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The Gottesman-Kitaev-Preskill (GKP) error-correcting code encodes a finite-dimensional logical space
in one or more bosonic modes, and has recently been demonstrated in trapped ions and superconducting
microwave cavities. In this work we introduce a new subsystem decomposition for GKP codes that we
call the stabilizer subsystem decomposition, analogous to the usual approach to quantum stabilizer codes.
The decomposition has the defining property that a partial trace over the nonlogical stabilizer subsystem
is equivalent to an ideal decoding of the logical state, distinguishing it from previous GKP subsystem
decompositions. We describe how to decompose arbitrary states across the subsystem decomposition using
a set of transformations that move between the decompositions of different GKP codes. Besides providing
a convenient theoretical view on GKP codes, such a decomposition is also of practical use. We use the
stabilizer subsystem decomposition to efficiently simulate noise acting on single-mode GKP codes, and in
contrast to more conventional Fock basis simulations, we are able to consider essentially arbitrarily large
photon numbers for realistic noise channels, such as loss and dephasing.
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I. INTRODUCTION

Bosonic codes encode digital quantum information
in continuous-variable (CV) quantum systems and have
received both theoretical [1-3] and experimental [4-9]
attention. The Gottesman-Kitaev-Preskill (GKP) codes
[10] are one of the most intensively studied encodings of
this type, and the single-mode square GKP qubit code has
recently been realized in both trapped ions [11,12] and
superconducting microwave resonators [13—15].

From a theoretical perspective, bosonic codes can be
understood as defining a logical subspace L of the CV
Hilbert space H = L & L*, with the infinite-dimensional
Hilbert space L£* providing the redundancy required for
error correction. However, in the case of GKP codes, the
non-normalizability of the codewords [10] means that the
GKP logical “subspace” is formally not in the CV Hilbert
space.
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An alternative formulation, which can be applied to any
error-correcting code, is to consider a decomposition of the
Hilbert space such that the logical information in the error-
correcting code forms a subsystem H = L ® S [16,17]. In
such a decomposition, the partial trace over the nonlog-
ical subsystem corresponds to a decoding map H — L.
In Ref. [18], Pantaleoni et al. introduced the concept of a
bosonic subsystem decomposition, and defined a subsys-
tem decomposition for single-mode GKP codes based on
a modular quadrature. This subsystem decomposition has
been used in numerical studies of GKP codes [19-22].

The subsystem decomposition is, however, not unique
and there are good reasons to investigate alternatives.
Specifically, the subsystem decomposition of Ref. [18] has
lower symmetry than the GKP code itself: the logical sub-
system differs if one chooses position or momentum as
the “modular quadrature.” More recent work [23] has also
linked the modular position subsystem decomposition to
the Zak basis [24]. In all of these cases the decomposi-
tion does not represent the logical information one would
retrieve by performing noiseless decoding of the GKP code
[23].

In this work, we introduce a subsystem decomposi-
tion that resolves these issues. In particular, this new
decomposition has the desirable property that tracing over
the nonlogical subsystem S corresponds to a noiseless
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decoding map for the GKP code. We refer to this decom-
position as the GKP stabilizer subsystem decomposition,
as different stabilizer eigenstates correspond to orthogonal
basis states of the subsystem S. The stabilizer subsystem
decomposition for GKP codes is entirely analogous to the
stabilizer-destabilizer formalism of qubit codes [25].

The stabilizer subsystem decomposition can be applied
to all multimode qubit or qudit GKP codes (including the
concatenation of GKP and qubit stabilizer codes), and is
closely related to the Zak basis [24]. For any GKP encod-
ing, we show how to write an arbitrary CV state in the
corresponding stabilizer subsystem decomposition from
the position wave function of the state. We use the sub-
system decomposition to provide a description of logical
Clifford gates on the subsystem decomposition, and show
that an ideal implementation of a logical Clifford gate can
propagate errors unless a modified round of decoding is
performed immediately after the gate.

One practical challenge with GKP codes is the diffi-
culty of numerically simulating GKP codes using a trun-
cated Fock basis, since both the mean and variance of
the photon-number distribution of physically realizable
GKP codestates increases as the codestates approach the
infinitely squeezed “ideal” codewords. Logical gates can
also increase the photon number of the codestates, pro-
viding a further need to find new numerical methods to
efficiently store and manipulate GKP states [26].

Using the stabilizer subsystem decomposition we are
able to study realistic noise channels such as loss and
white-noise dephasing for essentially arbitrary photon
numbers. In the case of the single-mode square GKP qubit
code our treatment is analytical. We find that GKP codes
are far more resilient against pure loss than against dephas-
ing: a square single-mode code state with ten decibels of
GKP squeezing achieves an average gate infidelity below
1073 for a loss rate up to approximately 4%, while it can
only tolerate a dephasing rate of approximately 0.2% to
achieve the same fidelity. In the case of pure dephasing,
i.e., with white-noise dephasing as the only noise chan-
nel, there is a threshold value for the GKP squeezing value
and dephasing rate for the GKP code to “break even,” as
the GKP code performs better than a qubit defined using
the Fock states |0) and |1) only when the GKP squeez-
ing is above 10 dB and simultaneously the dephasing rate
is below 0.1%. We also find that for both pure loss and
pure dephasing, there is an optimal finite photon number
that minimizes the logical error rate, which is much larger
for loss than for dephasing at the same rate, qualitatively
consistent with the results of Refs. [13,27].

Our results are organized as follows. Beginning in Sec.
11, we present the stabilizer subsystem decomposition for
the single-mode square GKP qubit code. Readers wishing
to quickly learn the key concepts in the paper can safely
begin by reading only Sec. II, since it provides a simple
explanation of most of the results in the rest of the paper.

Then in Sec. III, we provide an overview of the estab-
lished formalism of multimode GKP lattices and set up
the notation we will use in the remainder of the paper. In
Sec. IV, we define the stabilizer subsystem decomposition
in the general case and show that the partial trace over
the stabilizer subsystem corresponds to noiseless decod-
ing. In Sec. V, we show how to transform the states of
the stabilizer subsystem decomposition of one GKP code
to any other code, and describe the method to write the
subsystem “wave function” of a state in terms of its posi-
tion wave function. Finally, we show how to write many
practical components of GKP codes conveniently in the
stabilizer subsystem decomposition, namely logical Clif-
ford gates (Sec. VI), approximate GKP codewords, and
noise channels, such as pure loss, Gaussian displacements,
and white-noise dephasing (Sec. VII). Readers focused on
applying the stabilizer subsystem decomposition to model
noise can safely skip Secs. III-VI and go straight to Sec.
VII. We provide concluding remarks in Sec. VIII.

I1. STABILIZER SUBSYSTEM DECOMPOSITION
FOR THE SQUARE GKP QUBIT CODE

We begin by constructing the stabilizer subsystem
decomposition in the simplest nontrivial case: the single-
mode square GKP qubit code. To define the subsystem
decomposition in Egs. (8), (15), and (17), we will make use
of the Zak states [24], and provide the intuition for why the
stabilizer subsystem decomposition accurately describes
the GKP logical information stored in an arbitrary state.
Then we will outline the key properties of the decomposi-
tion in Sec. II C, including examples of states and operators
decomposed in the subsystem decomposition. In doing so,
we foreshadow the numerical techniques for simulating
GKP codes that we develop in more detail in Sec. VII.

A. Preliminaries

The square GKP qubit code encodes a qubit into a
single-mode continuous-variable (CV) Hilbert space H,
which is described by position and momentum opera-
tors that satisfy [¢,p] =i. We define the displacement
operators

W(vl, v2) = exp <«/§i(v2@ - vlﬁ)> €))

for vy, v, € R, which form an operator basis of L(H), the
space of all linear operators acting on H. The displacement
operators obey the commutation relation

[V (a1, uz), W(vy, v)]] = e 2m@veavn), (2)
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where [[4, B] = ABA~'B~! is the group commutator, and
the composition rule

Wy, uz) W(vy, vp) = e @272 iy 4 vy, uy + vy).
3)

W(vy,v,) “displaces” the position and momentum opera-
tors such that

W1, v) g, v) = §+ V2mu, (4a)
W(v1,v2) pW(v1,v2) = p + V2w v,. (4b)

Note that Egs. (1) and (4) differ by a factor of /7 from the
more standard definition D(ar) = exp (oszr — a*&).

