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Implementing a qubit quantum computer in continuous-variable systems conventionally requires the
engineering of specific interactions according to the encoding basis states. In this work, we present a
unified formalism to conduct universal quantum computation with a fixed set of operations but arbitrary
encoding. By storing a qubit in the parity of two or four qumodes, all computing processes can be
implemented by basis state preparations, continuous-variable exponential-swap operations, and swap tests.
Our formalism inherits the advantages that the quantum information is decoupled from collective noise, and
logical qubits with different encodings can be brought to interact without decoding. We also propose a
possible implementation of the required operations by using interactions that are available in a variety of
continuous-variable systems. Our work separates the ‘“hardware” problem of engineering quantum-
computing-universal interactions, from the “software” problem of designing encodings for specific
purposes. The development of quantum computer architecture could hence be simplified.
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Introduction.—In a wide range of quantum computa-
tional tasks, the basic quantity of quantum information is a
two-level system that can be prepared in an arbitrary
superposition state (qubit) [1]. If the quantum system
consists of individually addressable energy eigenstates,
such as the internal levels in trapped atoms or the
polarization states of electron spins [2], the qubit bases
are most trivially represented by two of such states. On the
other hand, there are also quantum systems, such as optical
modes [3], mechanical oscillators [4], quantized motion of
trapped ions [5], and spin ensembles [6,7], that consist
of an abundance of evenly spaced energy levels. In these
systems, usually referred to as continuous-variable (CV)
systems, addressing a particular energy eigenstate is usu-
ally challenging. There is thus no trivial CV representation
of a qubit.

Nevertheless, the large Hilbert space of each degree
of freedom, usually called a quantum mode (qumode),
provides the flexibility for designing a qubit encoding for
specific purposes. Each popular encoding, for which the
computational basis states could be Fock states, coherent
states, Cat states, superpositions of squeezed states, or
else [8-22], has its own strength in, e.g. efficiency of
initialization, error-tolerance, or measurement accuracy.
Conventionally, implementing the computing logical proc-
esses requires the engineering of dedicated interactions
according to the characteristics of the encoding basis,
which may require a specific physical setup, i.e., hardware,
that cannot be changed as easily as the choice of encoding.
The variety of encoding diversifies the architecture of CV
quantum computers, and precludes the strengths of each
encoding to be shared with all others.

In this work, we describe two unified schemes for
universal quantum computing with any CV encoding, in
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the sense that all logical processes are independent of the
encoding state in each qumode. Specifically, a qubit is
stored in the parity of two or four qumodes. All logical
processes, which include computational state initialization,
universal set of logic gates, and state readout, can be
implemented by the preparation of encoding basis states,
exponential-swap operations, and swap tests. We show
how the required operations can be implemented with
realistic physical interactions in CV systems. Our schemes
inherently allow logical qubits with different encoding
to be brought to interact without decoding; thus, the
strength of different encodings can be utilized in the same
computation. Additionally, the logical states lie in the CV
decoherence-free subsystem, so the quantum information is
robust against spatially collective noise.

Dual-rail scheme.—We begin by describing the simpler
scheme in which each logical qubit consists of two
qumodes. For any encoding with the orthogonal single-
mode basis states |0;) and |1;), where (0;|1;) =0, we
define the dual-rail logical (D-logical) basis states as
|0p) =0.1;) and |1p) =1|1,0.). A computation involv-
ing N logical qubits thus requires 2N qumodes. We denote
that the nth D-logical qubit is composed of the (2n — 1)th
and the 2nth qumodes. We assume the ability to efficiently
prepare |0, ) and |1, ), and hence the initial computational
state |0,)®V.

