w||2 is a regularization term with parame-
ter χ , which is usually considered in machine learning for
better performance. It will be shown later that the regular-
ization is helpful for efficiently implementing the quantum
algorithm. Introducing the matrix notation Amn = a(m)

n , the
linear regression solution turns out to be w = A+y, where
the Moore-Penrose pseudoinverse (with χ term) reads A+ =
(AT A + χI )−1AT . Here I is the identity matrix. It is inspiring
to study the linear regression by using the singular value
decomposition of A from Ref. [23], A = ∑

i λiuivT
i . Here

λi are singular values of A with corresponding left (right)
eigenvector vi (ui). Now it can be verified that the Moore-
Penrose pseudoinverse reads as A+ = ∑

i
λi

λ2
i +χ

viuT
i . Then the

prediction can be written as ỹ = ∑
i

λi

λ2
i +χ

uT
i yãT vi .

To formulate a quantum version of linear regression, we
need to encode each component as a quantum state or a
quantum operator. For a vector x = (x1, x2, . . . , xN ), the am-
plitude encoding scheme is taken to encode x into a quantum
state as |ψx〉 = ∑

n xn|n〉. Here |n〉 = |n1n2n3 · · · 〉,where n =
n1n2n3 · · · is a binary representation of integer n, and it
requires a number of [log2 N ] qubits. Accordingly, y and ã
are encoded as |ψy〉 = ∑

m y (m)|m〉 and |ψã〉 = ∑
n ãn|n〉, re-

spectively. Without loss of generality, we assume all quantum
states in this paper are normalized, and the final result should
be rescaled accordingly. The remaining question now is how
to treat A+. It is natural to take it as a operator, and the predic-
tion finally writes as ỹ = 〈ψã|A+|ψy〉. One should pay special
attention to the following aspects for this approach [13]. First,
AT is not necessarily a square matrix, and the Hilbert space
should be extended to define a square matrix that contains
AT . Second, two HHL-like algorithms for applying AT and
(AT A + χI )−1 sequentially are required. Third, both AT and
(AT A + χI )−1 are not unitary in general, there must be some
nonunitary procedure such as measurements or projections in
the algorithm. Thus, measurement is required in the middle of
the algorithm.

An alternative approach to circumvent the above problems
is to treat A+ as a quantum state [23]. This is possible by
rewriting the prediction as a tensor formula

ỹ =
∑

i

λi

λ2
i + χ

(ui ⊗ vi )
T y ⊗ ã,

which is an inner product between two vectors. Accordingly,
we may write the quantum state that corresponds to A+ as
|ψA+〉 = ∑

i
cλi

λ2
i +χ

|ψui
〉|ψvi

〉, where c is introduced for nor-

malization. Then the prediction ỹ is obtained as the inner
product between |ψA+〉 and |ψy〉 ⊗ |ψã〉, up to a constant
factor 1

c
.

On the other hand, the input data A can be loaded as
a quantum state |ψA〉 = ∑

m,n a(m)
n |m〉|n〉 = ∑

i λi |ψui
〉|ψvi

〉,
where the second equality comes from Schmidt decomposi-
tion. Thus, the key task is to find a quantum algorithm that
transforms |ψA〉 to |ψA+〉. After loading data A as the initial
state |ψA〉, different quantum techniques may be used to steer
the system from initial state |ψA〉 to the target state |ψA+〉.

Since both |ψA〉 and |ψA+〉 are bipartite quantum states,
an investigation of their entanglement structure may inspire
the design of the quantum algorithm. They share the same
entangling basis of {|ψui

〉|ψvi
〉} with different coefficients,

where |ψvi
〉 ∈ RN are eigenstates in feature space and |ψui

〉 ∈
RM are eigenstates related to sample space. Then a quantum
algorithm can be devised that keeps those basis unchanged,
while the coefficients are transformed in the form g(λ) =

λ
λ2+χ

. Such a transformation has been realized using ancillary
qubits [13,20,23].

It should be pointed out that focusing on |ψA+〉 instead
of the states of parameters |ψw〉, which is defined as |ψw〉 =∑

n wn|n〉 for parameters w = (w1, . . . , wn), has its own ad-
vantages, especially when there are multiple target values
for linear regression. For example, based on the features of
one person, one can predict two target values such as both
income and cost. In such a case, predictions are obtained by
inner product of |ψA+〉 and |ψã〉|ψyl

〉 (l = 1, 2 for income and
cost), separately. In other words, once |ψA+〉 is obtained it can
be applied for linear regression with different target vectors.
On the other hand, |ψwt

〉 is specified to fixed target value.
Moreover, one may construct the later from the former for
each target vector |ψyt

〉 as

|ψwt
〉 =

∑
i

cλi

λ2
i + χ

〈ψyt
|ψui

〉|ψvi
〉. (2)

In this sense, |ψA+〉 is more fundamental than |ψwt
〉. In our

implementation, we adopt this more efficient way.

III. EXISTING ALL-QUBIT APPROACH

Before proposing the hybrid approach using both qubits
and qumodes, we first recall how to do quantum linear regres-
sion with all-qubit systems, where regularization has not been
considered [13,19,23]. An analysis is given to show that the
all-qubit approach demands many ancillary qubits in several
main procedures of quantum linear regression. This motivates
us to propose a hybrid approach that is more efficient.

Basically, there are two subroutines in the algorithm of the
all-qubit approach. First, quantum phase estimation is applied
that registers λi in ancillary qubits; second, coefficients 1

λi

are obtained by a conditional rotation on an extra ancillary
qubit and then a projection to the |1〉 state. The success rate
of projecting to |1〉 is proportional to the condition number

κ = λ2
max

λ2
min

, where λmax/min stands for largest or smallest singular

values of A. Under a bad condition number, e.g., κc ∼ O(N )
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FIG. 1. Illustration of the hybrid approach that exploits the best
of both qubits and qumodes. In our implementation of quantum linear
regression, qubits and qumodes are minimally coupled by connecting
only to an ancillary qubit.

(which naturally arises for low-rank AT A), the runtime will
scale with O(N ) and thus destroy the exponentially speed-up.
This issue, as will be demonstrated later, can be remedied by
introducing regularization.

We analyze the cost of resources, especially on the number
of qubits. For the quantum phase estimation, first, a series of
{eiAT Aτ } with different time τ should be constructed. Second,
since λi are typically continuous numbers, to encode them
with precision ε a number of O(log ε−1) qubits is required.
If regularization is included, a quantum circuit for quantum
addition is required, which requires extra O(log ε−1) qubits.
For singular value transformation, to realize the required con-
ditional rotation an oracle should be constructed which would
involve many qubits depending on the precision. Importantly,
for all processes, although many ancillary qubits should be
used, they would be discarded finally. Since their role is just
to register singular values and further give singular value
transformation, it is desirable to have an alternative approach
that requires less resources of qubits.