The square GKP qubit code is a stabilizer code with
stabilizer group generated by the commuting displacement
operators

§ = W(ﬁ, o) — o UV (52)
§ = W(o, JE) — 2T (5b)

along with their inverses. The logical Pauli group is gener-
ated by

v — W(l N2, o) — VD (62)
7= W(o, 1 /ﬁ) — oIV (6b)

which anticommute with each other but commute with the
stabilizer generators. The ideal codespace is the simulta-
neous +1 eigenspace of both stabilizer generators, and is
spanned by the ideal codestates

10) o Y " 125/m), 5 1T) o< Y 1@2s + D7)y, (7)

SEL SEL

where |x), is the x eigenstate of the position operator g.

A particularly useful set of states for describing GKP
codes is the Zak basis [24], and was first applied to GKP
codes in Ref. [28]. The Zak states are parameterized by
two real numbers, k; and k,, and are given in the position
basis by

k1, ko), = J2ra? ek Z 62[””"2S|\/2n (ky + as))

SEL

q)
(8)

where a > 0 is a constant. Note that we have rescaled
some of the constants in our definition compared to Ref.
[24]. We can interpret the (rescaled) parameter +/27k; as
the quasiposition of the Zak state in the following sense:

since a given Zak state has support on position eigenval-
ues spaced by /27 a, each Zak state is an eigenstate of the
modular-position operator § (mod /27 @), with eigenvalue
27k, . Likewise, it can be shown that ~/27 ky represents
the quasimomentum of the Zak state corresponding to the
modular-momentum operator p (mod /27 /a).

The full set of Zak states with ki, %k, € R span H but
are not linearly independent, obeying the quasiperiodic
boundary conditions

ki + a, ky), = e |k, ka), (9a)
k1, ky + 1/a), = ™/ ki, ka), - (9b)

As a result, the Zak states only form a nonovercomplete
basis of H when £ is restricted to an interval of length a
and k, to an interval of length 1/a. Moreover, the Zak basis
is orthonormal, satisfying

ok Ry KR = 8 (k) — K8 (ky — K)) (10)
as long as k; and k; are restricted as above.

An alternative formulation of the Zak states is to define
|0,0), as the unique simultaneous +1 eigenstate of the
displacements W(a, 0) and I7V(0, 1/a). The remaining Zak
states are then given by the property

k1, k2), = W(ky, ka) 10,0), . (11

Setting a = V2, we observe that the |0, 0) 3 Zak state is
a simultaneous +1 eigenstate of the GKP operators S; and
Z, S0 we can write

10) =10,0) 55, 1T) =X [0) = [1/v/2,0) 5. (12)

The remaining a = +/2 Zak states can be viewed as dis-
placed GKP codestates.

B. Stabilizer subsystem decomposition for the GKP
code

To define the stabilizer subsystem decomposition we
first define the stabilizer subspaces Vi, 1,, each of which
is a simultaneous eigenspace of the stabilizer generators
31,3'2. In particular, we define Vj, 4, as the set of states
|¢) € H satisfying

81 1¢) = e VTP |y = e V2T gy (13a)
8, |¢) = VT |g) = V2T |g) | (13b)

for ki, ky € (—27%/2,273/%]. Here, 27k and 27k, rep-
resent the quasiposition ¢ (mod /7) and quasimomentum
p (mod /) of |p) (respectively). It is straightforward
to show that each subspace Vi, x, is two-dimensional
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FIG. 1. Diagrams representing (a) the stabilizer subsystem

for the single-mode square GKP qubit code, (b) the Zak basis
with @ = +/2. In subplot (a), each point represents the two-
dimensional stabilizer subspace Vi, x,; while in (b) each point
represents a single Zak state |k, k2) 5. Applying a random walk
of displacement operators to an ideal GKP codestate |), ®
|0, 0) does not affect the logical subsystem until the state reaches
one of the guasiperiodic boundaries of the cell; for example,
causing an X error as shown in (a). The corresponding path is
traced out twice in (b) since each basis state |{) ® |k, k») of the
square GKP code consists of superpositions of states |k1, k2) 5

and |k + 1/v/2, k) 45 in the Zak basis.

and spanned by the a = V2 Zak states |ky, ko) »2 and

|k + 1 /ﬁ, kz) 3. With this connection to Zak states we
can see that the union of subspaces Vi i, for ki, k; €
(—=273/2,273/2] spans the full Hilbert space H.

Since each stabilizer subspace V7, 4, is two-dimensional,
we can define a qubit within each subspace labeled
by the orthonormal stabilizer states |u,ki,k;), where
uw =0,1. The naive way to do so would be to define
the [0, k1, k) stabilizer state as |ki,k2) 5 and |1, ki, ko)
as |k + 1/+/2,k) 5. This is justified since |ki, k) s
is “closest” to the ideal codestate |0) = |0,0) /3> while
ki + 1/v/2,k) 55 s “closest” to |1) = |1/+/2,0) s5, see
Eq. (12) and Fig. 1.

However, we want to ensure that the qubit state repre-
sents the GKP logical information stored in the state. In
particular, we impose the defining property of the stabilizer

states that
[V, ki, k) = Wik, k) |9) (14)

is a displaced ideal codestate for all qubit states |y) =
a]0) + B 1) with ideal GKP encoding |/) = & |0) +
BIL).

To see the importance of Eq. (14), consider perform-
ing a round of ideal GKP error correction on the state
|V, k1, ky) as follows. First, we measure the stabilizer gen-
erators, which reveals the values of k; and &, via Eq. (13).
Then, we apply the displacement I/AV(kl,lcz)Jr that returns
the state to the ideal codespace. With this definition, we
ensure that the qubit information |) in the state |, k1, k2)
is the same as the logical information one would obtain by
performing an ideal round of error correction and reading
out the resultant ideal codestate. Equivalently, this enforces
that the partial trace over the stabilizer subsystem corre-
sponds to an ideal GKP decoding map, as we show in Sec.
IV D. Strictly enforcing Eq. (14) is, in fact, the key differ-
ence between our subsystem decomposition and previous
definitions [18].

Enforcing Eq. (14) gives the stabilizer states in terms of
Zak states

|Oak17k2> = |k17k2>ﬁ>
1, ki, ko) = €7R/V2 )k 4 1/‘/§,k2>ﬁ~

(15a)
(15b)
The additional e/™%/v?2 phase on the definition of |1, k1, k»)

arises from the differing geometric phases in the definition
of the Zak states Eq. (11) and the stabilizer states Eq. (14):

1L, ki, ko) = Wk, k) 1) (16a)
= Wk, k) W(1/+/2,0)10,0) 5 (16b)
= &N |l 4 1/V2, k) 45 (16¢)

This phase has two additional consequences. First, it
ensures that all the logical Pauli operators act as a tensor
product between the logical and stabilizer subsystems, as
we will see in Sec. Il C3. A similar result is described in
Ref. [29]. Second, the phase ensures that the full symme-
try of the square GKP code is preserved in the subsystem
decomposition.

It is also interesting to compare Eq. (15) with the Zak-
basis representation of the modular-position subsystem
decomposition [18,23]. Once a rescaling of k1, k; is taken
into account, the only difference between the two decom-
positions is the kp-dependent phase (see Appendix A). In
this sense the stabilizer subsystem decomposition for the
single-mode square GKP qubit code can be thought of as
a “rephasing” of the modular-position subsystem decom-
position that symmetrizes the treatment of position and
momentum.
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The states |u, ki, k) form a basis for £ =0,1 and
ki,ky € (=273/2,273/2], so we can define a subsystem
decomposition

H=£®S, |M>®|k1>k2>: |M9k19k2>5 (17)

where L is the logical subsystem and S is the stabi-
lizer subsystem. Similar to results obtained in Ref. [18],
L is a two-dimensional subsystem while S is isomorphic
to the full Hilbert space H by associating the stabilizer
subsystem basis states |k, k) € S with @ = 1 Zak states
|«/§k1, «/zkz) 1 € 'H of the full Hilbert space. For this rea-
son we call the basis of the stabilizer subsystem |k, k») the
Zak basis of S. We note here for clarity that the stabilizer
subsystem decomposition Eq. (17) applies to the square
GKP code, which is a stabilizer code and not a “subsystem
code” in the sense of Ref. [30].