In the specific encoding of lowest energy Fock states, the
D-logical states resemble the dual-rail single photon qubit
in optical quantum computers [8,10]. Nevertheless, the
logic gate implementations of those schemes rely heavily
on the property of the Fock basis states. In stark contrast,
the logic gates illustrated in this work are constructed
from swap-based operations that are independent of the
encoding bases. By definition, the swap between the
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qumodes i and j, S;; j» 18 defined by the action S, 4 S =a;
for any i and j, where a; is the ann1h11at10n operator
of qumode i. The D-logical basis states are flipped by
swapping the qumodes, i.e., S»,_12,/0p), = |1p),» 50 a
swap plays the role of the Pauli-X operation in the
D-logical basis, i.e., Sz,, 1on = XD

Arbitrary rotation on the Y-Z plane of the D-logical
Bloch sphere is accomplished by a two-mode exponential-
swap (E-swap) operation [23,24], i.e.,

exp(iQSZn—l,Zn) = exp(iQf(Dn). (1)

An entangling gate between two D-logical qubits could be
a four-mode E-swap,

exp(1.03'211—I,Zn:S\ern—l,Zrn) = exp(iQ)A(Dn },\(Dm ) . (2)

The universal set of logic gates can be completed by a
phase-shift gate, exp(i¢pZp,) [1]. Unfortunately, we find that
such an operation cannot be coherently implemented by
any combination of swap. Nevertheless, if a small gate error
is permitted, the phase-shift gate can be efficiently imple-
mented by the quantum machine-learning techniques [23].
Consider that an ancillary qumode c is prepared in [0, ),.
After an E-swap operation is applied with the second
qumode of the target D-logical qubit, the ancilla is then
disposed. For a small parameter ¢, the operation can be
approximated as

Tr {em*5: ([0,)(0, |, ® pp, Je5ean}
R (e e00ul), oy (000, 4 O(e2).  (3)

The operation induces a phase shift e¢p only on the
D-logical qubit state |1 ). Repeating the process for 1/(2¢)
times, we obtain the gate operation (e="2#10.)(0cl), —
e~ exp(ipZ p,)» With an overall error that scales as O(e).

After computation, the D-logical qubit is read out by a
swap test [25]. Specifically, a controlled-swap operation,
Con-120 = [0) {04 ® byt 20 + [1)(1]4 & S3-1.20> Where I
is the identity operator, is applied to the nth D-logical
qubit and an auxiliary qubit A that is prepared in
|44 = (|0)4 + |1),)/v/2. The total state becomes

= [+)a(lp, + Xp,)lwp)a/2
+ =) allp, = Xp)lwp)a/2.  (4)

é2n—l,2n ) alwp) s

for any D-logical state |yp). Measuring the auxiliary
qubit in the X, basis is effectively a projective Pauli-X
measurement on the D-logical qubit.

Quad-rail scheme.—The main drawback of the dual-rail
scheme is the incoherent implementation of the phase-shift
gate that requires a surplus of operations and resources.
Here we describe a quad-rail scheme in which even
the phase-shift gate can be implemented coherently. We

define the quad-rail logical (Q-logical) basis states as
0p) =|+p—p) and |lp)=|-p+p), where each
consists of two D-logical qubits in either of |£p)=
(10,1,) +[1,0,))/v/2. We note that the scheme can be
viewed as the concatenation of a variant of the exchange-
interaction code on CV encodings [26,27].

A computation with N Q-logical qubits requires 4N
qumodes. To initialize the computational state, the qum-
odes are first prepared in either of the encoding basis states,
and then grouped into 2N pairs that each consists of one
|0;) and one |1,). A swap test is then applied to project
each pair of qumodes to either |+p) or |—p). When N is
large, the probability of obtaining sufficient |[+p) and |-p)
for initializing (1 — )N qubits of [0y) is exponentially
close to unity in terms of N.

The nth Q-logical qubit is composed of the (4n — 3)th to
4nth qumodes. Swapping the first two qumodes of a
Q-logical qubit will induce a phase of —1 only if the state
is |1p); this operation plays the role of the Q-logical
Pauli-Z operator, i.e., 3’4”_3.4,,_2 = ZQn- Hence the single
qubit phase-shift gate and the entangling conditional-phase
gate can be implemented respectively by the two-mode and
four-mode E-swap operations, i.e.,

eXP(i¢S4n—3.4n—2) = exp(iqﬁZQn), (5)
exp(i¢S4n—3,4n—2‘§4m—3,4m—2) = CXP(i¢ZQ,,2Q,n)~ (6)

The Q-logical basis states are flipped by swapping the
first two qumodes with the last two qumodes of a Q-logical
qubit. This operatlon plays the role of the Q-logical Pauli-X
operator, i.e. S4,, 34n— 1S4n 2dn = =X o, Hence the rotation
gate on the Q-logical Y-Z plane can be implemented by a
four-mode E-swap operation,

exp(i0*§4n—3.4n—1 S4n—2,4n> = exp(iéf(Q” ). (7)

Equations (5), (6), and (7) complete the coherent
implementation of the universal logic gate set in the
Q-logical basis.

