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states and adaptive linear optics

Fumiya Hanamura®,! Warit Asavanant ®,"> Hironari Nagayoshi®," Atsushi Sakaguchi,” Ryuhoh Ide ®,

1

Kosuke Fukui®,! Peter van Loock,> and Akira Furusawa'-2
' Department of Applied Physics, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
2Optical Quantum Computing Research Team, RIKEN Center for Quantum Computing, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
3Institute of Physics, Johannes-Gutenberg University of Mainz, Staudingerweg 7, 55128 Mainz, Germany

® (Received 31 May 2024; accepted 26 July 2024; published 19 August 2024)

Non-Gaussian quantum gates are essential components for optical quantum information processing. However,
the efficient implementation of practically important multimode higher-order non-Gaussian gates has not been
comprehensively studied. We propose a measurement-based method to directly implement general, multimode,
and higher-order non-Gaussian gates using only fixed non-Gaussian ancillary states and adaptive linear optics.
Compared to existing methods, our method allows for a more resource-efficient and experimentally feasible

implementation of multimode gates that are important for various applications in optical quantum technology,
such as the two-mode cubic quantum nondemolition gate or the three-mode continuous-variable Toffoli gate,
and their higher-order extensions. Our results will expedite the progress toward fault-tolerant universal quantum

computing with light.

DOI: 10.1103/PhysRevA.110.022614

I. INTRODUCTION

Continuous-variable (CV) optical systems are a promis-
ing platform for large-scale quantum information process-
ing. Alongside the large-scale Gaussian operations enabled
by cluster states [1,2], non-Gaussian operations are cru-
cial elements [3,4] for many practical tasks ranging from
fault-tolerant universal quantum computing [5] to quantum
simulation [6]. The single-mode cubic phase gate (CPG) [5],
whose Hamiltonian is £3, has been intensively explored [5,7]
as the simplest example of such non-Gaussian operations,
and has been demonstrated in a proof-of-principle experiment
[8]. However, for practical tasks such as the generation and
manipulation of code words for quantum error correction
[5], or the quantum simulation of complex quantum systems
[6], multimode and/or higher-order non-Gaussian gates are
required.

Direct deterministic implementations of such non-
Gaussian gates are challenging in optical systems because
of their small intrinsic nonlinearity. Thus, ancilla-assisted
implementations with offline probabilistic ancilla states are
a common approach [7,8]. However, in most proposals,
only the implementation of elementary single-mode gates
such as CPGs is discussed, and multimode, higher-order
gates are implemented via decomposition of the gates
into multiple CPGs and Gaussian operations [9-11]. This
requires a large number of CPGs and the noise from each
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gate accumulates, making the composed gate noisy. As a
complementary approach, a method has been proposed to
directly perform the higher-order and/or multimode gates
using higher-order and/or multimode non-Gaussian ancillary
states and nonlinear feedforward [12]. This scheme has the
advantage that it requires fewer steps to implement the gate,
at the expense of more complex non-Gaussian ancillary
states. However, this proposal is somewhat incomplete, as it
requires an adaptive preparation of different non-Gaussian
states depending on previous measurement outcomes, whose
experimental implementation is not trivial.

In this work, we propose a general methodology to im-
plement high-order multimode non-Gaussian gates, requiring
only the offline preparation of fixed ancillary states that de-
pend solely on the gate to be implemented, and adaptive
linear optics, which are experimentally concrete and feasi-
ble resources. Our protocol is measurement based [13], and
thus compatible with quantum information processing us-
ing cluster states [1]. Our protocol allows different choices
of non-Gaussian ancillary states for implementing the same
gate. Exploiting this degree of freedom, we propose some
heuristic approaches based on Chow decomposition [14] of
polynomials to reduce the number of ancillary modes. We
apply our method to several important examples, including
the cubic quantum nondemolition (QND) gate [9], which is
a lowest-order non-Gaussian entangling gate, and the CV
Toffoli gate [9], which provides a minimal universal gate
set together with the Hadamard gate, and their higher-order
extensions. We show that in both third-order cases and higher-
order cases, one can reduce the number of required Gaussian
and non-Gaussian ancillary modes compared to the conven-
tional decomposition into single-mode non-Gaussian gates
[9,11,15]. Our results open up new possibilities for CV

Published by the American Physical Society
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quantum circuit optimization, which not only expedites the
progress toward fault-tolerant universal quantum computing
and efficient quantum simulation, but also leads to a better
understanding of complex multimode quantum dynamics.

The structure of the paper is as follows. In Sec. II, we
introduce some preliminary notations used throughout this
paper. In Sec. III, we discuss that an arbitrary gate can
be decomposed into “quadrature gates,” whose Hamiltonian
only includes one of the orthogonal quadrature operators. In
Sec. IV, we introduce the measurement-based implementation
of quadrature gates, showing the equivalence of measure-
ments and gates. In Sec. V, we propose implementations
of multimode third-order gates, introducing the concept of
generalized linear coupling, which provides the freedom to
choose different non-Gaussian ancillary states. In Sec. VI,
we describe some examples of third-order gates and their
implementations. In Sec. VII, we describe the general method-
ology of how to implement higher-order gates. In Sec. VIII,
we propose some heuristic approaches to reduce the number
of ancillary modes using mathematical tools such as Chow
decomposition. In Sec. IX, we present some examples of
higher-order gates. We demonstrate the resource efficiency
of our scheme compared to conventional schemes by using
the strategies to reduce the ancillary modes introduced in
Sec. VIIL

II. DEFINITIONS AND NOTATIONS

The variables x and p represent quadrature operators of an
optical mode, which satisfy a commutation relation [x, p] = i.
Hats (%) of operators are omitted whenever it is clear from the
context. We define the quadrature operator of arbitrary phase
0 as

po = pcosf + xsin6. (D

Bold symbols such as s and x represent vectors of either c-
numbers or operators.

For diagrammatic notations, we use the notation illustrated
in Fig. 1(a) for multimode states in circuit diagrams. We
define a mode-wise beam splitter for two parts of multimode
states, with arbitrary numbers of modes n, n’ for each part.
It is characterized by a vector of amplitude transmittances
t = (1, ..., tminen,ny)- We define it as in Fig. 1(c), and thus
when n # n’, some of the modes just pass through without
interaction.

We define a multimode beam splitter described by an or-
thogonal matrix O as an operation U such that

U'xU = Ox, ()
U'pU = Op. 3)

We depict this as a rectangle with O as in Fig. 1(b).
For multivariable polynomials, we use the tensor notation

N
fly =) fhx )
k=0

N
= Z Z f;'(ll,{.)..,ikxil - Xigs (5)

k=0 ip,...,ix

" —
25 =n —
p :
(a)
n( 0O ;
L L
p O Op
(b)
(1
" ‘ n<n
I n>n'

\
(©

FIG. 1. (a) Notation for n-mode states in circuit diagrams.
(b) Multimode beam splitter corresponding to an orthogonal matrix
0. (c) Mode-wise beam splitter with transmittance ¢.

where f®) is a symmetric tensor of rank k, corresponding to
the kth-order coefficient of f(x). For a homogeneous polyno-
mial f, we sometimes just denote ™) as f, by a slight abuse
of notation.

III. GATE DECOMPOSITION INTO QUADRATURE GATES
We consider a general multimode unitary operation
-5 Xn)), (6)

with an arbitrary Hamiltonian H in the form of a finite-order
polynomial,

H(xy,...,x,) = Z (c,- Hx,’(""kpzik +¢f an"kx,':‘"k) (7
k

i k

expliH (x1, ..