It is worth briefly reiterating why the subsystem decom-
position Eq. (17) is nontrivial. The key feature of the
stabilizer subsystem decomposition is that the state in the
logical subsystem is the information one would obtain
if one performed a round of ideal quantum error correc-
tion and logical read out. This feature is enforced by Eq.
(14) and appears as a state-dependent %2/ V2 phase when
defining the subsystem basis states in terms of Zak states,
see Eq. (15). We can use the connection to error correction
to justify the use of the stabilizer subsystem decomposition
in the analysis of GKP codes, as we will now do in the rest
of the paper.

C. Properties

Now that we have defined the stabilizer subsystem
decomposition for the square GKP code, we outline its
key properties. We begin by presenting the quasiperiodic
boundary conditions of S in Sec. II C 1, which provide an
intuitive picture of how uncorrectable errors on the oscil-
lator cause logical errors in the logical subsystem L. In
Sec. I1 C 2, we provide examples of states decomposed into
the subsystem decomposition. In particular, the decompo-
sition of approximate GKP codestates follows a simplified
version of the general method developed in Sec. VII for
numerical simulations of GKP codestates. Finally in Sec.
I C3, we decompose examples of operators, including
logical Clifford operators, into the subsystem decomposi-
tion, and discuss how operators that do not decompose into
tensor products can spread errors in the GKP code.

1. Boundary conditions

We begin by noting that the stabilizer states |u, ky, k»)
obey quasiperiodic boundary conditions given by

ki + 1/N2,k) = e ™V |u @ 1Lk, k), (18a)

ok kg + 1/8/2) = &™/V2 (1) |, ki, ky) . (18b)

where here @ denotes addition mod 2. These are analogous
to the Zak state boundary conditions Eq. (9), except that
the boundary conditions also affect the logical information.
In particular, Eq. (18a) applies a Pauli X operator to the
logical information while Eq. (18b) applies a Pauli Z.

For illustrative purposes, consider a toy error model con-
sisting of a random walk of displacement errors applied
to an ideal square GKP codestate |v/), as depicted in Fig.
1. The logical information in the state remains unchanged
as long as the random walk does not cross a boundary,
i.e., while the error remains correctable. Once it crosses
a boundary, applying Egs. (18a) or (18b) causes a logical
Pauli operator to be applied to the logical subsystem, cor-
responding to a logical error on the state, reflecting the fact
that the correctable error has now become uncorrectable.
The applied logical Pauli operator is identical to the logi-
cal error that would be applied if an ideal decoder acted on
the displaced codestate.

2. States

Arbitrary single-mode CV states can be decomposed
into the square subsystem decomposition using Egs. (8)
and (12). For example, ideal GKP codestates |ii)y, =
) ® 10,0) are tensor product states by definition. Posi-
tion eigenstates |x), and momentum eigenstates |x), are
also tensor product states given by

1

1 m —IiT n
|x>q - 4_ﬁ | x) ®/ 1 dk; e (bt 2m0ky |kmk2> >
T2/
(19a)
1
1 v
9, = 5= 0 ® [ diy ek

(19b)

where we decompose x = 27k, + /7, such that k, €
(=27%2,27%2] and n, € Z, p, = n, (mod 2), and we
write |£y) = |+) if uy =0 and |%,) = |—) if u, = 1.
Intuitively, the position eigenstate |x), corresponds to a
product state with logical subsystem state |0) (|1), respec-
tively) if x rounds to an even (odd) multiple of /7.
Similarly, the momentum eigenstate |x), corresponds to
a product state with logical subsystem state |[+) (|—),
respectively) if x rounds to an even (odd) multiple of /7.

In contrast, approximate codestates are “entangled”
across the two subsystems. We define approximate
codestates by 4 ) o oAt |v) with constant of propor-
tionality such that |1/, ) is normalized, and where oAt
is the nonunitary envelope operator. To find the analyti-
cal form of |,) in the subsystem decomposition, we first
utilize the characteristic function of the envelope operator
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(see Appendix F)

» _Teoth A2 2402) .
bl 0</ dvidv, e e ( ’ >( 1+ Z)W(UI:UZ)' (20)
R

With the envelope operator written in this form it is
straightforward to apply it to an ideal codestate |i/) ®
|0,0) using Eq. (14). However, since the integral in Eq.
(20) is over vy, v € R, we must apply the boundary con-
ditions Eq. (18) to obtain a valid subsystem decomposition,
giving

Va) o Y PO 1¥) ® / dzv(ﬂ“‘““(%)'”w "

se7?

em(vlsz_vzsl)/ﬁWl,Uz)), (21)

where P(s) = ¢™152/2X517%2 the region of integration is
v, vy € (—27%2,273/2], and we have written v = (v, v2).
Note that the boundary conditions introduce logical Pauli
operators acting on the logical subsystem, reflecting the
fact that the envelope operator introduces errors on the
ideal codestate.

To quantify the logical information stored in a state,
we can apply the partial trace over S, which gives an
expression of the form

trs (1) (Wal) o D I

s,teZ?

2P V) (W PO (22)

We derive Eq. (22) and provide the analytical form of
Isﬁ in Appendix C due to the length of the equations. To
numerically evaluate Eq. (22) we can truncate the infinite
sums over s, t € Z2, which is justified as long as |/, t| — 0
sufficiently fast as |s|, |t| — oo. Importantly, numencally
evaluating Eq. (22) also becomes easier as A — 0 since
|7 t| converges to zero faster as A becomes small, requir-
ing fewer terms in the sum to be included. Intuitively, this
is because the characteristic function of the envelope oper-
ator Eq. (20) decays exponentially away from the origin,
and the rate of decay increases as A — 0.

In Fig. 2, we plot the logical state given by Eq. (22),
where we have quoted A in decibels using the formula
Agg = —10 log;y(A?). In the limit A — 0, the approxi-
mate codestate |1/,) approaches the ideal GKP codestate
|¥/) and its partial trace approaches the pure state |). In
the limit A — oo, oAl |0) (0], the projector onto
the vacuum state, and as such |/») — |0). In the square
code, the logical information stored in the vacuum state is
a mixed state that lies outside the stabilizer octahedron, and
has been shown to be distillable to a magic state [31].

In fact, as we show in Sec. VII, the procedure we have
just followed to obtain the partial trace of |1/») can be

FIG. 2. Decoded states trs ([¥a) (¥al) for |¢) =

[0),[1),]+),|—), where |¥,) is an approximate single-
mode square GKP codestate. The decoded states are plotted on
the x-z plane of the Bloch sphere (solid outline) as a function
of A (labeled on the plot). As Agg — 400 (A — 0), each state
approaches the ideal logical |¢/) . state, respectively; while as
Agg = —00 (A — +00), each state approaches the vacuum
state |0), which is outside the stabilizer octahedron (dotted line)
and is distillable to a magic state [31].

generalized to apply quantum channels £ to ideal GKP
codestates. In particular, one needs to obtain the charac-
teristic function of the map, apply the boundary conditions
of the code, and then take the partial trace. The result-
ing object is an effective logical channel that reflects the
change in logical information stored in the state under the
action of £. Moreover, the logical channel can be obtained
numerically by truncating each of the infinite series that
arise from the boundary conditions so long as the charac-
teristic function of the channel tends to zero sufficiently
fast. The details and results of this method are discussed in
more detail in Sec. VIL

3. Operators

We can also decompose arbitrary CV operators into the
subsystem decomposition. In order to do so, we first define
the stabilizer subsystem operators /Aq, /Acz, which act on the
Zak basis states |ki, k) € S via

f Ve ky) = ky Lk ko), o ks k) = ko Lk, ka) . (23)

Since k; and k, are simultaneously diagonalizable we also
have [lAq, ]}2] = 0. Moreover, the eigenvalues of lAq, 1}2 lie in
the range (—273/2,273/2].