Similar to the dual-rail scheme, a Q-logical qubit is also
read out by a swap test. An auxiliary qubit is first prepared
in |4),, and a controlled-swap operation is then applied to

the first two qumodes of a Q-logical qubit, i.e., @4,1_3!4,1_2.
The total state becomes

= [+)allg, + ZQ Wwo)/2
+1-)allg, = Zo)lwo)a/2.  (8)

Measuring the auxiliary qubit in the X, basis is effectively
a projective Pauli-Z measurement on the Q-logical qubit.

Before proceeding, we emphasise that the logical proc-
esses of both the dual-rail and quad-rail schemes are
implemented by the same set of operations: basis state
preparations, two-mode and four-mode E-swap operations,
and swap-tests. As a comparison, implementing a D-logical

a4n—3,4n—2 ) alvo),
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phase-shift gate requires excessive operations and ancillae,
but each D-logical qubit is composed of fewer qumodes, so
the dual-rail scheme could be advantageous for a class of
encodings that the phase-shift operation is efficient. On the
other hand, although each Q-logical qubit involves more
qumodes, all logic gates can be implemented coherently for
the Q-logical qubits.

Computation with different encodings.—All the logical
processes in the two schemes are constructed without
specifying the encoding in each qumode. Therefore, the
sequence of physical operations that synthesizes a compu-
tational circuit is the same, irrespective of the encoding
basis states |0;) and |1,). In fact, the computation can be
conducted by a party that has no knowledge about the basis
states except their orthogonality.

Examples of popular encoding basis states are shown in
Table 1. The encodings are developed for their own
purposes, but each of them inevitably suffers from certain
drawbacks. For instances, Fock state encoding [8—11] and
coherent state encoding [12,13] enable efficient state
preparation and linear-optical logic gates, but some logic
gates are probabilistic and their implementations require
stringent detection efficiencies. Cat state encoding enables
quantum error correction against photon loss [14—16], but
implementing the logic gates may require slow Zeno
dynamics. The Gottesman-Kitaev-Preskill (GKP) protocol
enables fault-tolerant quantum computating and logical
states to be read out by accurate homodyne detection, but
the basis states are superpositions of squeezed states of
which the construction is technically challenging [17,18].

Remarkably, our schemes inherently allow logical qubits
with different encodings to be brought to interact in the
same computation, without the necessity to decode the
quantum information. This is because the four-mode
E-swap operation, which implements the logical entangling
gates in Egs. (2) and (6), preserves the computational
subspace of each D-logical qubits, i.e.,

[eXp{ieSZH,Zn—lSZm,Zm—l)’IDn (Ll) ® IDm (LQ)] = 0’ (9)

TABLE 1. Examples of single-mode basis states of different
encodings. The lowest energy Fock state is defined as a|0) = 0.
A coherent state with an amplitude « is given by |a) = D(a)|0),
where D(a) is the displacement operator [28]. We consider only
the case |a| > 1 [29]. |x),, is an infinitely squeezed state as well
as an eigenstate of the g-quadrature, i.e., g|x), = x|x),. We have
neglected the normalization in the states.

Encoding |0.) I1.)

Fock state [8—11,30] |0) atlo)
Coherent state [12,13] |a) | —a)

Cat state [14-16] @) + | — a) lia) + | — ia)
GKP [17,18] 2 [2n), © _LPn+1),

where Zp(L;) =(0,1;,,)(0, 1, +11,,0.,)(1,.0. | is the
projection operator to the computational subspace of a
D-logical qubit with the encoding L;. Because each
Q-logical qubit is composed of two D-logical qubits, the
property in Eq. (9) also preserves the computational sub-
space of Q-logical qubits.

In the dual-rail scheme, the same encoding is required
only for the two qumodes in each D-logical qubit and
the O(1/e) ancillae required for implementing the phase-
shift gate. In the quad-rail scheme, it is sufficient for the
four qumodes in each Q-logical qubit to have the same
encoding.