Using Trotter-Suzuki approximation [10,16], this can be de-
composed into linear operations and Hamiltonians of the form

X (8)
k

This only includes x quadratures. We shall refer to this as a
quadrature gate. Thus, in this form, it is directly suitable for a
measurement-based implementation. In the rest of this paper,
we will focus on how to realize these multimode quadrature
gates.

Note that such decomposition is not unique for a given
Hamiltonian. In Appendix A, we explicitly provide an exam-
ple of such decomposition for an arbitrary Hamiltonian, as a
generalization of the method in Ref. [10].
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FIG. 2. Measurement-based implementation of the Hamiltonian
V(x1,...,x,), with a constant squeezing factor. This setup includes
ancillary squeezed states, a mode-wise half beam splitter [HBS, as
illustrated in Fig. 1(b)], measurements of nonlinear operators m(V'),
and feedforwarded displacement ﬁp (m) to the p quadrature based on
the measurement outcomes m.

IV. MEASUREMENT-BASED IMPLEMENTATION
OF QUADRATURE GATES

We consider a quadrature gate U = exp[iV (xy, ..., x,)]
with an arbitrary x-Hamiltonian V' in the form of a finite-order
polynomial,

N
Vix) = ZV(")x‘X’k. )
k=1

We consider a measurement-based implementation of the
gate U. We define n commuting operators,

0
mix,p;V)=U"pU = p; — V@ x). 10)

Xi

We write this as
0
m(x,p;V)=p— —V(x), (11D
ox

in short. We also just write this as m(V'), when x, p are clear
from the context.

Then we consider the circuit in Fig. 2, which consists
of n modes of ancillary squeezed states (x eigenstates),
a half beam splitter, and simultaneous measurements of
m;. The quadrature operators after the beam splitter are
written as

Xout = %(xm +x,), (12)
Pow = %(pm +p,), (13)
Xy = %(xm —Xy), (14)
Pn = %(Pm —py) (15)

By measuring the operator m(x,, p,,;V) and performing a
displacement to p/ , by a feedforward, the output quadratures

are expressed as

1
Xout = _(xin +xs)a (16)
t ﬁ
Pout = Pou + M, p,3V) (17)
0 1
=2p, — ﬁaxinv[ﬁ(xin _xs)]- (18)

Because we take the x eigenstate as the ancillary state, x; can
be substituted by 0, obtaining

1
Xout = E

3 1
ot = V2P — V2 v<—xm>. 20
p t p axin ﬁ ( )

Xin, 19)

This can be written as

Xou = UTSTxinSU, (21)
Pou = U'S"p,,SU. (22)
with a squeezing operator S satisfying
S'pS = V2p, (23)
STxS = Lx. (24)

V2

This means the circuit implements the operation U up to
constant squeezing S.

Thus, the problem of implementing the gate is now reduced
to finding an implementation for the simultaneous measure-
ment of the non-Gaussian operators m;. From here on, we
focus exclusively on this measurement-based model. There-
fore, when we refer to the implementation of a gate V, we
mean the implementation of a measurement of m (V). In the
following sections, we demonstrate that this measurement can
be performed using multimode non-Gaussian ancillary states
and linear optics, and we discuss methods to minimize the
required resources for this implementation.

Note that in a realistic situation where we use finitely
squeezed states instead of the x eigenstates as the ancil-
lary states, the output state has additional classical Gaussian
displacement noises expressed by x;, as can be seen from
Egs. (16) and (18).

V. IMPLEMENTATION OF THIRD-ORDER
HAMILTONIANS

In order to see how a non-Gaussian measurement can be
implemented using non-Gaussian ancillary states and non-
linear feedforward, we first consider the simplest case of a
third-order Hamiltonian. Suppose we want to implement a
Hamiltonian

VXl ..., x,) = Vax® (25)
= Z VijkXiX Xy, (26)
ijk

where V;j; is an arbitrary symmetric tensor of rank 3. In
order to implement this operation using the measurement-
based method explained in Sec. IV, one needs to measure the
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operators,
m =mx,, p,;V) 27)
= p,, — 3Vx’. (28)

Below, we introduce two methods for implementing this
measurement. The first method involves mode-wise coupling
using mode-specific beam splitters and adaptive homodyne
measurements, which require minimal resources for imple-
mentation. The second method generalizes this scheme using
the concept of generalized linear coupling that we introduce.
In this approach, a virtual Gaussian operation can be adap-
tively performed on the ancillary state using only adaptive
linear optics. This second method enhances the flexibility of
the implementation and is crucial for the implementation of
higher-order gates discussed in Sec. VII.

A. Mode-wise coupling

We first consider the circuit in Fig. 3(a). The input state is
combined with an n-mode non-Gaussian ancillary state using
mode-wise half beam splitters. The quadrature operators of
the input and the ancillary modes are denoted as x,,, p,, and
x', p’, respectively. The quadrature operators after the beam
splitters are expressed as

1
7 =7
1

1
x+=ﬁ(xm+x’), p+=ﬁ(pm+p’). (30)

1
x_ = (p —x), ®, — D) (29)

When we define
m =mQ,p;-V) 3D
=p +3Vx®? (32)
and
S=m+m, (33)
we obtain
§=p,+p — 3V —x®?) (34)
=V2p, —6V(x; ®x_). (35)

Then we measure x_ and suppose we get the outcomes
x_ =s. This makes the measurement of § equivalent to the
measurement of the linear quadrature operators,

§=2p, —6V(s®x,) (36)
=V2(p, +Ax,), 37)

where we define a rank-2 tensor (matrix),
A = —3/2Vs. (38)

Thus, § is a set of commuting linear combinations of the
quadrature operators. These operators can be simultaneously
measured using a multimode beam splitter followed by homo-
dyne measurements on each mode, as shown in Appendix B.
Hence the measurement of § can be performed using the
circuit in Fig. 3(a). The orthogonal matrix O(s) and the phases

Mg

m(mmapm; V)
|m(f) =0)

(c)

FIG. 3. (a) Implementation of a third-order Hamiltonian with
mode-wise coupling. The multimode beam splitter O(s) and the
phase 6 are determined by the homodyne measurement outcomes s.
Note that the input field x,,, p,, corresponds to the measured field
in Fig. 2, and the scheme implements the measurement of m(V').
(b) Definition of generalized linear coupling characterized by a ma-
trix K and measurement s. We draw them as a double square and
a double-line detector, respectively. (c) Implementation of a third-
order Hamiltonian with generalized linear coupling K. The function
f corresponding to the ancillary states should satisfy Eq. (75).

of the homodyne measurement 6;(s) are determined via the
diagonalization of A as follows:

tan 6,
A=0" 0. (39)
tan 6,
Since these parameters are nonlinear functions of s, nonlinear
feedforward is required for implementing the measurement.

When we choose the ancillary state to be the eigenstate of
m’ satisfying

m =0, (40)

the measurement of § is equivalent to the measurement of
m. In the presence of imperfections of the ancillary state, m’
introduces extra noise to the measurement.
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B. Generalized linear coupling

In Ref. [17], it is mentioned that one can effectively control
the ancilla squeezing by changing the transmittance of the
beam splitter. This is useful because it can save squeezing
resources using only linear optics and it allows for adap-
tive squeezing operations on the ancillary state, which are
required for the implementation of higher-order gates, as we
will discuss in Sec. VII. We generalize this idea for multimode
cases, resulting in a structure that enables a broader range of
multimode Gaussian operations on the ancillary state, not just
mode-wise squeezing.