From Eq. (13), we see that the stabilizer generators are
product operators that act trivially on the logical subsys-
tem:

3’1 —e VTP — [ efzﬁi”ifz, (24a)
§, = VT = | @ 2V2inh1. (24b)
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The operators ~/27k; = § (mod /) and 2k = p
(mod /) can also be interpreted as modular quadrature
operators.

It is straightforward to show directly that logical Pauli
operators decompose to tensor products given by

X =V = § @ e V2ith (25a)

7 = VTl = § @ eV2ith (25b)

where X, Z are logical Pauli operators acting on H while
X, Z are Pauli operators acting on £ = C?. Note that the
nontrivial action of X', Z on the stabilizer subsystem is nec-
essary for them to satisfy the identities X2 =8,2*=5.
When a logical Pauli operator is applied to a state, the logi-
cal subsystem is transformed exactly by the corresponding
Pauli operator, and the distribution of the state in the sta-

bilizer subsystem is unchanged since etk multiplies
each Zak basis state only by a phase. As such, X and Z
can be considered as ideal Pauli operators when acting as
a gate.

When considered as a measurement operator however,
the phase on the stabilizer subsystem can affect the mea-
surement outcome. In particular, the phase ensures that the
spectrum of X, Z is indeed the set of modulus 1 complex
numbers, consistent with the fact that displacements are
unitary but not Hermitian operators. Alternatively, one can
define the Hermitian and unitary ideal Pauli measurement
operators /\A’m =X ®1I and Zm =7 ®1. These operators
can in theory be measured by performing an ideal round
of error correction and then performing a measurement
of the original Pauli operators X, Z, since ki, k» = 0 in
the ideal codespace. We note that such a measurement is
impossible in practice as the ideal round of error correc-
tion requires the preparation of an ideal GKP codeword. It
is interesting to note that the measurement operators )A(m,
Zm do not, in general, coincide with “binned quadrature
operator” measurements, which we discuss in more detail
in Appendix B.

St 1) ® eV ky ey + ky — 2712,
ST ) ® e ™RV ky ky + hy + 2712), ks — 2732, (29)
Sy) @ ki, ki + ko),

S1) ® lki ko) =

In Sec. VI we show that logical Clifford gates by default
do not act as a tensor product acting on general GKP
codes, including two-qubit gates such as the logical con-
trolled NOT and controlled Z gates acting on the square

Unlike logical Pauli operators, displacements are not
tensor-product operators in the subsystem decomposition
in general. As an example, consider the displacement
W(2-3/2,0) = e~iV7P/2 = /X, which acts on states in the
subsystem decomposition as

VX 19) ® lki, ko)

lY) ® e /Y8y 42732 k), ky <0,
=14 N 3 (26)
X |y) ® e 3imk/V8|f — 273/ k), k> 0.
Note that the states with & > 0 have been mapped over
the X boundary [Eq. (18a)], while the remaining & < 0
states have not. ¥X is thus an entangling operator across

the subs%lstem decomposition.
For the square code, the Fourier transform operator

¢i7@'4/2 i5  tensor-product operator given by

emzﬁa/z

= H @ R(7/2) 27)
where H = ()A( +2) / V2 is the Hadamard operator, and
R(n/2) |k1, ko) = |—ky, k1) rotates the vector (ky, k») anti-
clockwise by 77/2. This reflects the fact that 74’42 = [ is
a logical Hadamard operator on the square GKP code, and
demonstrates that the stabilizer subsystem decomposition
is symmetric in ¢ and p.

However, logical Clifford gates are not tensor-product
operators in general For example, consider the loglcal
phase gate S = ¢@/2, which implements the gate S =
diag(1,i). It is straightforward to show from Egs. (11), (9),
and (15) that

Sl ki, k) =i |u, ki, ko + ka) (28)
where u =0, 1. Therefore, S acts as an ideal phase
gate only on Zak basis states |u, ki, k) with ky + ky €
(—273/2,273/2]. States lying outside this range incur an
additional Z logical error due to the boundary condition
Eq. (18b). In particular, we have

b+ k> 27,

else.

(

GKP code. Indeed, only a few special Clifford gates do in
fact decompose as tensor products, such as the Hadamard
gate in the square GKP code and the permutation gate H St
in the hexagonal GKP code. Intuitively, a Clifford gate will
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decompose as a tensor-product operator only if it does not
deform the decoding “primitive cell” of the code, an idea
that we discuss more formally in Secs. V and VI.

In the remainder of the paper, we generalize the stabi-
lizer subsystem decomposition to general multimode GKP
codes (Secs. III and 1V), and describe in more detail the
applications of the subsystem decomposition to Clifford
gates (Sec. VI) and the modeling of noise (Sec. VII). Read-
ers that are only interested in modeling noise can skip Secs.
I1I-VI and resume reading at Sec. VII.

ITII. GENERAL GKP CODES

Now that we have introduced the stabilizer subsystem
decomposition for the square GKP qubit code, we discuss
the generalization of the stabilizer subsystem decomposi-
tion to general multimode GKP qudit codes in the follow-
ing three sections. In this section, we introduce the notation
we will use throughout the rest of the paper, and review
the properties of multimode GKP codes. Then in Sec. [V
we define the stabilizer subsystem decomposition in gen-
eral. We provide a method of decomposing arbitrary CV
states into a general stabilizer subsystem decomposition in
Sec. V, before moving on to applications of the stabilizer
subsystem decomposition in the remainder of the paper.

A. Preliminaries

We start with a discrete-variable system consisting of the
tensor product of # finite-dimensional Hilbert spaces each
with dimension d;, j = 1,...,n, which we write as a sin-
gle vector d = (d, . ..,d,). We will allow for d; =1 for
any of the dimensions, which we refer to as a “qunaught,”
since no logical information can be stored in the sys-
tem. The Hilbert space of the system, Hgq = ®,'-':1 C%, is
spanned by an orthonormal computational basis |u), where
w=(U1,..., Uy € @j’?zl Zg; is a ditstring. On each qudit

we define the Pauli X, and Z 4, operators that have action

Xala) = la+ 1 (modd)), (30a)
Zay la)y = &7 |ay . (30b)

From now on we will no longer explicitly write (d) to indi-
cate the dimension of the Pauli operators. For a general
Pauli operator acting on the whole system Hgq we use the
notation

n .
Pa(s) = ® exp (gsjs./#n) X5 75+, (1)
Jj=1 ;

where s € Z*", c¢.f. P(s) as in Eq. (21). We allow every
component of the vector s = (sq,...,52,) to be an integer
with unrestricted range for later convenience. Because of
this, the Pauli operators f’d (s) and f’d (s) may be identical
evenifs £,

Next, consider a CV system consisting of # modes with
Hilbert space H. Such a system can be described by n
position and momentum operators, which we write in a
column Vectoré =[q1 -+ qu P1 -+ Pu]". These obey
the canonical commutation relations [g;,p;/] = i8;;-.

We define the n-mode displacement operators

(V) = exp (\/EiéTsz v) , (32)

for v e R?", where

0, I,
a=[% o] (33)

defines the standard symplectic bilinear form u’ Qv in R?".
The displacement operators obey the commutation relation

[ (u), #(v)] = exp (—2iru’Qv), (34)

c.f. Egs. (1) and (2). Moreover, they “displace” the position
and momentum operators such that

W(V)Té W(V) = é + \/EV, (35)

c.f. Eq. (4), where on the left-hand side the displacement

operators are acting component-wise on the vector &.
We define the n-mode Zak states

Ky = [kt kon)a = @ WKk, - (36)
j=1

where a = (ay,...,a,) is a list of constants a; > 0. Each
Zak state is a simultaneous eigenstate of the displacement
operators W(aj ¢;) and I7V(e,,+j /a;) forj =1,...,n, where
e; € R?" is the vector with a 1 in the Jth component and
0’s elsewhere. Restricting each component &; to an inter-
val of length a; and each component %; ,,, to an interval of
length 1/a; forms a basis of Zak states.