The logical processes of both the dual- and quad-rail
schemes are sufficiently but not necessarily implemented
by the swap-based operations; specific properties of an
encoding could be used to achieve more robust or faster
logical processes. For example, a D-logical qubit with GKP
encoding can be readout by homodyne detection, which
could be more accurate than the qubit measurement in a
swap test. Thus the strengths of different encodings can be
utilized if each encoding is employed in the part of
computation for which it is best adopted. For instance,
coherent states are efficiently created as undetected logical
ancillae, cat states are best for transmitting quantum
information through lossy links, and the final result is
accurately read out from GKP qubits.

Decoherence free subsystem.—In CV quantum compu-
tation, leakage error is a major form of error as the
environmental noise typically projects the encoded state
out of the computational subspace. In some CV systems,
the noise is the same in each qumode. Examples include the
background magnetic field experienced by spin ensembles,
and the fluctuation of the trapping potential of an ion chain.
The decoherence effect of such collective noise can be
reduced by storing the quantum information in the
decoherence-free subsystem (DFS) (also referred to as
noiseless subsystems [31]) [32-34]. As a merit of our
schemes, both the D-logical and Q-logical states are
inherently within the DFS. To the best of our knowledge,
our schemes are also the first explicit protocols that
incorporate DFS in CV systems.

The key idea is that collective noise commutes with the
swap operation, i.e., [U,- ® Uj, S‘ij] =0, where U, and IAJJ-
are the same unitary noise acting on different qumodes, so
it also commutes with the E-swap and controlled-swap
operations that constitute the logical processes. For a
computation that is implemented by a physical operation
U, the physical state that has suffered from subsequent
collective noise is given by

UPMU|T,) = UTBM|T,), (10)

where |¥() is the M-mode total initial state of the
computational and the ancillary qumodes. The right-hand
side of Eq. (10) can be viewed as the implementation of the
same computation with the redefined encoding states,
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|0,/) = U]0,) and |1,/) = U|1,). Because both I and the
swap-test-based logical readout are the same for all
encodings, the collective noise does not decohere the
quantum information nor does it affect the computation
result.

The DFS does not only protect the quantum informa-
tion in the storage, it could also offer the protection
during the logic gate operations. If the controlled-swap,
two-mode, and four-mode E-swap can be respectively
implemented by the Hamiltonians I:IC x @, I:IZ 13 S', and
H, xS ®S, then the collective noise commutes with
the logical processes, ie., [U®M H,|=[U®M, H,| =
[OU®M,H,] = 0, and so the quantum information always
lies within the DFS.

Finally, we discuss about the order of correlation that is
tolerable by the DFS. In the quad-rail scheme, because the
same encoding is required only in each Q-logical qubit,
U has to be identical among the four qumodes in the
same (Q-logical qubit. On the other hand, although each
D-logical qubit consists of only two qumodes, the same
noise has to be experienced also by the O(1/¢) ancillae for
implementing accurate phase-shift gates.

Quantum error correction.—Some encodings enable
quantum error correction (QEC) in each qumode
[14,15,17]. For an error channel £ with an error 6, a
QEC process R can recover any encoding state [y), up to
an error that scales as a higher order of 4, i.e.,
RAE{Iw) (w]}} ~ ) (w] + O(82). Such a QEC process
is applicable to correct errors in the D-logical qubit,
which is essentially a two-mode encoding state, |y) =
00[0.02) + co1|02 1) + €10[1.0.) + cpi[1L1), with the
constraint ¢y = ¢1; = 0. Similarly, QEC is also applicable
in the quad-rail scheme, because each Q-logical qubit
stores quantum information in a subspace of the four-
mode encoding states. Additionally, other noises and
implementation errors that are not rectified by single
qumode QEC could be tackled by concatenating well-
established qubit QEC codes on multiple dual- and quad-
rail logical qubits [35].

Physical implementation.—The most ideal implemen-
tation of the E-swap and the controlled-swap operations
is to apply the exchange interactions in the form of
H, x S, Hy x S®S, and H, C, so that the computa-
tion is always conducted within the DFS. To the best of
our knowledge, however, such interactions have not been
engineered in any CV system yet. Alternatively, we
propose an implementation that employs only realistic
interactions, at the expense that the quantum information
may leave the DFS during the operations.