Suppose we have n input modes and »’ ancillary modes.
For any n x n’ matrix K, let

K=0"x0 41)

be the singular-value decomposition of K. O and O’ are
nx n and n’ x n’ orthogonal matrices, respectively, and X
is an’ x n diagonal matrix. Figure 3(b) defines a generalized
linear coupling characterized by K as a combination of three
multimode beam splitters O, O’, OT and a mode-wise beam
splitter £, where ¢ is determined so that

ri

M
t; '

i=1,...,min(n, n'), (42)
for the diagonal elements A; of ¥ [see Sec. II and Fig. 1 for
the diagrammatic notations used in Fig. 3(b)]. We express it
as a double square as in Fig. 3(b). The quadrature operators of
the input and ancillary modes are denoted as x, p and x/, p'.
The quadrature operators of the output modes are denoted as
x_,p_andx,, p, . We also define a measurement s expressed
by a double-line detector in Fig. 3(b) as a measurement of
s = OTT'x_, where

- {diag(tl, e t) if ' <n

43
St 1 1) (“43)

diag(ty, . . otherwise.

This can be done either by first measuring x_ and postpro-
cessing the measurement outcomes or by measuring x_ after
applying the multimode beam splitter 0" T’. Then, we have
the following theorem.

Theorem 1. For arbitrary f, g, there is a relation

P(K)m(x, p; ) + KP(K)m(x', p'; 8)
=mxy,p;foxs &) (44)
where we define a matrix P(K) as
P(K)=(I+K"K)™'?, (45)
and a binary operator ¢k s between two functions f, g as
(f ok.s &) = fIP(K)x + K"s] + glKP(K)x —s]. (46)

The proof of Theorem 1 is given in Appendix C. For a
third-order Hamiltonian V and a third-order function f, we
have

(V ogs )x) = VIP(K)x + KTs]®* + fIKP(K)x — s]®°
47)
= (V + fK®HP(K)x]® + 0(?). (48)

Thus, if one finds a function f such that
V + fK® =0, (49)

then V ¢k f becomes a second-order function of x, and so
the measurement of m(Xou, Pouis V Ok f) can be performed
using beam splitters and homodyne measurement using the
same method as in Sec. V A. Therefore, if we use the eigen-
state of m(x’, p’; f) as the ancillary states, the measurement
of m(xy,, p;,; V) can be implemented with the scheme in
Fig. 3(c).

From the form of the condition given by Eq. (49), this
generalized linear coupling effectively applies a multimode
Gaussian operation

x — Kx (50)

to the input state. Note that the case of mode-wise HBS
coupling described in Sec. V A corresponds to the case where
K=1.

VI. EXAMPLES OF THIRD-ORDER GATES
A. Cubic-QND gate

The simplest example of a third-order multimode Hamil-
tonian is the cubic-QND gate, whose Hamiltonian can be
written as

V(x1, %) = x1%3. (51)

This can be implemented using the scheme in Fig. 4(a), which
consists of half beam splitters, feedforwarded variable beam
splitters (VBSs), homodyne measurements, and a two-mode
ancillary state satisfying
pr+x3=0, py+2xx=0. (52)

Note that a physical approximation of this state is discussed in
Ref. [12]. The transmittance of the variable beam splitter r and
the phases 6; of the homodyne measurement are determined
from the measurement outcomes s, s», by performing the
following eigenvalue decomposition:

0 s t —r\[tan6; 0 t r
ﬁ(sz s1> - (r t )( 0 tan92> <—r t>'
(53)

An alternative way of implementing the gate can be ob-
tained by rewriting Eq. (51) as

V(x,x) = o +x0) + (6 —x)* —2x]] (54)

(such a decomposition is called Waring decomposition [18];
see, also, Sec. VIII D). From this, we can take

fGrx,x3) = —(x) +x3 +x3) (55)

and

1 -1 (56)
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HBS
Do,
HBS ° '
Po,
p1+ x% =0
P2 +2x172 =0
(a)
x x x |
0.746
Peo,
0.789 t
Do,

®3

lp+ 32% = 0)

(b)

FIG. 4. Implementation of the cubic-QND gate. (a) When mode-
wise coupling is used. (b) When single-mode ancillary states and
generalized linear coupling are used.

in the scheme of Fig. 3(c). This K has a singular value decom-
position,

VIFTT 0
V21 (57)
0 0

where the orthogonal matrix O’ can be expressed as a product
of two two-mode beam-splitter matrices:

213 1

1 L
A OE O o WEve
| 1 1
o0 = 55 0 0 1 0 . (58)
1 213
0 0 U\~ Tnem T
Thus, the gate can be implemented using the cir-

cuit in Fig. 4(b). Here, three cubic-phase states (CPSs)
lp+3x* = O)®3 are used as the ancillary state.

In the first case, using the two-mode ancilla of Eq. (52),
the number of ancillary modes (two non-Gaussian, two Gaus-
sian) is less than for the decomposition of the gate into three

HBS J«
A
HBS A2 |
\9 Do,
\ 4
HBS
Pos

p1+ w2w3 =0

P2 +x3x1 = 0

p3+ 122 =0

8
8
8
8
D

HBS

Ppo,

HBS

HBS

Pos

FIG. 5. Implementations of Toffoli gates. (a) When mode-wise
coupling is used. (b) When single-mode ancillary states and general-
ized linear coupling are used.

CPGs, which requires three non-Gaussian and three Gaussian
ancillary modes [9]. Even in the second case using three CPSs
as the ancillary states, the number of the Gaussian ancillary
modes is reduced to two without changing the non-Gaussian
ancillary states.

B. Toffoli gate
Another important example is the CV Toffoli gate [9],

V(x1, X2, X3) = X1X2%3, (59)

which provides a universal gate set together with the
Hadamard gate. The Toffoli gate can be implemented with
the scheme in Fig. 5(a), using a three-mode ancillary state
satisfying

p1+xx3 =0,
P2 +x3x1 =0,
p3+x1x =0, (60)

022614-6



IMPLEMENTING ARBITRARY MULTIMODE ...

PHYSICAL REVIEW A 110, 022614 (2024)

and a three-mode VBS, which can be realized using three two-
mode VBSs. The orthogonal matrix O corresponding to the
VBS and the phases 8; of the homodyne measurements can be
obtained from the following eigenvalue decomposition:

0 S3 52 tan91 0 0
V2lss 0 s |=0"| 0 tams, 0 |o.
s2 s 0 0 0 tan 6,

(61)

This implementation of the Toffoli gate requires three non-
Gaussian and three Gaussian ancillary modes, which is a
reduced number of modes compared to a known decompo-
sition of the gate into four CPGs, requiring four non-Gaussian
and four Gaussian ancillary modes [9]. Similar to the example
of the cubic-QND gate in Sec. VI A, one can also use four
CPSs as the ancillary state, keeping the number of squeezed
ancillary states at three, as in Fig. 5(b). This is because the
Waring decomposition of V is given by

V(x) =L [(x1 +x+x3)° + (—x; — x4 x3)°
+ (=x1 +x2 —x3)° + (1 —x2 — x3)°], (62)

and thus one can take

fx) = xf —i—x% —l—xg’ +x2, (63)
111 1 0 0
1|1 -1 1 1 lo 1 0
K=wl-1 1 =1|=9 5o o 1f
1 -1 -1 0 0 0
(64)
1 1 0 0\/1 0 0 0
o—|-t 1t o offo o 10
=l o o 1 1llo 1 0 o
0 0 -1 1/J\o 0 0 1
1 1 0 0
11 0 0
I o o 1 1 (65)
0 0 —1 1

VII. IMPLEMENTATION OF HIGHER-ORDER
HAMILTONIANS

In this section, we consider the general Nth-order
Hamiltonian,

N
Vix) = Z Y 0@k (66)
k=1

for n modes [x = (x1,...,x,)]. Reference [17] shows that
the measurement corresponding to a single-mode quadrature
phase gate e of an arbitrary order N can be implemented
using N — 2 non-Gaussian ancillary states and linear optics,
by sequentially decreasing the order of the measured polyno-
mial using nonlinear feedforward operations. We generalize
this idea to the multimode case given by Eq. (66). In Fig. 6, we

Find f1,..., fm, K1,..., Ky, satisfying Eq. (70).
(Sec. VIII)
Obtain fi,..., fm, Ki1,..., Km and A(s),b(s), c(s)

satisfying Eq. (67). Build the system in Fig. 7.
(Theorem 2)

Measure s1,...,s; and perform non-
linear feedforward to the VBSs K41
(Sec. VIII)

Using s, ..., Sm, perform non-linear feedfor-
ward to VBS O(s) and homodyne phases 6;.