We also consider Gaussian unitary operators Us that
are parameterized by a 2n x 2n real symplectic matrix §
with STQS = Q. The action of a Gaussian unitary on the
position and momentum operators is defined as the linear
transformation

£Ug = SE. (37

Given a symplectic matrix S, the operator Us can be found
from the unitary metaplectic representation of § [32,33].
Every Gaussian operator Ug can be written as the prod-
uct of unitaries generated by Hamiltonians quadratic in é .
Alternatively, we can interpret S as defining a canonically
transformed set of modes & = S‘lé such that we can write
U W) UL = W(Sv) = exp(v/2mi ETQv).
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B. Multimode GKP encodings

We can now introduce multimode qudit GKP codes,
which encode a discrete-variable system Hq consisting of
k qudits and £ — n qunaught states into an n-mode contin-
uous variables system H. To specify the GKP encoding
we provide two pieces of information (X, d), where ¥ is
a 2n x 2n real symplectic matrix, and d is a list of dimen-
sions of length n consisting of & elements that are integers
greater than or equal to 2 and n — k elements equal to 1.
Together, they specify a set of 2n mutually commuting
stabilizer generators

Sy =Wmy), m; = d}/fmodn) (%), (38)
where (E) JRH the Jth column of ¥, such that the set of
operators S and S generate the stabilizer group. Note our
index convention of using j when the index runs from
1 to n, and J when the index runs from 1 to 2xn. Also
note that the (mod n) in Eq. (38) is needed only due
to our definition of d being length » (and not 2n). The
codespace is defined by the simultaneous +1 eigenspace
of the stabilizer generators. We define the logical Pauli
operators

X, = Wamy), 7 = Wiy, (39)
where m; = my/d; modn). We use the bar in the notation
m; both to denote that the vector m; is “dual” to the vec-
tor my (in the lattice sense, as will be explained below),
and to remind the reader that (i) corresponds to a logi-

cal Pauli operator. Note that on the qunaught modes where
d; = 1 the logical Pauli operators Z, and)_(j coincide with
the stabilizers S'j and S’H,,.

As an illustrative example, consider the case of a single
qudit with dimension d encoded in a single-mode square
GKP code. The parameters for this encoding are (Zyq, (d)),
with ¥y, = I, such that the stabilizers and logical Paulis
are simply

S) = W(Vde)) = e Vb, (40a)

= W(Vdey) = V24, (40b)
X = W(e,/vd) = e VP, (40c)
7 = W(ey/vd) = &V?7/4, (40d)

where e; = [1,0]” and e; = [0, 1]7. The encoding is called
square because of the square lattice generated by m; =
Jde andm, = Vde,.

One way to understand a general multimode GKP
encoding defined by arbitrary (X, d) is as follows. Since X
is a symplectic matrix, it defines a new set of canonically

d
d, sq —

dg41=1

dn—l

*t*

q .

FIG. 3. A circuit representing the encoding of £ qudits into an
ideal GKP code described by (X,d). On the left-hand side, a
state is described in the Hilbert space Hq4 consisting of a tensor
product of k£ qudits and £ — »n qunaught states. The qudits are
encoded first into the ideal codespace of n independent square
GKP codes (each labeled sq), followed by a Gaussian unitary
operator Uz.

transformed modes

A

E=3""¢, (41)

which we refer to as the logical modes. Written in terms
of the logical modes, the stabilizer generators and logical
Paulis take the form

§ = e NI 5L, = VI (42a)
X = e WG 7 = VTG (42b)

which we recognize as n independent square-GKP encod-
ings into the logical modes g;, p; . This picture is illustrated
in Fig. 3, where k qudits and » — k qunaught states are first
encoded into n square-lattice logical GKP modes, before
applying a unitary Gaussian transformation Us.

To clarify the role of the qunaught states, note that the
corresponding logical mode is constrained to a unique state
that could equivalently be defined as the +1 eigenstate
of Z for a square-lattice GKP code with arbitrary d. The
qunaught modes thus play precisely the same role as stabi-
lizers in conventional qudit stabilizer codes [30], and can
be used to provide additional protection against errors. A
special case is when Uy can be decomposed into a ten-
sor product of single-mode Gaussian unitaries, followed
by a logical Clifford circuit acting on the encoded GKP
qudits. This case can be understood as a concatenation
of n single-mode GKP codes with a conventional discrete
qudit stabilizer code. For example, the GKP-surface code
[34,35] belongs to this class, where there are n physical
modes and n — 1 logical qunaught modes (corresponding
to the surface-code stabilizer generators), leaving a single
logical GKP mode encoding a qubit with d = 2.

C. GKP lattices and primitive cell decoding

A useful way of understanding multimode GKP codes is
with lattice theory, which was first applied to GKP codes
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in Refs. [10,36] and revisited recently in Refs. [37,38]. We
define the GKP lattice

2n
A= {( = ZSJm_/

J=1

s € ZZ"} , (43)

which we say is generated by the vectors m,;. A has the
property that W(£) is a stabilizer (up to a £1 phase) for
every £ € A. The symplectic dual lattice of A is defined
by

A=li|f'aeez, veen]. (44)

A is generated by the dual vectors m; and has the property
that W(e) is a (possibly trivial) logical Pauli operator for

every £ € A. For example, the single-mode square qudit
code defined in Eq. (40) has GKP stabilizer lattice A =
/d7? and dual lattice A = 72 / Jd.

Conversely, if one starts with a lattice A, which defines
a GKP code, one can always find the corresponding pair
(X2, d). For the lattice A to define a GKP code, it must
be full rank and symplectic, i.e., £'Q€ € Z, V £,€ € A.
For consistency with the previous literature [10,36-38], we
define the lattice generator matrix M whose rows are m?.
There is freedom in the choice of matrix M (or, equiva-
lently, the generators my) for the lattice A; in particular,
left multiplication of any integral unimodular matrix N
transforms M +— NM via row operations that preserve the
lattice. Each choice of M corresponds to a different choice
of stabilizer generators, but not all of these choices of stabi-
lizer generator can be expressed in terms of logical modes
& as in Eq. (41). To solve this issue, one can always use
Gaussian elimination to find a generator M written in stan-
dard form such that MT = £ D'/? for a symplectic matrix
¥ and diagonal matrix D = diag(d, d), which provide the
parameters in our original description (X, d). We note that
the standard form of M, and equivalently the choice of X,
is not unique for a given lattice A. However, specifying X
fixes the choice of stabilizer generators S, and the labeling
of each logical Pauli operator.

The lattice perspective of GKP codes also provides a
convenient description of GKP decoding in terms of prim-
itive cells of the dual lattice. We define a primitive cell P
of the dual lattice A as any subset P C R?” satisfying the
property that any vector v € R?" can be uniquely written
as

v=4_{+ {v}p, (45)

where £ € A and {v}p € P.

To perform an ideal round of GKP error correction, one
first measures the eigenvalues of each stabilizer genera-
tor W(m,), giving a complex measurement outcome. By

introducing a vector v € R?", we can write the set of mea-
surement outcomes as exp(2ir v/ Q@my) for each stabilizer.
However, the choice of v is unique only up to the addition
of vectors in the dual lattice. As such, to uniquely assign
a displacement that returns the state to the codespace, one
must choose a primitive cell P of A, such that v can be
written uniquely as v = £ 4 {v}p for £ € A and {v}p € P.

The choice of P defines a decoder, in which we pick the
unique vector v = {v}p € P that reproduces the syndrome
&2mV'ems and perform the correction W(v)', returning the
state to the ideal codespace. The canonical choice of P is
given by the Voronoi cell V(A) of the dual lattice, which
contains the set of points closer to the origin than any other
point in the lattice. However, other choices of P can be
made, for example, to account for the effects of logical
Clifford gates (Sec. VI) and maximum-likelihood decoding
[371].