We require an auxiliary qubit A that can be rotated on the
Y-Z plane of the Bloch sphere, i.e., R, (0) = exp(i6X,), to
act as the control in the controlled-swap operation. Initially,
the qubit is prepared as |+) ,. The E-swap operations can be
coherently implemented as [24],

+) R(6) +)
L c LTI w)
|¥) 0503

FIG. 1. Circuit diagram of Eq. (11) for implementing two-mode
(blue only) and four-mode (blue + red) E-swap. The ancilla qubit
remains in |+) after the operations.

CiiRA(0)C|+) 4| W) = [+) 1€ | W), (11)

éijéklRA(g)éijékl|+>A|\Il>ijkl = |+>Aeiesijsk]|qj>ijkl7 (12)

where W), (|¥),;,) is the state of the qumodes i,
j (, j, k, ). The circuit diagram of the above procedure
is shown in Fig. 1.

The implementation of the controlled-swap operation is
best understood by expressing it as a unitary,

= o~ W/ aa1=0]a;) ,i(z/2)(1,~24)a] ; o (7/4) (2] -a]2;) (13)
This operation can be implemented by applying in a correct
order the controlled-phase-shift interaction Hy < Z ata,
and passive linear mode transformations that include beam
splitting, Hpg o &i&; + &j& j» and phase shifting, Hp
a'a [25,36]. While the linear transformations are prevalent,
the interaction in the form of A can also be found in many
CV systems, such as the dispersive coupling between a
transmon qubit and a cavity [37], and the second-order
magnetic field gradient that couples a diamond nitrogen-
vacancy center with a mechanical oscillator [38].

Conclusion and discussions.—In this work, we have
described a unified formalism to conduct universal quan-
tum computation independently of the specific CV encod-
ing of the qubit. By storing the quantum information in the
parity of two or four qumodes, all logical processes can be
implemented by basis state preparations, exponential-swap
operations, and swap tests. Both the D- and Q-logical states
are inherently the decoherence-free subsystem of the
qumodes, so the stored quantum information is decoupled
from collective noise. Our schemes allow logical qubits
with different encodings to interact without decoding. This
unprecedented flexibility would allow the strengths of
different encodings to be utilized in the same computation,
when each encoding is employed in the computational
process that it is best adopted, e.g. storage, logical trans-
formation, transmission, or readout.

We have proposed an implementation of the required
exponential-swap and controlled-swap operations that
involves only realistic interactions. Nevertheless, we
encourage experimentalists to engineer in CV systems the

exchange interactions Hz xS, 1514 xS®S, and I:IC x @,
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for implementing the computing processes within the DFS,
in addition to the potential applications in quantum learning
machines [23,24,39]. We anticipate possibilities in concat-
enating existing nonlinear Hamiltonians [40] or applying
non-Gaussian measurements [41,42]. In any case, once the
exponential-swap and the controlled-swap operations are
realized, they are sufficient for conducting universal quan-
tum computation with any encoding. Therefore, the encod-
ing can be designed with a greater flexibility. Our scheme
could hence facilitate the development of the hybrid con-
tinuous-variable quantum computers [28,41,42].

H.-K. L. thanks Christian Weedbrook for useful com-
ments. This work is supported by the Croucher Foundation,
an Alexander von Humboldt Professorship, and the EU
projects EQUAM and QUCHIP.

“hklau.physics @ gmail.com
[1] M. A. Nielsen and I.L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, England, 2010).

[2] T.D. Ladd, E Jelezko, R. Laflamme, Y. Nakamura, C.
Monroe, and J. L. O’brien, Nature (London) 464, 45 (2010).

[3] S.L. Braunstein and P. van Loock, Rev. Mod. Phys. 77, 513
(2005).

[4] M. Poot and H.S.J. van der Zant, Phys. Rep. 511, 273
(2012).

[5] H. Hiéffner, C. F. Roos, and R. Blatt, Phys. Rep. 469, 155
(2008).

[6] K. Tordrup, A. Negretti, and K. Mglmer, Phys. Rev. Lett.
101, 040501 (2008).

[7]1 J.H. Wesenberg, A. Ardavan, G.A.D. Briggs, J.J.L.
Morton, R.J. Schoelkopf, D.I. Schuster, and K. Mglmer,
Phys. Rev. Lett. 103, 070502 (2009).