It is known that the quantum phase estimation as well as
the quantum addition are more naturally and efficiently im-
plemented in a quantum system with continuous variables [6]
(also see Appendix A). On the other hand, vectors of classical
data are better encoded in quantum states of qubit systems, as
each component of a vector now becomes the corresponding
amplitude directly, while encoding in qumodes this would be
much complicated [8,9]. Given the above two considerations,
it naturally calls for a hybrid quantum computing approach
that exploits both the advantages of qubits and qumodes
(see, e.g., Fig. 1), as will be explored in this paper.

IV. QUANTUM ALGORITHM USING
TWO AUXILIARY QUMODES

We present the quantum algorithm for linear regression
using two auxiliary qumodes. Further discussions will be
presented in Sec. V. We introduce qumodes |x〉q and |x〉p,
which are eigenstates of conjugate quadrature field operators
q̂ and p̂ (such as momentum and position operators), respec-
tively. As [q̂, p̂] = i, we have |q〉q = 1√

2π

∫
dpe−iqp|p〉p. It

should be emphasized that the squeezing factor cannot be
infinite physically. Nevertheless, we first present the algorithm
for the case of infinite squeezing, as the main procedures
of the algorithm are more clearly revealed. We then stress
the importance of finite squeezing and modify the algorithm
accordingly.

The algorithm under infinite squeezing can be summarized
as following:

(1) State preparation. Load training data {a(m)} into a
quantum state |ψA〉 = ∑

m |m〉|ψa(m)〉 with quantum random
access memory [24–26]. Two qumodes are initialized in
|0〉q1 |0〉q2 .

(2) Quantum phase estimation. Perform U = eiηAT Ap̂1p̂2

on |ψA〉|0〉q1 |0〉q2 which leads to

∑
i

λi |ψui
〉|ψvi

〉
∫

dp|p〉p1

∣∣ηλ2
i p

〉
q2

.

This step encodes singular values of AT A into the entangled
two qumodes.

(3) Regularization. For a preset regularization parameter
χ which is a hyperparameter, perform eiηχp̂1p̂2 that shifts the
q2 mode to |η(λ2

i + χ )p〉q2 . Different values of χ can be
tried that a specified χ can be chosen to get a good enough
performance of prediction.

(4) Singular-value transformation. After a homodyne de-
tection on qumode q2 with the result q2 = 0, the state col-
lapses to |ψA+〉, where qumodes are discarded since they
are disentangled from qubits. This step transforms quantum
amplitudes from {λi} to { λi

λ2
i +χ

}.
(5) Prediction. For new data ã, prepare the reference state

|�R〉 = |y〉|ψã〉. The prediction ỹ is proportional to the inner
product between the target state |ψA+〉 and |�R〉, denoted as
ỹ ′ = 〈ψA+ |�R〉, which can be implemented using the method
introduced in Refs. [16,27]. The key point is to introduce
an ancillary qubit to first construct an entangled state |�〉 =

1√
2
(|0〉|�R〉 + |1〉|ψA〉). This can be achieved by setting the

ancillary qubit in (|0〉 + |1〉)/
√

2 as a control state, and when
the ancillary qubit is in |0〉 the reference state |�R〉 is pre-
pared, and when in |1〉 the state |ψA〉 is prepared. Then, con-
ditioned on the |1〉 state, procedures of 1 − 4 for the algorithm
are performed to generate |ψA+〉, e.g., by attaching a control
to all operations in procedures 1–4, which lead to a state
|� ′〉 = 1√

2
(|0〉|�R〉 + |1〉|ψA+〉). Then a σx measurement on

the ancillary qubit of quantum state |� ′〉 gives the output +1
with probability p = 1

2 (1 + cỹ ′). Thus ỹ ′ = 2p−1
c

.
The above-presumed infinite squeezing factor is impracti-

cal in implementation, and the success rate for postselecting
qs = 0 is vanishing.

We now take finite squeezing into account, which leads to
a modification of the algorithm in three places. First, in the
state preparation two qumodes are prepared as

|G12〉 = s−1π− 1
2

∫
dp1 dp2e

−(p2
1+p2

2 )/2s2 |p1〉p1 |p2〉p2

with a squeezing factor s. Since |q〉q = 1√
2π

∫
dpe−iqp|p〉p,

|G12〉 = |0〉q1 |0〉q2 at s → ∞ limit. Second, in the singular-
value transformation, to fully disentangle qubits and qumodes,
two qumodes are postselected as q1 = Q1 and q2 = Q2 using
homodyne detection. To get a nonzero success rate, we can let
the point (Q1,Q2) locate within a small area proportional to
εq centered at (0,0) (see Appendix B). Now the unnormalized
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state can be written as

|ψA′ 〉 =
∑

i

fi (Q1,Q2)
λi

λ2
i + χ

|ψui
〉|ψvi

〉, (3)

where fi (Q1,Q2) ∼ e−(Q2
1+Q2

2 )/2α2
i s

2
at the limit α2

i s
4 ∼ ε−1

q .
Here αi = η(λ2

i + χ ). Compared with |ψA+〉, each coeffi-
cient now is multiplied by fi (Q1,Q2) correspondingly. When
εq → 0, the state |ψA′ 〉 reduces to |ψA+〉. In this sense εq

characterizes an error. We may take fi (Q1,Q2) as an extra
regularization due to finite squeezing, which will be discussed
in Sec. V. Third, we use |ψA′ 〉 in the prediction. Note ỹ ′ is
up to a factor to the required prediction ỹ as ỹ = c′ỹ ′. Such a
factor can be obtained as the ratio between y (m) and ỹ (m). Here
ỹ (m) is the predicted value of training data x(m). The factor c′
can be more accurate by averaging on predicted values of a
number of training data.

At this stage, we proceed to give some implementation
details. While involving only qumodes, standard techniques of
Gaussian quantum information processing [28] are sufficient
for the algorithm, which includes the following procedures.
In the state preparation, the squeezing state |G12〉 can be ob-
tained using a displacement operator and squeezing operator.
In the regularization step the operator is just a conditioned-
phase gate. Finally, in the singular value transformation, ho-
modyne detection of q modes is required.