IV. STABILIZER SUBSYSTEM DECOMPOSITION

In this section, we describe how to construct the sta-
bilizer subsystem decomposition for arbitrary multimode
GKP codes. We do this by first defining the stabilizer
states |1, k) (5 g, Which are labeled by two variables p €
@}':1 Zg; (aditstring label) and k € R?", where the former
represents logical information and the latter the stabilizer
eigenvalues. The stabilizer states span the Hilbert space
‘H, but are not linearly independent, so we limit the range
of k to a subset of R?" such that the resulting states
form a linearly independent basis. We can then define a
subsystem decomposition between the logical £ and sta-
bilizer S labels. Finally, we outline two key features of
the decomposition: the decomposition of stabilizers and
logical Paulis as tensor-product operators, and the corre-
spondence of the partial trace to a noiseless primitive cell
decoding of the GKP code. A practical example of the
general framework is provided in Appendix D.

A. Stabilizer states

We begin by stepping through the definition of the sta-
bilizer states. For any pair of parameters (X, d), we define
the state |0,,, 02,) (x g as the simultaneous +1 eigenstate of
the stabilizer group and each logical Pauli Z operator Z]
forj = 1,...,n, which corresponds to the ideal GKP state
encoding the codeword |0)®".

Next, we define the remaining ideal GKP codewords

114,02 5.0y = 12) = Q)X 10,1, 020) 5.0y, (46)
Jj=1

where u = ((1,...,U,) € @j": | Zdj is a ditstring through-

out this section. Here, ®;’:1 X’f’ is a product of Pauli X
operators such that |, 02,,')(2,(,) is the ideal codeword |f1).
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Finally, we define the remaining stabilizer states as
|4, K) 5.0) = W) 118, 02) 5. » (47)

where k € R?". The state |, k) x4y can be viewed as an
ideal GKP codeword |/1) that has incurred a displacement
error W(k). We will also notate

1V, K)(z.a = Z cu I, Kz gy (48)
m

where [¥) = 3, ¢, |u).
We call the states |, K) 5 q) stabilizer states due to the
property:

A T
S/ 1K) s a) = €M™ |1, K) 5 ) 5 (49)

where we recall that S = W(m ) is a stabilizer generator
of the code [Eq. (38)]. In other words, the subspace Vi
spanned by

ue Pz (50)

j=1

|14, K) (5 a)

is the simultaneous eigenspace of the stabilizers S, with
eigenvalues exp (2i7rkT§2m J), respectively. The stabilizer
states span the Hilbert space but are not linearly inde-
pendent, obeying the quasiperiodic boundary conditions:

_ ir kI Om;
|//L,k+mj>(2’d) :emk 2 |M+ej>k>(2’d)a (Sla)
_ 2 Tom. i
1 KA+ By 1) ) = €I 2T 1K) 5
(51b)

where the addition p + ¢; in Eq. (51a) is taken mod d; on
each of its components. Comparing to Eq. (30), one can
interpret Eq. (51a) as applying a logical X to the qudit
label © and a k-dependent phase to the stabilizer label upon
application of the boundary condition, while Eq. (51b)
applies a logical Z to u along with a k-dependent phase.

B. The subsystem decomposition

To obtain a nonovercomplete basis of H from the stabi-
lizer states, we must restrict k to a primitive cell P of A
[defined in Eq. (45)], such that the set of states |u, k) x g
for k € P forms a (linearly independent) basis of H. We
shall justify this claim in Sec. V D by making a direct con-
nection to Zak states, which have already been shown to
form a basis over a given primitive cell [24]. From this we
construct a subsystem decomposition

H=L®S, (52)

where G = (Z,d,P) represents the three parameters
required to specify the decomposition. We define the tensor

product such that

V) ® ¢ k) =¥, K) 5 (53)

for k € P. Note that this definition implicitly defines a
Zak basis {|k)s | k € P} of S. We may also define the
stabilizer states Eq. (47) to be normalized such that

d*"Kk |k k):[. 54
<2ﬂjm><u|)®g(/73 k) (K| (54)

We call L the logical subsystem, which is isomorphic to
the discrete-variable Hilbert space Hg. We call S the sta-
bilizer subsystem, which is isomorphic to the full Hilbert
space H via the correspondence

k)s <> [D'2E7'K), (55)

where D = diag(d, d). The right-hand side of Eq. (55) is a
Zak state with a = (1,..., 1), and the set {|[D'?Z7'K),, |
k € P} forms a basis of H.

We can make a connection here to the stabilizer-
destabilizer formalism of discrete-variable codes [25].
The set of destabilizers of the decomposition G is given
by Dg = {(W(v) | v e P}, which represent the “lowest
weight” displacements that give rise to a given error syn-
drome. The full set of displacement operators {(v) | v €
R?"} is generated by the destabilizers Dg and logical oper-
ators W(my) via the equation v =€ + {v}p. The set of
displacement operators in turn forms an operator basis for
L(H), the space of linear operators on H. This is anal-
ogous to how qubit stabilizers, destabilizers, and logical
operators generate the Pauli group, which in turn forms a
basis for the space of linear operators acting on the n-qubit
Hilbert space.

The square single-mode GKP qubit code (discussed
extensively in Sec. II has parameters

Gsa = (12’ (2)’V5q) , Vs = (_2_3/2,2_3/2]X2- (56)

As a second example, the hexagonal single-mode GKP
qubit code has parameters

4/ 3 4
ghex = (EheX; (2)a Vhex) 5 Ehex = |: ?)/3 _1//3\//4?} 5
(57)

where Vyex is illustrated in Fig. 4(d). The hexagonal code
has the property that both A and A are hexagonal lattices
in R%. The Voronoi cell Vi, is hexagonal in shape and has
boundaries corresponding to all three Pauli operators. As
we will discuss in Sec. V, there are two differences between
the hexagonal and square GKP codes: the generators of the
lattice X and the Voronoi cells V, both of which need to be
taken into account when comparing the properties of the
codes.
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FIG. 4. Primitive cell diagrams for (a) the single-mode square GKP qubit code Gy, [Eq. (56)], (b) the Zak basis Z /5 [Eq. (72)], (c)
the square code transformed by the hexagonal Gaussian transformation XpexGsq, and (d) the single-mode hexagonal GKP qubit code
Ghex [Eq. (57)]. Subplots (a),(b) are related by an unfolding operation R; (a),(c) are related by a Gaussian transformation Xpey; and
(¢),(d) are related by a cell transformation P = ZyexVsqg = P’ = Vhex, Which is performed by shifting each of the colored regions P;
by the dual-lattice vector £ to form 7’. In subplots (a),(c), and (d), each point on the plot represents the two-dimensional simultaneous
eigenspace of the GKP stabilizers; while in (b) each point represents a single state.

C. Stabilizers and logical Paulis

Next, we wish to discuss the decomposition of stabiliz-
ers and logical Pauli operators in the stabilizer subsystem
decomposition. Before doing so, we must introduce oper-
ators that act on each of the subsystems. For the logical
subsystem L this is straightforward since it is isomor-
phic to a discrete-variable Hilbert space. For the stabilizer
subsystem S, one could use the isomorphism with the cor-
responding CV Hilbert space H to define, for example,
ladder operators &j 5 &;, s for each mode of S. Instead, we
will find it more useful to instead consider S as a subsys-
tem of H, and use operators on H that act trivially on £ to
define the desired operators, analogous to our definition of
ki and &, in the single-mode square case (see Sec. [1 C 3).

The first such operator that we wish to define is a vector-
valued operator k, that has action on the full Hilbert space:

k(1¥) ®g k) =k (|¥) ®g [K)), (58)

where k = (ky, ..., k), and the right-hand side may be
viewed as a vector with components k;(|Y) ®¢ |k)). By
definition, Kk acts trivially on £ and thus can be viewed as

an operator acting solely on S. k can be interpreted as a
modular quadrature operator k= {5 /A Zn}
recall that {v}p is the remainder of v in the primitive cell
P such that v = £ + {v}p for some £ € A.

From the stabilizer eigenvalue equation [Eq. (49)], we
can decompose the stabilizer generators as

, Where we

A A A . aT
Sy = Wmy) =1 ®g ™k (59)

Physically, the eigenvalues of k, which lie within the prim-
itive cell P, can be measured simply by measuring the set
of stabilizer generators [10,39].