[8] I.L. Chuang and Y. Yamamoto, Phys. Rev. A 52, 3489
(1995).

[9] L. L. Chuang and Y. Yamamoto, arXiv:quant-ph/9604030.

[10] E. Knill, R. Laflamme, and G. J. Milburn, Nature (London)
409, 46 (2001).

[11] J. D. Franson, B. C. Jacobs, and T. B. Pittman, Phys. Rev. A
70, 062302 (2004).

[12] T.C. Ralph, A. Gilchrist, G. J. Milburn, W. J. Munro, and S.
Glancy, Phys. Rev. A 68, 042319 (2003).

[13] A.P. Lund, T. C. Ralph, and H. L. Haselgrove, Phys. Rev.
Lett. 100, 030503 (2008).

[14] Z. Leghtas, G. Kirchmair, B. Vlastakis, R.J. Schoelkopf,
M. H. Devoret, and M. Mirrahimi, Phys. Rev. Lett. 111,
120501 (2013).

[15] M. Mirrahimi, Z. Leghtas, V. V. Albert, S. Touzard, R.J.
Schoelkopf, L. Jiang, and M. H. Devoret, New J. Phys. 16,
045014 (2014).

[16] N. Ofek, A. Petrenko, R. Heeres, P. Reinhold, Z. Leghtas, B.
Vlastakis, Y. Liu, L. Frunzio, S. M. Girvin, L. Jiang, M.
Mirrahimi, M. H. Devoret, and R.J. Schoelkopf, arXiv:
1602.04768.

[17] D. Gottesman, A. Kitaev, and J. Preskill, Phys. Rev. A 64,
012310 (2001).

[18] N.C. Menicucci, Phys. Rev. Lett. 112, 120504 (2014).

[19] I. L. Chuang, D. W. Leung, and Y. Yamamoto, Phys. Rev. A
56, 1114 (1997).

[20] A. Ketterer, A. Keller, S.P. Walborn, T. Coudreau, and
P. Milman, arXiv:1512.02957 [Phys. Rev. A (to be
published)].

[21] M. H. Michael, M. Silveri, R.T. Brierley, V. V. Albert, J.
Salmilehto, L. Jiang, and S. M. Girvin, Phys. Rev. X 6,
031006 (2016).

[22] S.-W. Lee and H. Jeong, Phys. Rev. A 87, 022326 (2013).

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

[24] H.-K. Lau, R. Pooser, G. Siopsis, and C. Weedbrook,
arXiv:1603.06222.

[25] R. Filip, Phys. Rev. A 65, 062320 (2002).

[26] D. Bacon, J. Kempe, D. A. Lidar, and K. B. Whaley, Phys.
Rev. Lett. 85, 1758 (2000).

[27] M. Mohseni and D. A. Lidar, Phys. Rev. Lett. 94, 040507
(2005).

[28] P. Van Loock, Laser Photonics Rev. 5, 167 (2011).

[29] In both coherent state and cat state encodings, the authors
usually consider large displacements, i.e., || > 1, so that
the overlap between basis states are exponentially small, i.e.,
[{OL[1,)[? o O(eleF).

[30] Here the two Fock basis states are given only as a possibility.
Typical Fock state schemes employ dual-rail encoding that a
photon is in either one of two qumodes. Nevertheless, our
schemes can be trivially extended to the dual-rail Fock
qubits by using four (eight) qumodes in each D-logical
(Q-logical) qubit, and replacing the two-mode (four-mode)
E-swap operations with the four-mode (eight-mode)
E-swap.

[31] Here the decoherence-free subsystems should not be con-
fused with decoherence-free subspaces. For the later, the
encoded state remains unchanged by collective noise. In our
case of a decoherence-free subsystem, however, the collec-
tive noise can change the state except the degree of freedom
that stores the quantum information.

[32] E. Knill, R. Laflamme, and L. Viola, Phys. Rev. Lett. 84,
2525 (2000).

[33] P. Zanardi, Phys. Rev. A 63, 012301 (2000).

[34] J. Kempe, D. Bacon, D. A. Lidar, and K. B. Whaley, Phys.
Rev. A 63, 042307 (2001).

[35] D. Lidar and T. Brun, Quantum Error Correction
(Cambridge University Press, Cambridge, England, 2013).