The essential part of the implementation of the algorithm
is to construct the operator U = eiηAT Ap̂1p̂2 for the quantum
phase estimation. As U extracts singular values implied in
states of qubits and registers them on entangled qumodes, it is
essentially a hybrid quantum operator. Effectively construct-
ing U involves a density matrix exponentization of AT A using
the method in Refs. [15,29]. Further, the required exponential
swap gate should be modified [9] to couple the density matrix
AT A to p̂1p̂2. The density matrix exponentization eiρt of
density ρ = AT A can be obtained by repeatedly applying the
exponential swap operation and tracking out ρ,

Trρ (eiδtSmρ ⊗ ρ ′e−iδtSm ) = eiδtρρ ′e−iδtρ + O(δt2). (4)

Here Sm is the swap operator.
To construct U , the exponential swap operator should be

modified as (see Fig. 2)

eiδtηp̂1p̂2Sm = CSR
x
a (δtηp̂1p̂2)CS. (5)

Here Rx
a (δtηp̂1p̂2) = eiδtηp̂1p̂2σx , and CS = Cbb′

S Cdd ′
S · · · is a

control swap operator on multimodes, where Cαα′
S swap be-

tween α and α′, conditioned on the ancillary qubit a. Note that
Eq. (5) is a hybrid approach version of the one in an optical
system [9]. The conditional swap operator is constructed as
Cbb′

S = Cbb′Tab′bCbb′ , where Cbb′ is a Control-NOT gate that
takes b(b′) as the control (target), and Tab′b is the Toffoli
gate that is conditioned on both b′ and the ancillary qubit a.
Initially the ancillary qubit a is set in state |+〉a = 1√

2
(|0〉a +

|1〉a ). We now have

Trρ (eiδtηp̂1p̂2Smρ ⊗ ρ ′e−iδtηp̂1p̂2Sm )

= 1 + i[ρp̂1p̂2, ρ
′]ηδt + O(δt2)

= eiδtηρp̂1p̂2ρ ′e−iδtηρp̂1p̂2 + O(δt2).

FIG. 2. Quantum circuit for implementing a modified exponen-
tial swap gate. An ancillary qubit is prepared at |+〉. Qumodes and
qubits are not directly coupled.

Setting ρ = AT A we obtain eiδtηAT Ap̂1p̂2 . To construct U with
desired precision ε requires O(ε−1) copies of ρ [8].

A key component of our hybrid approach is to con-
struct the hybrid operator Rx

a (δtηp̂1p̂2) = eiδtσx p̂1p̂2 , which
involves a coupling of one qubit to two qumodes. Such a
term would not appear naturally in a physical system. Nev-
ertheless, it can be obtained by using basic hybrid quantum
operators [3], with the following intertwined quantum evo-
lution: eiH2δt eiH1δt e−iH2δt e−iH1δt = e−[H1,H2]δt2 + O(δt3). Let
H1 = gp̂1σy and H2 = gp̂2σz here and the evolution repeat
O( 1

g2δt
) times, and we thus have Ra (δtηp̂1p̂2).

We briefly discuss how to implement the algorithm phys-
ically in trapped ions, with some necessary modification. A
more detailed demonstration can be found in Appendix C. It
should be emphasized that the hybrid approach is more feasi-
ble for a physical implementation, compared to the all-qubit
approach. For trapped ions, the internal states and motional
states of trapped ions can respectively serve as discrete and
continuous variables for encoding information, and notably
both states are well controllable in the trapped-ion systems
[30–35]. The setup contains ions in a Pauli trap lined in the z

direction. A specified ion, called an a-ion, provides its motion
modes in x and y directions as two qumodes, and one qubit as
the ancillary qubit. We initialize two qumodes in squeezing
states of momentum and the ancillary qubit in |0〉a . Also,
n copies of |ψA〉 and the reference state |ψR〉 are prepared
using internal states of ions. In the phase estimation, the
conditional exponential swap operator can also be written as
eiδtηq̂x q̂ySm = CSHaR

z
a (δtηq̂x q̂y )HaCS for convenience in the

present system of trapped ions, where Ha is the Hadamard
gate on the ancillary qubit. The conditional swap operator
CS has been realized experimentally in trapped ions [36].
Setting H1(q̂x ) = gq̂xσx,H2(q̂y ) = gq̂yσy , which can be re-
alized using lasers for simulating Dirac equations [34,35],
the hybrid gate Rz

a (δtηq̂x q̂y ) is realizable, using the inter-
twined quantum evolution of H1 and H2. The regularization
demands for a controlled-phase gate Cz = eiχηq̂x q̂y . Note that
eik0t (q̂x+q̂y )2

e−ik0t q̂
2
x e−ik0t q̂

2
y = ei2k0t q̂x q̂y . Then by relaxing the

trap along x, y directions and strengthening it along the x =
−y direction for the a-ion, we can realize Cz approximately
by setting 2k0t = χη. The singular value transformation can
be implemented with homodyne detection of approximately
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zero momentum, using the motion tomography method in
Ref. [37]. In the prediction, a swap test [38] can access |ỹ| =√

2p − 1, where p = 1
2 (1 + |〈ψA+|ψR〉|2) is the success rate

of projecting the ancillary qubit into the |0〉a state. The sign of
ỹ should be determined by other means [23].

V. DISCUSSION AND CONCLUSIONS

The hybrid approach for quantum linear regression is simi-
lar to that of the all-qubit approach. Both use auxiliary modes
to encode information of singular values and finally project
out the auxiliary modes, which at the same time gives the
singular value transformation. However, the hybrid approach
exploits the infinite dimension of qumodes and is essentially
different in several aspects. First, it uses entangled qumodes
to achieve the singular value transformation. This is unique
for continuous variable quantum states (see Appendix A for
a more general investigation). Second, the finite squeezing
factor s plays a basic role which is absent for the all-qubit
approach. Those lead to some distinct properties for the
algorithm, as will be revealed below.

We first analyze the runtime of the hybrid approach using
two qumodes. It mainly arises from the construction of the
operator U = eiηAT Ap̂1p̂2 for the quantum phase estimation
and the success rate of homodyne detection at the step of sin-
gular value transformation. To construct U requires O(ε−1)
copies of density matrix AT A with desired precision ε. Mean-
while, each copy of density matrix AT A can be obtained
from |ψA〉 that takes runtime O[log (MN )] using qRAM.
Thus the runtime in the phase estimation is O[ε−1 log (MN )].
The runtime for singular value transformation turns to be

O(ε
− 3

2
q ) (see Appendix B). In total, the runtime scales as

O[ε
− 3

2
q ε−1 log (MN )].