(Eq. (39), App. B)

Perform homodyne measurement pg, post-process
Po to obtain the measurement outcomes of m (V).
(Eq. (39), App. B)

offline online

FIG. 6. Procedure to implement the measurement m(V') corre-
sponding to the general multimode Hamiltonian V' [Eq. (66)]. For
the details, see Secs. VII and VIII.

summarize the whole procedure to implement the measure-
ment of m(V), which is explained in this and the following
sections.

From Theorem 1, if one can find fi, ..., fu, Ki, ..., Ku,
and A(s), b(s), c(s) satisfying
(V <>K1,S1 fl <>K2,S2 e OKW,,S,” fm)(-x)
= xTA(s)x + b(s) x + c(s) (67)

for arbitrary measurement outcomes s;, then the measurement
of m(x, p; V) can be implemented using the scheme in Fig. 7.
Here the beam-splitter matrix O and the phases of the homo-
dynes 6; are determined via the eigenvalue decomposition of
A(s) [Eq. (39)]. For finding such a sequence, it is convenient
to define an operator *x 5 as

(f *ks () = f(x) + g(Kx —5), (68)

because we have the following theorem.

Theorem 2. For any sequences fi,..., fin, Ki,...
there exist K|, ..., K}, and A such that for any sy, ..
there exist 5|, . .., s,, and b satisfying

’ Km7

0 Sm:

(V Okiui f1 Onzss *+ Okpusy Ji) ()
ERRR oY fm)(Ax + b). (69)

m

= (V *Ki,s) fl *K>,s)

The proof of Theorem 2 is given in Appendix D. From
Theorem 2, it is sufficient to find a sequence f;, K, and A, b, ¢
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B

K

post-process

3

—l K4 Kol =+ —
Im(fi) =0)|m(f2) =0) =« ¢ « |m

+

(fm)

M(L1, Prnj V)

FIG. 7. Implementation of higher-order Hamiltonian, consisting of multiple non-Gaussian ancillary states, linear optics (generalized linear
coupling, Sec.V B), and homodyne measurements. Part of the linear optics and measurements are adaptively changed depending on previous

measurement outcomes.

such that
(V *ky51 1 *Kass * %Ko fn) (X)) = X7 Ax + bTx + . (70)

More specifically, if we write

(V %k i *Koss =+ %k, f) () = Zv“ Px®k (71
where N; = deg(V *k, s, f1 *ky.5, -+ * *k;.5; f}), We have
V(H—l k) _ V(/ k) + Z ( ) (l)l(_s)®l kK;Gjrkl (72)
In particular, we have
1,N; N; (N}) 1-®N;
V(H— ) V(J )“l‘f Kj+1 (73)
Thus, if one takes f;4; and K so that
Nj) - ®N;
VU 4 RS =0, (74)

one has N; = N — j and Eq. (70) can be satisfied with m =
N — 2 steps. When f; is taken to be a homogeneous poly-
nomial of order N — j satisfying

V(J j)_l_f] ]
Eq. (72) becomes

; : N; -
VUTLD — y b ( k’)fj+1(—s)®Nf “KEN

®N

=0, (75)

(76)

If one can adaptively prepare the ancillary non-Gaussian
states depending on the measurement outcomes s;, the whole
process can be implemented using only (N — 2) x n ancillary
modes by choosing

Ji =

However, in an actual setup, it is often difficult to prepare non-
Gaussian states adaptively, and a better strategy is to prepare
fixed ancillary states f; and adaptively change K;. When this
strategy is taken, f; should not depend on the measurement
outcomes sy, ..., Sx—1. In the following sections, we consider
this situation.

_V(kfl,N+17k)’ Kk =1. (77)

VIII. REDUCTION OF THE NUMBER
OF ANCILLARY MODES

In this section, we consider the problem to minimize the
number of the non-Gaussian ancillary modes, when those

states cannot be adaptively prepared depending on the previ-
ous measurement outcomes s. Although the general solution
for finding the global minimum is still an open question, we
give several observations and heuristic strategies. In Sec. IX,
we apply those strategies to some examples and compare the
performances.

We recommend the reader to first check the example in
Sec. IX A before reading the following discussion, to gain
intuition about our idea.

A. Sign problem

Before beginning the discussion about the number of ancil-
lary modes, we first describe a subtle problem caused by the
indefinite sign of the measurement outcomes. For example,
suppose one wants to implement a single-mode quadrature
phase gate V (x) = x" [17]. One can naturally choose f;(x) =
—xN, K; = 1 and get

Vs fi =2 = (0 = )" (78)
=NVl (79)
Now one wants to choose f>(x) = —x¥~! and K, = (Ns)ﬁ

so that f>(K>x) = —Nsx"¥~!, but this works only when N — 1
is odd or s > 0 because K> should be a real number.

Solutions of this problem would be either (a) to allow finite
success probability of the gate and assume s > 0, or (b) to
prepare two ancillary states with different signs (e.g., x"~!
and —x"~') and switch them depending on the sign of the
measurement outcome s. When we choose (a), the gate is no
longer deterministic, while when we take (b), the number of
necessary ancillary modes increases. For example, in the case
of the quadrature phase gate, one needs N — 2 + | (N — 2)/2]
modes instead of N — 2 as in Ref. [9].

The same problem also exists in the general cases of the
multimode non-Gaussian gates that we consider here. How-
ever, because this problem exists in all the schemes that we
compare in Sec. VIIIE and it only causes an increase of the
number of modes by a constant factor, in the rest of the paper
we ignore this problem for simplicity and assume that all
measurement outcomes s are positive.

B. The a-rank of tensor

For the coefficients of the polynomial [Eq. (71)], we write
V(jJVj) — V(.ixNj)(s)’ (80)
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as a function of all previous measurement outcomes s =
(s1,--.,5j-1). We define the a-rank of VN1)(s) as the mini-
mum dimension of f; that does not depend on s and satisfies
Eq. (75). Equivalently, for a tensor A(s) depending on s, we
define the a-rank of A(s) as

arank[A(s)] = mindim F

such that 3K (s), A(s) = FK(s)®~. (81)

Using this, the number of necessary ancillary modes is upper
bounded by

N-2
> arank [V <IN ()], (82)
k=1

where arank(V ®V)) = arank (V™)) = n (the number of input

modes). The a-rank has the following properties.