[36] H.Jeong, C. Noh, S. Bae, D. G. Angelakis, and T. C. Ralph,
J. Opt. Soc. Am. B 31, 3057 (2014).

[37] S.E. Nigg, H. Paik, B. Vlastakis, G. Kirchmair, S. Shankar,
L. Frunzio, M. H. Devoret, R.J. Schoelkopf, and S. M.
Girvin, Phys. Rev. Lett. 108, 240502 (2012).

[38] Y. Ma, Z.-Q. Yin, P. Huang, W.L. Yang, and J. Du,
arXiv:1603.05807.

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

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

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

[42] A. Furusawa and P. van Loock, Quantum Teleportation and
Entanglement: A Hybrid Approach to Optical Quantum
Information Processing (Wiley-VCH, New York, 2011).

100501-5


http://dx.doi.org/10.1038/nature08812
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1016/j.physrep.2011.12.004
http://dx.doi.org/10.1016/j.physrep.2011.12.004
http://dx.doi.org/10.1016/j.physrep.2008.09.003
http://dx.doi.org/10.1016/j.physrep.2008.09.003
http://dx.doi.org/10.1103/PhysRevLett.101.040501
http://dx.doi.org/10.1103/PhysRevLett.101.040501
http://dx.doi.org/10.1103/PhysRevLett.103.070502
http://dx.doi.org/10.1103/PhysRevA.52.3489
http://dx.doi.org/10.1103/PhysRevA.52.3489
http://arXiv.org/abs/quant-ph/9604030
http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1103/PhysRevA.70.062302
http://dx.doi.org/10.1103/PhysRevA.70.062302
http://dx.doi.org/10.1103/PhysRevA.68.042319
http://dx.doi.org/10.1103/PhysRevLett.100.030503
http://dx.doi.org/10.1103/PhysRevLett.100.030503
http://dx.doi.org/10.1103/PhysRevLett.111.120501
http://dx.doi.org/10.1103/PhysRevLett.111.120501
http://dx.doi.org/10.1088/1367-2630/16/4/045014
http://dx.doi.org/10.1088/1367-2630/16/4/045014
http://arXiv.org/abs/1602.04768
http://arXiv.org/abs/1602.04768
http://dx.doi.org/10.1103/PhysRevA.64.012310
http://dx.doi.org/10.1103/PhysRevA.64.012310
http://dx.doi.org/10.1103/PhysRevLett.112.120504
http://dx.doi.org/10.1103/PhysRevA.56.1114
http://dx.doi.org/10.1103/PhysRevA.56.1114
http://arXiv.org/abs/1512.02957
http://arXiv.org/abs/1512.02957
http://dx.doi.org/10.1103/PhysRevX.6.031006
http://dx.doi.org/10.1103/PhysRevX.6.031006
http://dx.doi.org/10.1103/PhysRevA.87.022326
http://dx.doi.org/10.1038/nphys3029
http://dx.doi.org/10.1038/nphys3029
http://arXiv.org/abs/1603.06222
http://dx.doi.org/10.1103/PhysRevA.65.062320
http://dx.doi.org/10.1103/PhysRevLett.85.1758
http://dx.doi.org/10.1103/PhysRevLett.85.1758
http://dx.doi.org/10.1103/PhysRevLett.94.040507
http://dx.doi.org/10.1103/PhysRevLett.94.040507
http://dx.doi.org/10.1002/lpor.201000005
http://dx.doi.org/10.1103/PhysRevLett.84.2525
http://dx.doi.org/10.1103/PhysRevLett.84.2525
http://dx.doi.org/10.1103/PhysRevA.63.012301
http://dx.doi.org/10.1103/PhysRevA.63.042307
http://dx.doi.org/10.1103/PhysRevA.63.042307
http://dx.doi.org/10.1364/JOSAB.31.003057
http://dx.doi.org/10.1103/PhysRevLett.108.240502
http://arXiv.org/abs/1603.05807
http://dx.doi.org/10.1103/PhysRevLett.113.130503
http://dx.doi.org/10.1103/PhysRevLett.113.130503
http://dx.doi.org/10.1103/PhysRevLett.82.1784
http://dx.doi.org/10.1103/PhysRevLett.82.1784
http://dx.doi.org/10.1038/nphys3410