We investigate the role of the regularization parameter
χ and the squeezing factor s for quantum speed-up and
accuracy. For low-rank AT A, we expect λmin ∼ O(1) and
λmin ∼ O(N− 1

2 ), which corresponds to the case of a bad con-
dition number. Without regularization, the exponential speed-
up loses in the all-qubit approach [16]. In our hybrid approach,
however, exponential speed-up always holds under a constant
error εq once we set s ∼ O(N

1
2 ) [recalling that (λ2

i + χ )2s4 ∼
ε−1
q ]. Moreover, with regularization, the required squeezing

factor becomes s ∼ O[
√

log(N )] if we set χ ∼ O(log N ),
which greatly reduces the requiring resources of squeezing.
For a preset constant χ , the requiring squeezing factor turns
to be s ∝ 1√

χ
.

For the aspect of an experimental reachable squeezing fac-
tor, the squeezing of motional modes of trapped ions can reach
about 12.6 dB [39] (a squeezing factor about s ∼ 18), corre-
sponding to four qubits for encoding a continuous number.
The precision can be enough for our demonstration proposal
of quantum linear regression with trapped ions where only
two singular values need to be distinguished (see Appendix C
where we have used a data set with four samples and two
features). The squeezing factor can be even higher, which may
be raised, e.g., with a longer parametric drive duration time
when keeping coherence [40]. We may see that raising the

squeezing factor requires an improvement of operations on a
single qumode against the noisy environment [39,40]. Such a
challenge is different from that of increasing the number of
qubits, which depend on the scalability of physical setups.

Due to the regularization and finite squeezing, the obtained
state |ψ ′〉 is different from one with infinite squeezing and
without regularization. To characterize this difference, we
calculate the fidelity between |ψ ′〉 and |ψ+

A 〉 and study its
relation to the regularization factor χ and squeezing factor s.
More details can be found in Appendix D. As expected, the
fidelity increases when s increases as one should expect, and
decreases when χ increases. Moreover, under larger regular-
ization the fidelity can decrease significantly more slowly with
reducing squeezing factor s.

We further mention the shrinkage effects [41] due to the
regularization and finite squeezing, which may benefit ma-
chine learning. First, regularization introduces a shrinkage
that the coefficients in |ψA+〉 are λi

λ2
i +χ

, instead of 1
λ

for the case

without regularization. The extent of shrinkage is higher for
small singular values (low-variance components) and lower
for large singular values (high-variance components). Further,
in the case of finite squeezing, the final state we obtain is
|ψA′ 〉 instead of |ψA+〉, that is, each coefficient is rescaled
by fi (Q1,Q2), correspondingly. This further reduces the
weighting of low-variance components. Rather than taking
fi (Q1,Q2) as an imperfection of the algorithm, we can
consider it as an extra regularization due to finite squeezing.
Whether this regularization will improve the performance of
prediction is an interesting question, and we will leave it for
further investigation.

It is meaningful to highlight the role of squeezing factor s

in the algorithm. On one hand, it is related to the success rate
of postselection. The smaller s, the bigger εq , and thus the
higher the success rate. On the other hand, smaller s leads to a
bigger shrinkage. Thus, a proper squeezing factor s not only is
necessary for efficiently implementing the quantum algorithm
but also may be beneficial for machine learning.

In summary, we have adopted a hybrid approach for quan-
tum linear regression, exploiting the advantage of qubits for
encoding data and the efficiency of auxiliary qumodes for
implementing phase estimations and singular value transfor-
mation. The regularization can be incorporated directly with
a controlled phase gate on two qumodes. This regularization
can remedy the issue of bad condition number by reducing
the requirement of squeezing resource and thus is important
for running the quantum algorithm efficiently. Our hybrid
approach has the same order of runtime as the all-qubit
regarding the dimension of data N , the number of training
data (samples) M , and the precision ε, but can save using
ancillary qubits at the price of requiring finite squeezing states
with qumodes. We have also demonstrated the important
role of finite squeezing for efficiently running the algorithm.
Moreover, we have shown that the shrinkage effect due to
finite squeezing may provide a new type of regularization for
linear regression. We hope that the hybrid approach may allow
us to design quantum algorithms with more flexibility and
efficiency, and may even provide new insights for quantum
machine learning, by exploiting the infinite dimensionality as
well as the finite squeezing nature of qumodes.
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APPENDIX A: QUMODES FOR QUANTUM COMPUTING

Quantum phase estimation. At the heart of QPE is quan-
tum Fourier transformation (QFT), which gives exponential
speed-up, as performing QFT on N qubits takes the order
of N2 quantum operations, while fast Fourier transformation
takes O(N2N ). It is noted that Fourier transformation for
quadrature field operators p̂ and q̂ is inherent, as revealed
by the relation of their eigenstates |q〉 and |p〉, which takes
the form |q〉 = 1√

2π

∫
dpe−iqp|p〉. Based on the inherent

QFT in qumodes, a quantum phase estimation [3] routine
can be much simplified. Note that H |ei〉 = Ei |ei〉. To write
eigenvalues into the registering qumode, one just needs to
perform a quantum gate U = eiHp̂ on |ψ〉|0〉q , which results
in

∑
i ψi |ei〉|Ei〉q . The registering of eigenvalues in qumodes

is just a shift of position (momentum), with the quantity
determined by the eigenvalues obtained as H works on its
eigenstate. Remarkably, only a single qumode with squeezing
factor [7] ε−1 is required for desired precision ε. In contrast,
for all-qubit system, registering Ei with the same precision
requires O(log ε−1) qubits.

Quantum addition. We consider the addition a + b. First
encode a as |a〉q , then the addition can be realized by per-
forming the shift operator eibp̂ on |a〉q , and it is easy to see
that the output is |a + b〉q . In general, floating computing
is more conveniently implemented in the continuous-variable
quantum computing setup [6].

Transformation of quantum amplitudes using entangled
qumodes. The task is to transform the initial state

∑
i |ψi〉

to
∑

i g(λi )|ψi〉 (unnormalized), where λi relates to |ψi〉,
such as a pair of eigenvalue and eigenstate. Here quantum
amplitudes are mapped as ai → aig(λi ). We show how this
can be achieved using entangled qumodes and projection. This
is unique for entangled states of a continuous variable. For
illustration we give the derivation only for infinite squeezing.
We assume that the following quantum state can be prepared:

|ψ〉 =
∑

i

|ψi〉
∫

dp|p〉p1 |λip〉q2 . (A1)

Take a homodyne detection on qumode q2 and if the result is
λip = qs , then the state collapses to∑

i

1

λi

|ψi〉
∣∣∣∣qs

λi

〉
p1

, (A2)

where q2 mode has been discarded. Further, postselecting of
qs = 0, then this can realize g(λ) = 1

λ
. General g(λ) in princi-

ple can be implemented as follows. First, quantum float com-
putation [6] allows a mapping from |λip〉q2 to |1/g(λip)〉q2 .
Then a homodyne measurement on the qumode q2 leads to
the state

∑
i

g(λi )|ψi〉
∣∣∣∣g

−1
(
q−1

s

)
λi

〉
p1

, (A3)

which multiplies the coefficient by g(λi ), respectively. It is
required that g−1(q−1

s ) = 0 for some given qs to disentangle
the p1 qumode. For instance, when g(x) = x−n (n > 0), we
can chose qs = 0.