Theorem 3.
arank[A(5)K (5)®*] < arank[A(s)], (83)
arank[A1(s) + Ax(s)] < arank[A(s)] + arank[A,(s)]. (84)
Proof. The first property directly follows from the

definition.
For the second property, suppose we have decompositions

Ai(s) = B1K;(s)®, (85)

As(s) = BaKs(5)®, (86)

where B; and B, are n;-dimensional and n,-dimensional ten-
sors. We define a (n; + n,)-dimensional tensor By & B, as

(B ® By)x® = BixP* + Byrf™, (87)
where we divide x=(xi,...,Xp4n,) into x; =
(1, ..., %07 and x2 = (X, 41,...,%,) ., and define the
matrix K (s) @ K> (s) as

K@k = O (88)

1(8 208) = 0 Kz(s) .

Then we have
A1(s) + Aa(s) = (B) @ By)[Ki(s) ® Ka(s)]%F, (89)

which leads to Eq. (84). ]

C. Chow decomposition and b-rank

The following decomposition of a polynomial A(x) is
called Chow decomposition [14],

ol

SI(Swn) - oo

i=1 j=1

Ax) =

Here, r is_ called Chow rank and denoted as crank(A). Here we
allow m” in general to depend on s. We define the h-rank of
A as

brank(A) =

Xr:li. on
i=1

For a homogeneous polynomial A of order n, the b-rank is
related to the Chow rank by

brank(A) = n - crank(A). 92)

The Chow decomposition and b-rank are useful for finding the
a-rank of tensors because we have the following theorem.
Theorem 4. The a-rank of a tensor A(s) is upper bounded

as
arank[A(s)] < brank[A(s)]. 93)

Proof. Writing each term of Eq. (90) as A;(s) gives

(1)

Ai(s)x® = H[Zm(')(s)xk:| : (94)

j=1

and we define tensors B; as
(l)

]_[ ) (95)

Then, we have
Ai = BIMY(s)]®", (96)
where the matrix M®(s) is defined as

(MO (s)x]; = Zm<’><s>xk. ©97)

Because B; does not depend on s, we have
arank[A;(s)] < [;. (98)
>, A;(s) and Theorem 3, it follows that

< Z ;. (99)

Thus, from A(s) =

arank[A(s)]

More explicitly, defining

BIA(s)] = D B:. (100)
MIA(9)] = EP M. (101)
we have
A(s) = BIA(s)IM[A(5)]®N (102)
and B[A(s)] is not dependent on s from its definition. |

Furthermore, because from Eq. (76) VY% has the form
YU — X:Ais@n,7

the following theorem gives another upper bound of the
a-rank.
Theorem 5. If Ax®* is a monomial,

l_[x, ’

(103)

(104)

then, for j < k,

arank (As®/) < [. (105)
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Proof. We define

q; = (As®)

1)

Note that here we assume s; > 0 (see Sec. VIII A). We also

(106)

(107)

define
. S1 Si
Dj(s)zdlag<—,..., —). (108)
qj qj
Then we get
. . Si. 1
As®I[D;(s)x]®F = Z Ay iSiy St
. . q;
Iyeney 173
S,‘k
X xi/+l — X, (109)
4dj
1
= k_—j ns?i Z A,‘l ,,,,, ,',()Cl'jJrl ce e Xy
dj * i=1 i
(110)
= Y AiicKip X, (111)
i1emsit
= A/x® (112)
where A’ is a tensor which does not depend on s,
A =Al1%, (113)
defined using a constant vector
1=(1,...,D. (114)
Thus,
As®F = A'[D;(s)" 'OV, (115)
and we get
arank(As®/) < arank(A") </ (116)
from Theorem 3. |

Corollary 1. For a tensor A not depending on s and j < k,
arank (As®/) < brank(A). (117)

Proof. The proof follows from Theorems 3 and 5. ]

When f; is taken to be a homogeneous polynomial of order
N — j+ 1, from Eq. (76), Theorem 3, and Corollary 1, we
have

arank (VU*19) Carank (VYY) + brank(fj4+1),  (118)

and thus

J
arank(VUN) <) " brank(f)). (119)

i=1

D. Decomposition into single-mode gates

A complementary approach to our method is to
decompose the multimode gate into many single-mode
gates [9,11]. However, essentially, this can be included

in our measurement-based scheme without changing the
non-Gaussian ancillary modes, in the following fashion.

Theorem 6. If Vx®Y has a decomposition (called Waring
decomposition [18])

r N
vX®sz( m,f>xk),
k

i=1

(120)

the measurement of m(V') can be implemented using (N — 2)
non-Gaussian ancillary modes. [r is called the Waring rank
and denoted as wrank(V).]

Proof. Let M be a matrix whose components are

My = m. (121)

Then, when one takes

fiy =Y X (122)
i=1
and
K; =DM, (123)

where D; = diag(d; 1, . ..
VN also has a form

,djn) is a diagonal matrix, then

r

N—j
VONDEN =37 6i(s1) (Z m;“xk> : (124)
k

i=1

where c;(s;) is a coefficient only depending on s;. Thus,
by setting dj; = [—c,-(si)]N%f, the condition Eq. (74) is
satisfied. |

Note that in our implementation, the number of necessary
ancillary squeezed states is given by the number of the input
modes, n, where the usual decomposition into single-mode
gates [9] requires the same number of squeezed states as the
number of the gates, as we also mentioned in Sec. VI for
specific examples. Thus, it can be more resource efficient
in cases where the Waring rank is larger than the number
of the modes. Indeed, this is the case for all examples in
Secs. VI and IX.

E. Strategies for minimizing the number of ancillary modes

Although the minimum number of ancillary modes is still
an open problem, based on the theorems proven in the preced-
ing sections, we propose three strategies for minimizing the
number of ancillary modes.

Strategy 1. Based on Theorem 4, f; and K; are chosen by
performing Chow decomposition of VU=1:Ni-1),

Strategy Il. Based on Corollary 1, f; and K; are chosen by
performing Chow decomposition of f; for all k < j.

Strategy I11. Based on Theorem 6, f; and K; are chosen by
performing Waring decomposition of V.

In general, the best strategy depends on the problem that
is being considered, as we will see in Sec. IX. Below we give
more details for each strategy.
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1. Strategy 1

From the construction in the proof of Theorem 4, f, K} are
determined as

fi=-V.Ki =1, (125)
fie = B(=y &Ny (126)
K = M(—V &-1LN=k+D)y (127)

using B[A(s)] and M[A(s)] in Egs. (100) and (101). The num-
ber of the ancillary modes is given by
N-3
n+ Z brank (V &N =0,
k=1

(128)

2. Strategy 11

From the construction in the proofs of Theorem 5 and
Corollary 1, fj is chosen as

Sfi=-V, (129)
k
fert = — @ B(HIIH (130)
j=1
= —[fi ® B(f0ll, (131)
using B[A(s)] defined in Eq. (100). K} is also determined as
K =1, (132)

i N 17k
Kiti =EB<N,;) Dy—i[M(f)s M (fioK,  (133)

k=1

using D;(s;) in Eq. (108) and M[A(s)] in Eq. (101). From
Eq. (119), the total number of the ancillary modes is given
by

N-3 k

N+ brank(f).

k=1 i=1

(134)

3. Strategy I11

From the construction in the proof of Theorem 6, f; is
given by Eq. (122) and K; is given by Eq. (123). The corre-
sponding ancillary states are separable and consist of

N
e = Z wrank (V)
i=k

(135)

modes of kth-order quadrature phase states |p — kx*~! = 0)
for 3 < k < N. Thus, the total number of the ancillary modes
is given by

N
Z(i — 2)wrank(V®).

i=3

(136)

In particular, when V' is a homogeneous polynomial of the
order of NV, it is simply

(N = 2)wrank(V™). (137)

IX. EXAMPLES OF HIGHER-ORDER GATES

Here we give some examples of higher-order non-Gaussian
gates and their implementations.