For the logical Pauli operators we have

— A A~ Y

X = Wmy) = X; ®g 2™k o™, (60a)
— A A~ Y

Zp = Wiy 1) = Z; @ &7 * i, (60D)

where X;, Z; represent the logical Pauli operators acting on

H, while)A(j , Zj represent the finite-dimensional Pauli oper-
ators acting on L. The fact that each logical Pauli operator

010331-12



STABILIZER SUBSYSTEM DECOMPOSITIONS. ..

PRX QUANTUM 5, 010331 (2024)

can be written as a tensor product of operators acting on
L and S ensures that it perfectly applies the corresponding
gate to the logical information of any given state.

Alternatively, it is also possible to write the stabilizers
and logical operators in terms of the logical modes & =
(q1s--->GnsP1,--->Pn) that we introduced in Egs. (41).
We define the modular quadrature operators of the logical
modes k = (ky, ..., k) as

]_(j = {Z]j/m}d_—l/z > ]_€j+n = {ﬁj/m}d_—l/z , (61)

J

where we have written x = a|x], + {x}, for x € R such
that |x7, € Z and {x}, € (—a/2,a/2]. From Egs. (42) we
see that the eigenstates of each stabilizer generator S’j
(respectively, S ;) are eigenstates of p; () mod V27 /d;,
and are thus also the eigenstates of l_cj+n (l_cj). The operator
K acts trivially on £ because every basis state |¢/) Q¢ |k)
is an eigenstate of the stabilizers regardless of its logi-
cal state. Since the stabilizer generators are simultaneously
diagonalizable, we also have [kJ, kj’] = 0. Finally, we can

relate the operators k and k to each other via the equation
k= {3k}, . (62)

This equation can be used to rewrite Egs. (59) and (60) in
terms of k, giving

§ =1@g e/ (63a)
$jan =1 ®g &V, (63b)
G =& @g e iV, (63¢)
7 =2 ®g & NING. (63d)

D. The partial trace

The central feature of using the stabilizer subsystem
decomposition is the property that the partial trace over the
stabilizer subsystem trgs corresponds to an ideal decoding
map over a primitive cell P, which we now show.

We consider an ideal decoding map composed of a
round of ideal error correction over P, followed by a
read out of the logical information in the resultant ideal
codestate. This ideal decoding map can be described in the
subsystem decomposition in three steps:

(a) First, there is a measurement of k with some mea-
surement outcome v € P, which projects the initial
state into the k = v eigenspace via the projection
operator |v) s (v| (up to normalization).

(b) To return the state to the k=0 eigenspace (the ideal
codespace), we apply the displacement W(V)T.

(c) Finally, ideal read out is then described by the map
p ®g 10) (0] > p.

Considering these three steps together and averaging over
the possible measurement outcomes results in a quan-
tum channel H +— L described by the Kraus operators
{5 (v] ‘ Ve 73}, where g (v| is an operator that maps H —
L. Thus, the postdecoding state of an arbitrary density
operator p, unconditional on the stabilizer measurement
outcomes, can be found by taking the partial trace over the
S subsystem

[ s wipms = s (64)
P

Equivalently, if one performs a round of ideal error correc-
tion over P and averages over the outcomes, one obtains
the ideal GKP codestate trs(0) ®g |0) (0|. The partial trace
can in some sense be considered an “ideal” measure of the
logical information in a state . Indeed, the ideal decod-
ing procedure is not implementable physically since the
measurement of the stabilizer generators requires the use
of a non-normalizable ideal GKP codestate. We leave it to
future work to describe approximate error correction in the
stabilizer subsystem decomposition.

In some contexts, it is also useful to consider the state
Ov X g (V| p |V)g, which is the decoded state conditioned
on the measurement outcome v (not averaged over them),
because some stabilizer outcomes can result in decoded
states Oy with less noise than others. Such considerations
have previously been explored in qubit codes [40] and in
GKP magic state distillation [31].

We remark that this ideal GKP decoding map is not
equivalent to a decoding map defined by logical-state
tomography with binned measurement operators. Indeed,
we show in Appendix B that the logical-state tomography
with binned measurement operators (binned-LST) decod-
ing map is not completely positive, and is more susceptible
to logical errors than the ideal decoding map.

V. TRANSFORMATIONS OF ®¢

Next, we turn our attention to transformations of the
subsystem decomposition ®g. In particular, we are inter-
ested in describing transformations that map basis states
in one subsystem decomposition to basis states of another:
[¥) Qg |K) = |¢¥') Qg |K'). We wish to do this for three
reasons. First, these transformations provide a recipe to
decompose arbitrary CV states in the ®¢g subsystem
decomposition (Sec. VE). Second, the transformations
provide useful tools to analyze logical Clifford gates (Sec.
VI) and the relationship between different GKP codes.
Finally, the transformations allow us to make explicit the
relationship between the subsystem decompositions and
the Zak basis states [Eq. (36)] of H (Sec. VD). To do
this, we introduce three transformations—cell transforma-
tions, Gaussian transformations, and dimension transfor-
mations—that allow one to relate any two arbitrary stabi-
lizer subsystem decompositions G and G’ over n modes to
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each other. An example of each transformation is depicted
in Fig. 4, which we will refer to throughout the section.

A. Cell transformations

The first transformation we consider is a primitive
cell transformation (2, d, P) — (2, d,P’), which can be
achieved by applying the boundary conditions Eq. (51) to
each basis state in P (as described below). Cell transforma-
tions are important to consider because different primitive
cells correspond to different decoders with different error-
correction properties. As such, the same state decomposed
across two subsystem decompositions differing only by
their primitive cell can encode different information in
their logical subsystems.

In order to describe the cell transformation G =
(2,d,P) —» G = (X,d,P’), we start by noting from the
definition of a primitive cell [Eq. (45)] that any vector
k € P can be uniquely written

k =L+ {klp, (65)

where £ € A and {k}p € P'. Therefore, to write any basis
state |Y) ®¢ |k) as a basis state of ®g/, we can sim-
ply apply the boundary conditions associated with the
dual-lattice vector £, resulting in the equation

) 8 1K) = (Pa(s) 1)) 8 (¢ k=), (66)

where we have written £ = 23”:1 symy and i’d(s) is an
n-qudit Pauli operator defined in Egs. (31). Importantly,
k — £ = {k}p is in the new primitive cell P’ of the sub-
system decomposition ®¢’. Note that this transformation
applies a k-dependent Pauli operator to the logical sub-
system, reflecting the fact that the new decoder defined
by P’ results in different logical information stored in a
subsystem basis state.

It is also convenient to consider the subsets P; C P for

¢ € A, defined as the set of points k that are mapped by
Egs. (65) to P’ with the dual-lattice vector £. For exam-
ple, in Figs. 4(c) and 4(d), we show the cell transformation
of a thombus primitive cell P = Xy Vsq to a hexagonal
primitive cell P’ = Vjx, while the remaining parameters
¥ = Xpex and d = (2) remain fixed. To perform this trans-
formation, the initial rhombus cell P is split into regions
P; C P, each of which will be shifted by the dual-lattice
vector £ to form the new hexagonal cell 7. In particu-
lar, the yellow, green, blue, and red regions are shifted
by +m;, —m;, +m,, and —m;, respectively; while the
unshaded region is “shifted” by the zero vector 0 € A. The
basis vectors in each state are transformed by the bound-
ary conditions Eq. (66), which apply a Pauli operator to
the logical subsystem and a phase to the stabilizer subsys-
tem. In general, each region can be found by performing
the decomposition Eq. (65) to each vector k € P.

B. Gaussian transformations

Next, we consider Gaussian transformations of the basis
states. Applying a Gaussian unitary operator Us to each
basis state in the subsystem decomposition transforms
g S(G) = (SZ,d,SP) such that

Us (1Y) ®g |K)) = [¥) ®s(g) ISk) . (67)

Unlike the cell transformation, a Gaussian transformation
affects both the generators of the lattice ¥ + SX and the
cell P+ SP. As such, to obtain a transformation that
alters only the lattice generators in ¥, one must combine
a Gaussian transformation with a cell transformation that
restores the original cell P. This is particularly relevant
in the special case where S = SN X! for some symplec-
tic integral matrix N, in which case Us is the Gaussian
unitary operator that implements the logical Clifford gate
with action ffspd(s) IAJZ = Pd(N s). Here, the transforma-
tion not only applies a logical Clifford gate but also alters
the primitive cell, which we discuss in more detail in Sec.
VL.