APPENDIX B: FINITE SQUEEZING ANALYSIS

Let us consider squeezed states with squeezing factor s,
following the method in Ref. [9]. Then the unitary operator
U = eiηAT Ap̂1p̂2 performs on the prepared state

|�〉 ∝ |ψA〉
∫

dp1 dp2s
−1e−(p2

1+p2
2 )/2s2 |p1〉p1 |p2〉p2 . (B1)

We emphasize that the factor s−1 should not be dropped when
analyzing the runtime behavior. It follows by the operator
eiηχp̂1p̂2 realizing a regularization. To unentangle qumodes
from qubits, homodyne detections are conducted on both
qumodes with results q1 = Q1 and q2 = Q2. Then the quan-
tum state turns to be∑

i

λiBi (Q1,Q2)
∣∣ψui

〉∣∣ψvi

〉|Q1〉q1 |Q2〉q2 , (B2)

where

Bi (Q1,Q2)

=
∫

dp1 dp2e
−(p2

1+p2
2 )/2s2

ei(αip1p2−p1Q1−p2Q2 )

∝ exp
{ − [

s2
(
Q2

1 + Q2
2

) + 2is4αiQ1Q2
]
/2

(
1 + s4α2

i

)}
sαi

√
1 + 1/s4α2

i

.

(B3)

For brevity we have introduced αi = η(λ2
i + χ ). Set α2

i s
4 ∼

ε−1
q , then

Bi (Q1,Q2) ∼ e−(Q2
1+Q2

2 )/2α2
i s

2

sαi

. (B4)

The width of distribution of both Q1 and Q2 is αis ∼ 1
s
√

εq
.

For our task it is natural to let the precision εq be specified

to αi . We let Q2
1+Q2

2
αi

� εq . Note the probability density is
|λiBi (Q1,Q2)|2. Then the success rate of homodyne detec-
tion of two qumodes around the center with area εq can be
approximately calculated through∑

i

∫
Q2

1+Q2
2�αiεq

dQ1dQ2|λiBi (Q1,Q2)|2

=
∑

i

λ2
i

∫ √
εqαi

0

e−r2/α2
i s

2

s2α2
i

r dr ∝ ε
3
2
q . (B5)

The runtime is O(ε
− 3

2
q ), and further if amplitude amplifi-

cation [42] can be applied to continuous variables, then the

runtime would reduce to O(ε
− 3

4
q ).

APPENDIX C: PHYSICAL IMPLEMENTATION:
A DEMONSTRATION

For the purpose of demonstration, we consider a data
set that contains four training samples, each having two
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FIG. 3. Ions (in red color) involved at the training and prediction
steps.

features. This corresponds to M = 4 and N = 2. Features
for each sample are represented by a(m) = (a(m)

0 , a
(m)
1 ) (m =

0, 1, 2, 3), and the corresponding target value is y (m). The
regression task is to predict the target value for new data
ã = (ã0, ã1).

We choose trapped ions [30–35] for a physical implemen-
tation of the algorithm. Our setup contains ions in a Pauli trap
lined in the z direction. Each ion can provide a qubit and two
qumodes (motion modes in x and y directions). According to
their roles in the algorithm, we can group them as follows:

(1) d-ions contain three ions for loading the data infor-
mation into a quantum state |ψA〉 = ∑3

m=0

∑1
n=0 a(m)

n |m〉|n〉,
which would be transformed into the target state |ψA+〉.

(2) t-ions contain three ions. They are initialized to |ψA〉
and help to construct U for the phase estimation. Many
copies of t-ions may be required depending on the desired
precision. Here we simply choose two copies for the purpose
of demonstration.

(3) a-ion provides an ancillary qubit and two qumodes.
(4) r-ions contain three ions for encoding the reference

state |�R〉.
In total 13 ions are required. We briefly discuss how those

ions play their role in the procedures of the algorithm, as illus-
trated in Fig. 3. First, the a-ion, d-ions, t-ions, and r-ions are
initialized to |0〉a|G12〉, |ψA〉, |ψA〉, and |ψR〉, respectively.
In the training step, which transfers |ψA〉 to |ψA+〉, the t-ions,
d-ions, and a-ion are involved to perform the quantum phase
estimation. For either t-ions or d-ions, only the qubit recording
features are involved, as marked in red in Fig. 3. Then a
controlled-phase gate and homodyne measurements perform
on two qumodes of the a-ion, realizing regularization and
singular value transformation, respectively. In the prediction,
a swap test involves r-ions (encoding |�R〉), d-ions (encoding
|�+

A 〉), and a-ion (providing an ancillary qubit). Note that
two motion modes of the a-ion are not required in this stage
anymore.

We work on squeezing states of momentum, as a regular-
ization operator eiηχx̂ŷ is more realizable in a single ion.

The implementation details with the five procedures are
given as follows:

(1) State preparation. d-ions are prepared in the state
by DA|0〉d1 |0〉d2 |0〉d3 = |ψA〉. An explicit quantum circuit

FIG. 4. Quantum circuit for preparing |ψA〉. Here Dm = eiθmσy

(m = 0, 1, 2, 3) with θ = arctan(a(m)
1 /a

(m)
0 ) are single-qubit gates,

which realize Dm|0〉 = a
(m)
0 |0〉 + a

(m)
1 |1〉. H is the Hadamard gate.