A. A small example

In order to get an intuition about how the number of non-
Gaussian ancillary modes is reduced, we first consider the
following specific example:

V(x) = x}x3 + x| (138)
Suppose one chooses
file) = —xjxg —xf, (139)
K =1 (140)
Then one has
VD () = 2513005 + 250x7x7 + ds1x;. (141)
Now, one wants to choose f>, K, such that
v 4 pKP =0, (142)
One way to do this is to decompose Eq. (141) as
VI (x) = 2s1x1x§ +x%(4s1x1 + 250x7) (143)
(Chow decomposition of V(1:¥), and take
Hx) = —x1x3 — x3x4, (144)
251 0
K, = (1) (1) (145)
ds; 28,
This corresponds to strategy I, and we get
arank(V!) < 4. (146)

In this case, 2 + 4 = 6 non-Gaussian ancillary modes are re-
quired in total.

Another way is to observe that Eq. (138) is Chow decom-
posed into x7x? and x}, and take

L&) = —(2x125 + 2x7x2) — 4x3. (147)
Then if we take
(slsg)lﬂ/sl 0 0 1 0
K, = 0 (sls%)l/S/sz 0 0 1],
0 0 (s3)7s; )\ 0O
(148)

Eq. (142) holds. This corresponds to strategy II, and we get

arank (V1Y) < 3. (149)

In this case, 2 + 3 = 5 non-Gaussian ancillary modes are re-
quired in total.

One can also decompose the gate into single-mode gates
(strategy III). The gate given by Eq. (138) can be decomposed
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Do,

HBS K2 t

Po,

im(f1) =0) |m(f2) =0)

FIG. 8. Implementation of the gate given by Eq. (138), when one
uses strategy II.

into three x* gates because it has a Waring decomposition,

V) =100+ 67 2x0)" + 10 — 672x0)* — Lx3. (150)

In this case, 2 x 3 = 6 non-Gaussian ancillary modes are re-
quired in total.

Therefore, in this case, strategy II is optimal in terms of the
number of the non-Gaussian ancillary modes. Figure 8 shows
the corresponding scheme for implementing the gate given by
Eq. (138).

B. Controlled-phase gate

We consider the following controlled-phase gate:

V(xp, x2) = x1x) 1 (151)
First, we apply strategy 1. It is straightforward to see that
B(v(i,N—H-l))x@N—H-l — x]xé\/—i' (152)
Thus, we can take
fi=xx (153)

This implementation requires only

2(N —2) (154)
ancillary modes. It is better than applying strategy II.
On the other hand, if we apply strategy III, because
wrank(V) =N (155)

[18], the decomposition into single-mode gates requires

N(N —2) (156)

ancillary modes. Therefore, our scheme requires a smaller
number of non-Gaussian ancillary modes [Eq. (156)] com-
pared to the conventional decomposition into single-mode
gates [Eq. (156)].

C. CNZ gate
We consider the following CVZ gate:
157)

Vw(xi, ..., xy) =X1...XpN.

We first apply strategy I. It can be inductively shown that
V") has the form
ag 1_[ Xj.

i,N; i E
V[\(] )x®1\ll —
Sc{l,...,N},|S|=N; jes

(158)

TABLE I. Comparison of the number of necessary non-Gaussian
ancillary modes between different strategies for choosing the ancil-
lary states, for the C¥Z gate [Eq. (157)]. The calculation of each
number is based on the Chow decompositions of the polynomials
described in Appendix E.

N 3 4 5 6 7 8

Strategy I 3 8 27 114 639 3936
Strategy II 3 10 29 67 155 333
Strategy III (conventional [9,11,18]) 4 16 48 128 320 768

The number of ancillary modes is obtained by calculating the
b-rank of this tensor and using Eq. (128). Although, in gen-
eral, it is difficult to find the minimal Chow decomposition of
a polynomial, we conjecture the form of b-rank of V@N=i+1)
in Appendix E.

When we apply strategy II, it can be inductively shown that
B(f;) has the form

crank(f;)
B(fy= P Vw-it1. (159)
k=1
Thus, we have
brank(f;) = (N — i 4+ 1)crank(f;), (160)
and from Eqgs. (129) and (130),
crank(f;) =1, (161)
crank(fi11) = »_ en—ir1.n—icrank (fo), (162)
k=1
where we define
cnx = crank(V, 19"7) (163)
= crank Z ]_[xj (164)

SC{l,...n}|S|=k jeS

In Appendix E, we conjecture an analytical form of ¢, . Once
one gets brank(f;), the number of non-Gaussian ancillary
modes can be calculated using Eq. (134).

On the other hand, when we apply strategy III, because

wrank (Vy) = 2V~! (165)

[18], the number of necessary ancillary modes is given by

(N —2)2V-1, (166)
from Eq. (137).

Table I shows the comparison between strategies I, II, and
III. The calculation of each number is based on the Chow
decompositions of the polynomials described in Appendix E.
Strategy I gives the minimum number of the ancillary modes
for N = 4, 5, whereas strategy Il is better for larger N. Strat-
egy II has an advantage over strategy III for any N, which
corresponds to the conventional single-mode decomposition.
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X. CONCLUSION AND DISCUSSION

We have proposed a methodology including an experimen-
tally accessible toolbox to implement, in principle, arbitrary
multimode high-order non-Gaussian gates, relying on the con-
cept of measurement-based quantum gates. For the third-order
cases, we have introduced a generalized linear coupling as a
generalization of the technique used in the implementation
of a CPG, which includes degrees of freedom that allow
virtually applying adaptive Gaussian operations to the ancil-
lary state. For the higher-order cases, we have proposed an
implementation based on cascaded generalized linear cou-
plings and feedforwards. We have also proposed a heuristic
algorithm to reduce the number of non-Gaussian ancillary
modes, based on Chow decomposition of polynomials. Our
scheme does not require adaptive preparation of non-Gaussian
states depending on previous measurement outcomes, and
it requires only offline preparation of fixed non-Gaussian
states, together with adaptive linear optics, unlike previous
proposals [12].

We applied our method to some important examples,
namely, the cubic-QND gate, the CV Toffoli gate, the
controlled-phase gate, and the C"Z gate. In all cases, we ob-
serve that our method requires a smaller number of ancillary
modes compared to conventional methods that decompose the
gates into multiple single-mode gates [9]. For higher-order
cases, we found that different strategies for reducing the num-
ber of ancillary modes lead to different performances, and the
best strategy to adopt depends on the types of gates. Thus,
though general and systematic, our approach provides suffi-
cient degrees of freedom for further optimization by refining
the algorithms.