Two controls are added to Dm, such that they generate |m〉(a(m)
1 |0〉 +

a(m)|1〉), respectively. We have defined |0〉 ≡ |00〉, |1〉 ≡ |10〉, |2〉 ≡
|01〉, |3〉 ≡ |11〉. The quantum circuit outputs the required state
|ψA〉 = ∑3

m=0

∑1
n=0 a(m)

n |m〉|n〉.

of DA can be seen in Fig. 4. t-ions are also prepared
in state |ψA〉. For the a-ion, the qubit state is initialed
as |0〉a , and the motion state is initialized as |G12〉 =
|0, s〉px

|0, s〉py
, where the squeezing state |0, s〉pα

is ob-
tained by performing a squeezing operator Sα (1/s) =
e

i
2 ln s(q̂α p̂α+p̂α q̂α ) on the vacuum state |0〉cα

. r-ions are ini-
tialized in the reference state |ψR〉 = Dy ⊗ Dã|0102〉r |0〉r3 =
|ψy〉|ψã〉. Here |0102〉r short-notes |0〉r1 |0〉r2 . Dy is a two-qubit
operator that prepares |ψy〉 = y (0)|0102〉r + y (1)|1102〉r +
y (2)|0112〉r + y (3)|1112〉r , and Dã|0〉r3 = ã0|0〉r3 + ã1|1〉r3 .

(2) Quantum phase estimation. This step applies an
unitary operation U = eiηAT Aq̂x q̂y , using Trρ (eiδtηq̂x q̂ySmρ ⊗
ρ ′e−iδtηq̂x q̂ySm ). Here ρ ≡ AT A = Trt1t2 |ψA〉〈ψA| is a state
on t-ions, and ρ ′ ≡ |ψA〉〈ψA| is a state on d-ions.
The conditional exponential swap operator eiδtηq̂x q̂yS is
CSHaR

z
a (δtηq̂x q̂y )HaCS . Here CS is a conditional swap op-

erator performing on the t3 qubit and d3 qubit, conditioned
on the qubit of the a-ion. We emphasize that recently the
conditional swap operator has been realized experimentally
in trapped ions [36]. Rz

a (δtηq̂x q̂y ) = eiδtησzq̂x q̂y performs on
the a-ion. Since H1 = gq̂xσx and H2 = gq̂yσy can be real-
ized using lasers when simulating Dirac equations [34,35],
then a quantum evolution eiH2δt eiH1δt e−iH2δt e−iH1δt can realize
Rz

h(δtηq̂x q̂y ) by repeating this evolution η/(g2δt ) times.
(3) Regularization. The regularization operator is a

controlled-phase gate Cz = eiχηq̂x q̂y . This may be obtained
using the relation eik0t (q̂x+q̂y )2

e−ik0t q̂
2
x e−ik0t q̂

2
y = ei2k0t q̂x q̂y by

setting 2k0t = χη. Physically, it can be realized by disturbing
the trap for the a-ion as follows. First, relax the trap along
both the x and y directions by k0 in a short time period t , then
enhance the trap along the x = −y direction by k0 in the same
period t . If t is small enough, this evolution can approximate
Cz once k0 = χη/t .

(4) Singular-value transformation. We need a measure-
ment that projects the momentum of the a-ion in an small
area εq around the zero point. A modification of the motion
tomography [37] can be applied for this task. The projective
measurement is �a (s) = S+(1/s)�a (0)S(1/s), where �a (0)
projects to the ion’s motional vacuum state |0〉c. To achieve
this, we first apply S(1/s) in both the x and y directions,
then use the quantum jump method to get the probability of
a successful projection �a (s). A projection onto a small area
around zero momentum may be approximated by choosing
a slightly bigger squeezing factor, which raises the success
rate.
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FIG. 5. The relation of fidelity with squeezing 1
s

(in brown) and
with the regularization χ (in blue).

(5) Prediction. The swap test requires a conditional swap
operation, which swaps states between d-ions and r-ions,
conditioned on the qubit in the a-ion. The qubit in the a-ion
should be reset in the |+〉a state. After the swap operation, a
Hadamard gate performs on the qubit of the a-ion and projects
it onto the |0〉a state. The probability of successful projection
is p = 1

2 (1 + |〈ψA+|ψR〉|2), and we have |ỹ| = √
2p − 1. The

sign of ỹ should be determined by other means.

APPENDIX D: ERROR DUE TO FINITE SQUEEZING
AND REGULARIZATION

We analyze the effect of finite squeezing and regular-
ization, by calculating the fidelity between the |ψA+

0
〉 =∑

i
1
λi

|ψui
〉|ψvi

〉 and |ψA′ 〉. The fidelity turns to be F (s, χ ) ∼∑
i fi (Q1,Q2) 1

αi
(not normalized). Without loss of general-

ity, we assume λ2
i distributes uniformly in the zone [δ0, 1],

where δ0 is a small positive number to avoid divergence

FIG. 6. Fidelity with squeezing under different regularization
χ = 0.01, 0.1.

brought by 1/λ. Then the fidelity can be approximated as

F (s, χ ) ∝
∫ 1

δ0

dλ exp

[
− εq

2η2(λ + χ )2s2

]
1

η(λ + χ )

= Ei

[
− εq

2(δ0 + χ )2s2η2

]
− Ei

[
− εq

2(1 + χ )2s2η2

]
,

(D1)

where Ei (z) = − ∫ ∞
−z

dte−t2
/t . The fidelity increases when

s increases as one should expect, and decreases when χ

increases, as seen in Fig. 5.
We also fixed the regularization and study the behavior

of fidelity with 1
s

between |ψ+
A 〉 and |ψ ′

A〉 under different χ .
As seen in Fig. 6, with larger regularization the fidelity can
decrease slower when reducing the squeezing factor s.

[1] A. Furusawa and P. Van Loock, Quantum Teleportation
and Entanglement: A Hybrid Approach to Optical Quantum
Information Processing (John Wiley & Sons, New York, 2011).

[2] U. L. Andersen, J. S. Neergaard-Nielsen, P. van Loock, and A.
Furusawa, Nat. Phys. 11, 713 (2015).

[3] S. Lloyd, arXiv:quant-ph/0008057.
[4] P. van Loock, W. J. Munro, K. Nemoto, T. P. Spiller, T. D. Ladd,

S. L. Braunstein, and G. J. Milburn, Phys. Rev. A 78, 022303
(2008).

[5] T. Proctor, M. Giulian, N. Korolkova, E. Andersson, and V.
Kendon, Phys. Rev. A 95, 052317 (2017).

[6] S. Lloyd and S. L. Braunstein, Phys. Rev. Lett. 82, 1784
(1999).

[7] N. N. Liu, J. Thompson, C. Weedbrook, S. Lloyd, V. Vedral,
M. L. Gu, and K. Modi, Phys. Rev. A 93, 052304 (2016).

[8] H. K. Lau and M. B. Plenio, Phys. Rev. Lett. 117, 100501
(2016).

[9] H. K. Lau, R. Pooser, G. Siopsis, and C. Weedbrook, Phys. Rev.
Lett. 118, 080501 (2017).