Our results enable a more resource-efficient and experi-
mentally feasible implementation of CV gates compared to
conventional schemes. This will accelerate the progress to-
ward fault-tolerant universal quantum information processing,
especially with light, and it highlights the inherent computa-
tional potential that CV quantum systems have. As a future
extension of our work, methods for generating the multimode
non-Gaussian ancillary states needed for our scheme could
be explored, potentially through optimization of Fock-basis
coefficients, which has been discussed for the case of the
cubic-QND gate [12] and experimentally demonstrated for
the CPG [8].
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APPENDIX A: DECOMPOSITION OF ARBITRARY GATES
INTO QUADRATURE GATES

In this section, we explicitly give a decomposition of an
arbitrary Hamiltonian,

H(xp, . oy xy) = Z <c,- Hx,’f’*pzik +cf HpZ’kx,'{""‘),
k k

l (AD)

into quadrature gates,
[ 1= (A2)
k

using Trotter-Suzuki approximation [10,16]. The goal here is
to express the Hamiltonian given by Eq. (A1) using sum (split-
ting) and commutators of quadrature gates given by Eq. (A2).
Because Eq. (A1) can be rewritten as

H@p,....x) =) (Re(c,-){]_[x’"fk p’,ﬁik’}
k

k 9
i k'

+ iIm(c;) |:l_[ Xk l—[ P ]) . (A3)
k ¢

where {-} is an anticommutator and [-] is a commutator, it
suffices to give a decomposition of the term

{ [Txr TP } ) (Ad)
k k'

For doing this, we generalize the following single-mode
result in Ref. [10]:

M N __# M+1  N+1
R R I S VAN LR A
1 N—1
v V5 M, P, (A5)

k=1

to the multimode case. Note that here we rewrite the original
equation, where they use the convention [x, p] = i/2, with our
convention [x, p] = i. We write

x=(x1,.... %), pP=(p1,-.-,Pn)s (A6)
and introduce a vector exponent notation: for M =
(M]7 ~-~5Mn)7
M= (A7)
Using the equation
N-1
L M= M Y phat (A8)
k=0
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[10], we have

n M, n n
[_xM,pN]z[xl ,pl] M pr12Vz_ .pg"+ +pN‘...pn fx}lwl...xn_l'[xﬁ/[,pg] (A9)
T M, N , .
Y P (A10)
j=1
-1 N —k—1
= ZzM ZpN<'pkxM//x py PN (A11)
n N;—1
— ZIM] Z pN<j+keij7eij>_,v+(N_,vfk7l)e‘,v (A12)
j=1 k=0
Ni—1
= — ZM Z Ntk M—e; pN- i+ Ni—k=De; L H ¢ ) (A13)
j=1 k=0
" [ iM;N; M,
_ Z 13 { M— e,’pN e]} + L l j Z [pN>j+(Nj7k71)ej’ foej7pN<_,-+kej]] . (A14)
j=1 2 2 k=0
Here, e; is a vector whose jth component is 1 and the others are 0. N _; is a vector whose 1, ..., (j — 1)th components are the

same as NV and the others are 0. N; is a vector whose jth component is 0 and the others are the same as N.
Thus, the decomposition of (xM, pN } can be calculated as

. . N]
2i iM, +1) _
M N - _ M+e; N+e 7 _ N—key xM ke
x", p"} (M1+1)(N1+1)<[x P — kE_O[p [, pl
n . n . N;j—1
IM;N; . e, iM; < AN —k—D)e e, e tke;
_Z é J{xMJrelfe,’prLel e_,}_z 21 Z [pN>_,+(N_, k—1) _/’[xM+el e,’pN<,,+ 1tk ,,]] . (A15)

The anticommutator in the third term can be recursively decomposed using the same equation. This recursion stops after a finite
number of steps because the exponents M + e; — e, N + e; — e; have the same sum of the components as M, N, while M, N,
keep increasing by one for each step. Note that in the final expression after the recursive application of Eq. (A15), some of the
terms in the sum could be combined because the same exponent may appear multiple times.

Here we give some examples:

] 20 1 1
{x1x2, p1p2} = —%[X%XLP%M] - é[x?,p?] + E[Pz, [x1x2, p1]]l + §[P1, [x1. p1]]
i 2i 7
= —E[xfxzvlﬁpz] - 3[)6?’1’?] te (A16)
i i 1 1
{xix2, pip3} = —E[Xi‘xz, nip] - E[Xf, pipa] + g[plpi, [xix2, p1]] + 5[1?%, [x1x2. P1]]
1 1 1
+ g[l?z, [X?» Pﬂ] + Z[P%Pz, [xf, pi]]+ Z[Plpz, [Xf, Pﬂ] (A17)
{x1x2x3, p1paps} = —%[xfxzxs, pipaps] — 118 [xix3. pips] — ;6 [x1. p1] - 118 [xix2. P p2]
1 1 1 1
+ E[P2P3, [x1x2x3, p11] + g[P3, [xlzxm Pﬂ] + E[Plps, [xlzx3, pi]] + Z[P% [xf pi]]
1
+ 5 [pp2, [xixe, pi]] + Lo, [xiee, p]]- (A18)

Note that this decomposition usually includes less nesting of commutators compared to known decompositions into
single-mode and Gaussian entangling gates [10,15]. For example, a naive application of the method in Ref. [10] to the
Hamiltonian in Eq. (A16) leads to

xa, pipa} = 3503, [p1, [, [x1 pipa]] + 3 (A19)
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which includes a deeply nested commutator, requiring a
higher number of gates for getting a certain accuracy of
the gate. Thus, our direct decomposition into multimode
quadrature gates, combined with our measurement-based di-
rect implementation of multimode quadrature gates, gives a
more efficient way to implement high-order multimode gates.

APPENDIX B: SIMULTANEOUS MEASUREMENT
OF LINEAR QUADRATURE OPERATORS USING
LINEAR OPTICS

In this section, we show the following theorem:
Theorem 7. A set of n linear combinations of quadrature
operators,

q=p+Ax, (BD)

where A is a real symmetric matrix, i.e., A;; =Aj;, can be
simultaneously measured only using beam splitters and ho-
modyne measurements.

Proof. Because the matrix A = (A;;) is symmetric, it can
be diagonalized as

A=0"DOo (B2)

using an orthogonal matrix O and a diagonal matrix

D = diag(Ai, ..., ). (B3)
Thus, Eq. (B1) can be written as

§g=p+0"DOox (B4)

= 0" (0p + DO%) (B3)

= 0" (p + D), (B6)

where we denote p' = Op and &' = O%.

Based on Eq. (B6), the protocol to measure g; is the fol-
lowing. First, a multimode beam splitter corresponding to O
is applied; then, homodyne measurements of operators

Po, = picosf; + X;sin6; B7)
are performed on each mode. The phases 6; are determined as

0; = arctan(};). (B8)

Finally, after obtaining the homodyne measurement out-
comes,

Do, = Vi, (B9)

the values of §; can be obtained by classical postprocessing,

gi=)_ Oyjcost;. (B10)
J
]
As a generalization of the 7, we have the following
theorem:
Theorem 8. A set of n commuting linear combinations of

quadrature operators,
q = Bp + Cx, (B11)

can be simultaneously measured only using beam splitters and
homodyne measurements.

Proof. Equation (B11) can be rewritten as

gi =) (Aya; +Ajah), (B12)
J

where A;; = %(Ci ; — iB;j). From the condition that all g;
commute, the matrix A = (A;;) should satisfy

AATT = AAT. (B13)
As AAT is a symmetric real matrix, it can be diagonalized as
AAT=0'D,07, (B14)

where O’ is an orthogonal matrix and D; is a
real diagonal matrix. Thus, A has a singular value
decomposition of the form

A=0DV,
where V is a unitary matrix.

Now we use the fact that any unitary matrix V can be
decomposed as

(B15)

V =030, (B16)

where O”, O are orthogonal matrices and ® is a diagonal ma-
trix having complex diagonal elements ¢ [19]. Combining
Egs. (B15) and (B16), we obtain

A= 0D,0'dO. (B17)

Thus, by denoting the real matrix O'D; 0" as P, Eq. (B12) can
be written as

g = P(®0a + d*0*a"), (B18)

where § = (§;), @ = (a;) are vectors of operators.