[10] S. Aaronson, Nat. Phys. 11, 291 (2015).
[11] C. M. Bishop, Pattern Recognition and Machine Learning,

Vol. 1 (Springer, Cambridge, 2006).

[12] J. Biamonte, P. Wittek, N. Pancotti, P. Rebentrost, N. Wiebe,
and S. Lloyd, Nature (London) 549, 195 (2017).

[13] N. Wiebe, D. Braun, and S. Lloyd, Phys. Rev. Lett. 109, 050505
(2012).

[14] M. Schuld, I. Sinayskiy, and F. Petruccione, Contemp. Phys. 56,
172 (2015).

[15] S. Lloyd, M. Mohseni, and P. Rebentrost, Nat. Phys. 10, 631
(2014).

[16] P. Rebentrost, M. Mohseni, and S. Lloyd, Phys. Rev. Lett. 113,
130503 (2014).

[17] V. Dunjko, J. M. Taylor, and H. J. Briegel, Phys. Rev. Lett. 117,
130501 (2016).

[18] S. Lloyd, S. Garnerone, and P. Zanardi, Nat. Commun. 7, 10138
(2016).

[19] G. M. Wang, Phys. Rev. A 96, 012335 (2017).
[20] A. W. Harrow, A. Hassidim, and S. Lloyd, Phys. Rev. Lett. 103,

150502 (2009).
[21] B. D. Clader, B. C. Jacobs, and C. R. Sprouse, Phys. Rev. Lett.

110, 250504 (2013).
[22] J. Pan, Y. D. Cao, X. W. Yao, Z. K. Li, C. Y. Ju, H. W. Chen,

X. H. Peng, S. Kais, and J. F. Du, Phys. Rev. A 89, 022313
(2014).

012331-8

https://doi.org/10.1038/nphys3410
https://doi.org/10.1038/nphys3410
https://doi.org/10.1038/nphys3410
https://doi.org/10.1038/nphys3410
http://arxiv.org/abs/arXiv:quant-ph/0008057
https://doi.org/10.1103/PhysRevA.78.022303
https://doi.org/10.1103/PhysRevA.78.022303
https://doi.org/10.1103/PhysRevA.78.022303
https://doi.org/10.1103/PhysRevA.78.022303
https://doi.org/10.1103/PhysRevA.95.052317
https://doi.org/10.1103/PhysRevA.95.052317
https://doi.org/10.1103/PhysRevA.95.052317
https://doi.org/10.1103/PhysRevA.95.052317
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevA.93.052304
https://doi.org/10.1103/PhysRevA.93.052304
https://doi.org/10.1103/PhysRevA.93.052304
https://doi.org/10.1103/PhysRevA.93.052304
https://doi.org/10.1103/PhysRevLett.117.100501
https://doi.org/10.1103/PhysRevLett.117.100501
https://doi.org/10.1103/PhysRevLett.117.100501
https://doi.org/10.1103/PhysRevLett.117.100501
https://doi.org/10.1103/PhysRevLett.118.080501
https://doi.org/10.1103/PhysRevLett.118.080501
https://doi.org/10.1103/PhysRevLett.118.080501
https://doi.org/10.1103/PhysRevLett.118.080501
https://doi.org/10.1038/nphys3272
https://doi.org/10.1038/nphys3272
https://doi.org/10.1038/nphys3272
https://doi.org/10.1038/nphys3272
https://doi.org/10.1038/nature23474
https://doi.org/10.1038/nature23474
https://doi.org/10.1038/nature23474
https://doi.org/10.1038/nature23474
https://doi.org/10.1103/PhysRevLett.109.050505
https://doi.org/10.1103/PhysRevLett.109.050505
https://doi.org/10.1103/PhysRevLett.109.050505
https://doi.org/10.1103/PhysRevLett.109.050505
https://doi.org/10.1080/00107514.2014.964942
https://doi.org/10.1080/00107514.2014.964942
https://doi.org/10.1080/00107514.2014.964942
https://doi.org/10.1080/00107514.2014.964942
https://doi.org/10.1038/nphys3029
https://doi.org/10.1038/nphys3029
https://doi.org/10.1038/nphys3029
https://doi.org/10.1038/nphys3029
https://doi.org/10.1103/PhysRevLett.113.130503
https://doi.org/10.1103/PhysRevLett.113.130503
https://doi.org/10.1103/PhysRevLett.113.130503
https://doi.org/10.1103/PhysRevLett.113.130503
https://doi.org/10.1103/PhysRevLett.117.130501
https://doi.org/10.1103/PhysRevLett.117.130501
https://doi.org/10.1103/PhysRevLett.117.130501
https://doi.org/10.1103/PhysRevLett.117.130501
https://doi.org/10.1038/ncomms10138
https://doi.org/10.1038/ncomms10138
https://doi.org/10.1038/ncomms10138
https://doi.org/10.1038/ncomms10138
https://doi.org/10.1103/PhysRevA.96.012335
https://doi.org/10.1103/PhysRevA.96.012335
https://doi.org/10.1103/PhysRevA.96.012335
https://doi.org/10.1103/PhysRevA.96.012335
https://doi.org/10.1103/PhysRevLett.103.150502
https://doi.org/10.1103/PhysRevLett.103.150502
https://doi.org/10.1103/PhysRevLett.103.150502
https://doi.org/10.1103/PhysRevLett.103.150502
https://doi.org/10.1103/PhysRevLett.110.250504
https://doi.org/10.1103/PhysRevLett.110.250504
https://doi.org/10.1103/PhysRevLett.110.250504
https://doi.org/10.1103/PhysRevLett.110.250504
https://doi.org/10.1103/PhysRevA.89.022313
https://doi.org/10.1103/PhysRevA.89.022313
https://doi.org/10.1103/PhysRevA.89.022313
https://doi.org/10.1103/PhysRevA.89.022313


REALIZING QUANTUM LINEAR REGRESSION WITH … PHYSICAL REVIEW A 99, 012331 (2019)

[23] M. Schuld, I. Sinayskiy, and F. Petruccione, Phys. Rev. A 94,
022342 (2016).

[24] V. Giovannetti, S. Lloyd, and L. Maccone, Phys. Rev. A 78,
052310 (2008).

[25] F. Y. Hong, Y. Xiang, Z. Y. Zhu, L. Z. Jiang, and L. N. Wu,
Phys. Rev. A 86, 010306 (2012).

[26] K. R. Patton and U. R. Fischer, Phys. Rev. Lett. 111, 240504
(2013).

[27] X. D. Cai, D. Wu, Z. E. Su, M. C. Chen, X. L. Wang, L. Li,
N. L. Liu, C. Y. Lu, and J. W. Pan, Phys. Rev. Lett. 114, 110504
(2015).