Equation (B18) means the simultaneous measurement of §;
can be achieved by using passive beam splitters correspond-
ing to O followed by homodyne measurements in the phase
determined by ¢;. Then one can use classical postprocessing
of measurement outcomes corresponding to the matrix P to
get values of §;. |

APPENDIX C: PROOF OF THEOREM 1

In this section, we give a proof of Theorem 1. We consider
the scheme in Fig. 3(b). We define n x n matrix 7, n’ x n’
matrix 77, and n’ x n matrix R as

diag(t;, ..., t, if n<n
T g(n ) nsn 1)
diag(t;, ..., ty, 1,...,1) otherwise,
diag(t;, ..., ty if " <n
A . (€2)
diag(ty, ..., t,, 1,..., 1) otherwise,
diag(ry, ..., 1, ifnn
o g(r ) ' (3)
diag(ry, ..., ry) otherwise.

Then, the relation between the input and output quadratures
can be written as

x_=ROx—-T'0Ox, (C4)
p_=ROp—-T'0p, (C5)
xy =0 (TOx +RTO'Y), (C6)
pe =0 (TOp+RTO'P). (C7)
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Then we have
0" TOm(x, p; )+ O"R"O'm(x', p'; g)
0 T T
=P+ — E{f[O (TOx4 + R x_)]
+ e[0T (ROx,. — T'x_)1}. (C8)
If one measures x_ and gets 07 T'x_ = s,
FIOT (T Oxy + Rx_)] + g0 (ROx, — Tx_)]
= fIP(K)x; + K"s] + glKP(K)x; — 5], (C9)

where we used

K =0"RT'0, (C10)
P(K)=(+KTK)™/? (C11)
=0'To0. (C12)

Using Eq. (C9), Eq. (C8) can be rewritten as
P(K)m(x, p; f) + KP(K)m(x', p'; ) = m(xy, pys f ok.s &)

(C13)
which is the statement of Theorem 1.
APPENDIX D: PROOF OF THEOREM 2
We introduce the notation
[f o (A, D)](x) = f(Ax + D). (D1)

Then we have
{[f o (A, b)] ogas g(x)
= f[AP(KA)x + AATK"s + b] + g[KAP(KA)x — 5]
(D2)
= (f *k.KAb+(U+KAATKT)s 8) © (A, b) o [P(KA), ATK"s].
(D3)

Theorem 2 can be proven by repeating this transformation.

APPENDIX E: CHOW DECOMPOSITION FOR CY¥Z GATE

Here we consider the Chow decomposition of the follow-
ing polynomial:

Vo = Z as ]_[x,. (E1)
Sc{l,..nh|S|=k  jeS
‘We first consider the case where ag = 1 for all S,
Vx® = > J]x (E2)
Sc{l,...n}.|S|=k jeS

Forn, k € N, let

k
P, k)= {(pj) eN*Ip; > 1,) pj=n (E3)
j=1

be a set of all partitions of n into k pieces. For (p;) € P(n, k),
we define a polynomial r[(p;)] as

k

AIE =[] D2 xm (E4)

j=1meR;
where

Ry =1[1, p1l, (E5)

j—1 J
Ri=(>_p) m| A<j<h.  (E6)
=1 =1

We define Q(n, 1) C P(n,2] + 1) as

On, 1) ={(pj)) e P, 2l + Dlpoppy=1,m=1,...,1}.
(E7)

For example,
rl(2,1,3)] = (x1 + x2)x3(x4 + x5 + X6) (EB)
and

0(7,2)={3,1,1,1,1),(1,1,3,1, 1), (1,1, 1, 1, 3),
(2, 1,2,1,1),(2,1,1,1,2),(1, 1,2, 1, 2)}.

(E9)
Then we have the following theorem:
Theorem 9. The expressions
Yo Al k=241, (E10)
(pj)eQn,l)
Y ke (k=20 (E11)

m=k (p;)eQ(m—1,1-1)

give a Chow decomposition of V,, ;.

Proof. We first prove the case of k = 2/ 4 1. It suffices
to show that for any S C {1, ..., n} such that |S| = k, there
exists a unique (p;) € Q(n, !) such that expansion of 7[(p;)]
includes [ ],c¢ ;. In fact, such (p;) is given by

pr=s—1,
P21 = S22 — su — 1,

pu =1, (E12)

where (s;) is a sequence of all elements of S in an ascending
order, s; < --- < 8.
For the case of k = 2/, we have

[To=1 IT = Js.

Jjes JeS\{se)

(E13)

where s; is the maximal element of S. By performing the
Chow decomposition to the first part, we get Eq. (E11). W
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Below we show some examples of the obtained Chow decompositions:

Vo3 = x1x2(3 + X4 + X5 + X6) + (X1 + X2)x3 (X4 + X5 + X6) + (1 + X2 + x3)x4 (x5 + X6) + (X1 + X2 + X3 + X4)X5X6,

Ve,a = X1X2X3X4 + (X1 + X2)x3X3X5 + X1X2(x3 + X4)x5 + (X1 + X2 + X3)X4X5%6

+ (1 + x2)x3 (x4 + X5)x6 + X1X2(X3 + X4 + X5)X6,

Va5 = (x1 + X2 + X3)XaX5X6X7 + X1X2(x3 + X4 + X5)X6X7 + X1 X2X3%4 (X5 + X6 + X7)

+ (1 4 x2)x3(xg + Xx5)X6x7 + (X1 + X2)x3%4X5 (X6 + X7) + X1X2 (X3 + X4)x5(X6 + X7).

By using binomial coefficients, we can write

10, 1)] = (”‘5“).

Thus, Eq. (E10) has (" a 5 - 1) terms. For Eq. (E11), the num-
ber of terms is

(E17)

~(m—1—1 n—1
Z( 11 ):(l ) (E18)
m=k
Thus, we have the following corollary:
Corollary 2.
crank(V,, 5), crank (V41 241) < (n i l>, (E19)
n—1
brank(V,,2;) < 21 ( / ) (E20)
brank (V.1 21+1) < (21 + 1)(” B ’>. (B21)
We conjecture that this gives the minimal Chow
decomposition.
Conjecture 1.
crank(V,, 2;), crank(V,11,2141) = <n l_ l), (E22)

J

r3[(2, 1, 3)] =x1x3(ai34xs + ai3sxs + aizeXe) + X2x3(A234X4 + a235X5 + A236X6)

and

(E14)
(E15)
(E16)

[
brank (V. ») = 21 (” , l), (E23)
brank (Vy1.2041) = (21 + 1)(" , (E24)

In the case where ag # 1 in Eq. (E1), we can modify the
Chow decomposition in Theorem 9 by expanding the terms
so that each term only has one nonmonomial factor. We define
expression 7;[(p;)] as a partial expansion of r[(p;)], except for
the factor corresponding to p;, with additional coefficients ag
to each term,

ril(pj)] = Z Za{m,\j;ﬁi}u{m}xm me‘,-- (E25)

(mj)el_[/#in meR; J#

Then V% has a Chow decomposition in the following
form:
Corollary 3. The expressions

Z Fargmax,p; [(Pj)] (k=21 + 1),
(pj)eQn,l)

DS

V'3 =x1x2(a123X3 + @124%4 + a125Xs5 + @126%6) + X1X3(@134%4 + @135X5 + A136X6) + X2x3(A234X4 + A235X5 + A236X6)

~+ (@145X1 + 245X + a345X%3)X4Xs5 + (A146X1 + A246X2 + A346X3)XaXe + (A156X1 + A256X2 + A356X3 + A456X4)X5X6.

This may then also be compared with Eq. (E14).

rargmax,-p,-[(pj)]xm (k= 21)7 (E26)
m=k (p;)eQ(m—1,I—1)
give a Chow decomposition of V,1,..
For example,
(E27)
(E28)
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