[28] C. Weedbrook, S. Pirandola, R. García-Patrón, N. J. Cerf, T. C.
Ralph, J. H. Shapiro, and S. Lloyd, Rev. Mod. Phys. 84, 621
(2012).

[29] S. Kimmel, C. Y.-Y. Lin, G. H. Low, M. Ozols, and T. J. Yoder,
npj Quantum Inf. 3, 13 (2017).

[30] J. I. Cirac and P. Zoller, Phys. Rev. Lett. 74, 4091
(1995).

[31] H.-K. Lau and D. F. V. James, Phys. Rev. A 85, 062329
(2012).

[32] C. Shen, Z. Zhang, and L. M. Duan, Phys. Rev. Lett. 112,
050504 (2014).

[33] L. Ortiz-Gutiérrez, B. Gabrielly, L. F. Muñoz, K. T. Pereira,
J. G. Filgueiras, and A. S. Villar, Opt. Commun. 397, 166
(2017).

[34] L. Lamata, J. Leon, T. Schatz, and E. Solano, Phys. Rev. Lett.
98, 253005 (2007).

[35] R. Gerritsma, G. Kirchmair, F. Zahringer, E. Solano, R. Blatt,
and C. F. Roos, Nature (London) 463, 68 (2010).

[36] N. M. Linke, S. Johri, C. Figgatt, K. A. Landsman, A. Y.
Matsuura, and C. Monroe, Phys. Rev. A 98, 052334 (2018).

[37] J. F. Poyatos, R. Walser, J. I. Cirac, P. Zoller, and R. Blatt,
Phys. Rev. A 53, R1966 (1996).

[38] H. Buhrman, R. Cleve, J. Watrous, and R. de Wolf, Phys. Rev.
Lett. 87, 167902 (2001).

[39] D. Kienzler, H. Y. Lo, B. Keitch, L. de Clercq, F. Leupold, F.
Lindenfelser, M. Marinelli, V. Negnevitsky, and J. P. Home,
Science 347, 53 (2015).

[40] S. C. Burd, R. Srinivas, J. J. Bollinger, A. C. Wilson, D. J.
Wineland, D. Leibfried, D. H. Slichter, and D. T. C. Allcock,
arXiv:1812.01812.

[41] P. C. Hansen, BIT Numer. Math. 27, 534 (1987).
[42] G. Brassard, P. Hoyer, M. Mosca, and A. Tapp, arXiv:quant-

ph/0005055.

012331-9

https://doi.org/10.1103/PhysRevA.94.022342
https://doi.org/10.1103/PhysRevA.94.022342
https://doi.org/10.1103/PhysRevA.94.022342
https://doi.org/10.1103/PhysRevA.94.022342
https://doi.org/10.1103/PhysRevA.78.052310
https://doi.org/10.1103/PhysRevA.78.052310
https://doi.org/10.1103/PhysRevA.78.052310
https://doi.org/10.1103/PhysRevA.78.052310
https://doi.org/10.1103/PhysRevA.86.010306
https://doi.org/10.1103/PhysRevA.86.010306
https://doi.org/10.1103/PhysRevA.86.010306
https://doi.org/10.1103/PhysRevA.86.010306
https://doi.org/10.1103/PhysRevLett.111.240504
https://doi.org/10.1103/PhysRevLett.111.240504
https://doi.org/10.1103/PhysRevLett.111.240504
https://doi.org/10.1103/PhysRevLett.111.240504
https://doi.org/10.1103/PhysRevLett.114.110504
https://doi.org/10.1103/PhysRevLett.114.110504
https://doi.org/10.1103/PhysRevLett.114.110504
https://doi.org/10.1103/PhysRevLett.114.110504
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1038/s41534-017-0013-7
https://doi.org/10.1038/s41534-017-0013-7
https://doi.org/10.1038/s41534-017-0013-7
https://doi.org/10.1038/s41534-017-0013-7
https://doi.org/10.1103/PhysRevLett.74.4091
https://doi.org/10.1103/PhysRevLett.74.4091
https://doi.org/10.1103/PhysRevLett.74.4091
https://doi.org/10.1103/PhysRevLett.74.4091
https://doi.org/10.1103/PhysRevA.85.062329
https://doi.org/10.1103/PhysRevA.85.062329
https://doi.org/10.1103/PhysRevA.85.062329
https://doi.org/10.1103/PhysRevA.85.062329
https://doi.org/10.1103/PhysRevLett.112.050504
https://doi.org/10.1103/PhysRevLett.112.050504
https://doi.org/10.1103/PhysRevLett.112.050504
https://doi.org/10.1103/PhysRevLett.112.050504
https://doi.org/10.1016/j.optcom.2017.04.011
https://doi.org/10.1016/j.optcom.2017.04.011
https://doi.org/10.1016/j.optcom.2017.04.011
https://doi.org/10.1016/j.optcom.2017.04.011
https://doi.org/10.1103/PhysRevLett.98.253005
https://doi.org/10.1103/PhysRevLett.98.253005
https://doi.org/10.1103/PhysRevLett.98.253005
https://doi.org/10.1103/PhysRevLett.98.253005
https://doi.org/10.1038/nature08688
https://doi.org/10.1038/nature08688
https://doi.org/10.1038/nature08688
https://doi.org/10.1038/nature08688
https://doi.org/10.1103/PhysRevA.98.052334
https://doi.org/10.1103/PhysRevA.98.052334
https://doi.org/10.1103/PhysRevA.98.052334
https://doi.org/10.1103/PhysRevA.98.052334
https://doi.org/10.1103/PhysRevA.53.R1966
https://doi.org/10.1103/PhysRevA.53.R1966
https://doi.org/10.1103/PhysRevA.53.R1966
https://doi.org/10.1103/PhysRevA.53.R1966
https://doi.org/10.1103/PhysRevLett.87.167902
https://doi.org/10.1103/PhysRevLett.87.167902
https://doi.org/10.1103/PhysRevLett.87.167902
https://doi.org/10.1103/PhysRevLett.87.167902
https://doi.org/10.1126/science.1261033
https://doi.org/10.1126/science.1261033
https://doi.org/10.1126/science.1261033
https://doi.org/10.1126/science.1261033
http://arxiv.org/abs/arXiv:1812.01812
https://doi.org/10.1007/BF01937276
https://doi.org/10.1007/BF01937276
https://doi.org/10.1007/BF01937276
https://doi.org/10.1007/BF01937276
http://arxiv.org/abs/arXiv:quant-ph/0005055