We can now describe the full set of transformations
required to transform the single-mode square GKP code
Gsq [Eq. (56)] to the single-mode hexagonal GKP code Ghex
[Eq. (57)], depicted in Figs. 4(a), 4(c), and 4(d). First, we
perform a Gaussian transformation Uzhex, resulting in the
intermediate subsystem decomposition XpexGsq [Fig. 4(c)].
Then, we perform a cell transformation from the thombus
primitive cell Tpex Vyq to the hexagonal primitive cell Vyey.
When comparing the properties of the square and hexag-
onal GKP codes it is important to consider both of these
transformations, as both of them alter the properties of the
decomposition.

C. Dimension transformations

Finally, we describe how to transform the dimension, d,
of the subsystem decomposition. Central to this descrip-
tion is the single-mode unfolding operation R; (defined
below), which transforms the dimension of the jth mode
d; — 1, creating a qunaught mode. While there are many
possible transformations that map a given mode from a
qudit mode to a qunaught mode, we choose to describe
the unfolding operation R; (defined below) due to its sim-
ple action on the basis states of ®g. The net effect of this
operation is to take the logical information in the j th mode
and instead label it in the stabilizer mode, thus increasing
the size of the primitive cell [see Fig. 4(b)]. The unfolding
operation is therefore a generalization of the relationship
between the single-mode square GKP qubit code and the
Zak basis as shown in Fig. 1. The “inverse” of the unfold-
ing operation is a d-fold folding operation F;(d), which
turns a qunaught mode back into a qudit mode with dimen-
sion d. Arbitrary dimension transformations d — d’ can
then be described as unfolding and folding operations on
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each of the modes (although in some cases it is necessary
to perform a cell transformation following the unfolding
operation in order for the folding operation to be well
defined).

Intuitively, the unfolding operation R; consists of
demoting the logical ZJ = W(lﬁ,+n) operator on the jth
mode to a stabilizer of the new code, and removing the
corresponding )_(] = W(ﬁlj) from the logical Pauli group.
Since W(lilj +n) 1s now in the stabilizer group, states related
by a displacement W(mj), which previously had identi-
cal support in the stabilizer subsystem are now distinct.
As a result, R; “unfolds” (or copies) the cell P d; times
along the vector m;, with the new patch given by R; (P) =
Ujj::)l (P + aﬁlj).

Concretely, the action of R; (acting on the first mode
for simplicity) on states in the subsystem decomposition is
given by

. — T -
11 @) Qg K) = ™1™ 0B u) @R, (g [k + wimy),
(68)

where @ represents the direct sum of two ditstrings ) €
Zg, and p € @;‘:2 Zg;, k € P, and R(G) is determined
below. Note that the 0 label in the right-hand side of Eq.
(68) is redundant since it represents a qunaught degree of
freedom. The corresponding folding operation JF;(d;) can
be found by inverting Egs. (68).

Finally, we must consider how R; transforms the
parameters G of the subsystem decomposition. In terms
of lattice generators, R; transforms m;, > m;,,/d;
(which adds Z; to the stabilizer group), and correspond-
ingly m; — d;m; (which removes X; from the logical
Pauli group), while all other lattice and dual-lattice gener-
ators are unchanged. It is straightforward to show that the
equivalent transformation of the parameters is given by

dj—1
R @) = |24, (V). dgor, JP+amp) |,
a=0

(69)

where A;(A) is a diagonal matrix with A and 27" on the
jth and (j 4+ n)th positions, respectively, and ones else-
where, and dg 1 = (d,....di—1,1,dj41,...,d,). In Sec.
VD we will also make use of the all-mode unfolding
operation R =R o ... o R,, which results in a trivial
subsystem decomposition R(G) with dimension vector 1,,.

As an example, consider the unfolding of the square
GKP code Ggq, shown in Figs. 4(a) and 4(b). The unfolded
square GKP code R(Gyq) is a qunaught code with triv-
ial logical subsystem £ = C, such that each point in the
unfolded primitive cell R(Vyq) represents a single-basis
state of the full Hilbert space H. R(Vsq) has double the
area of Vq. The left half of R(Vsq) corresponds to states

in Gy, with a |0) logical state, while the right half corre-
sponds to |1). In general, a basis state [{/) ®q |k) of Gyq is
a superposition of two basis states |k) and |k + e;/ V2) of
the unfolded decomposition R(Gsq) (Where we have omit-
ted the redundant logical information |0) in the notation).
By comparison to Fig. 1, one can see that the basis states
of R(Gsq) correspond to Zak states as we will now discuss.

D. Zak states

We can now make explicit the connection between states
in a stabilizer subsystem decomposition G and Zak states
[24], which are known to be closely related to GKP codes
[23,29].

Since the n-mode Zak states |k), [Eq. (36)] are simul-
taneous eigenstates of the displacement operators W(aj e)
and W(ej +n/a;), we can identify them with the stabilizer
states of an n-mode qunaught rectangular GKP code

K)a =104, K) (52,1, > (70)

where Xz, = diag (ai,...,a,,1/a1,...,1/a,) and holds
for all k € R?". We can obtain a Zak basis by restricting

1 1 I 1
€|\ —5.a— 5= +n €\ =57 5= 1
ki € ( 22 2a:|’ K € ( 2a 2a:| D

for j = 1,...,n. The Zak basis coincides with the Zak
basis states of a trivial stabilizer subsystem decomposition

Za = (EZ,aa ln, PZ,a) (72)

that we call the Zak subsystem decomposition, where Pz ,
is defined by Eq. (71). As foreshadowed in Sec. V C, apply-
ing an all-mode unfolding operation R to a square qudit
GKP code Ggq,q results in a Zak subsystem decomposition
Zf,where«/a= Vi, ..., /dy).

With this connection, we can now apply any of the
transformations discussed above in Sec. V A=V C to relate
arbitrary GKP stabilizer subsystem decompositions to a
Zak basis Z 4. Starting from an arbitrary G = (2,d, P),
we can apply three transformations to result in a decompo-
sition described by Z /5:

(a) First we apply a Gaussian transformation %!,
resulting in the decomposition X~1(G) = (I, d,
=-1P).

(b) Then, we apply a cell transformation £ ~'P >
Viq.a, Where Vg q is the Voronoi cell of the square
GKP code with dimension vector d.

(c) Finally, we apply an all-mode unfolding operation
‘R, which results in the Zak subsystem decomposi-
tion Z .

Since the transformations described in Sec. V A—V C pre-
serve the linear independence and completeness of the
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states in each subsystem decomposition, and the Zak states
form a basis of H when restricted to the primitive cell
P /4> we can confirm that the restriction of k to a primi-

tive cell P of the dual lattice A does indeed result in a basis
{lu,k) | JTRS EB]'?:l La; k € 73} of the full Hilbert space

E. Wave functions in the subsystem decomposition

The relationship between basis states of an arbitrary sub-
system decomposition and the Zak basis also provides a
practical method of decomposing arbitrary states |¢) € H
into an arbitrary stabilizer subsystem decomposition ®g.
In particular, we wish to calculate the overlap

(] ®g (k) (@) = (z.a) (1, KlP) (73)

forall u € ;_, Zq; and k € P.

To perform this calculation we work with stabilizer
states |14, K) (5 q) as defined in Eq. (47). We can write the
stabilizer state |u, K) x g, as a Zak state:

|4, K) (x.a) = Us |, Eilk)(m,d) (74)

= i einE(M)TQk}E—I <k+E(M)) )z[’ (75)
d

where (1) = Z;zl w;jm;. Note that m; for j <n rep-

resents the logical )_(, operator, such that W(E(u)) =

]_[]'7:1 )_(ij .In Eq. (74), we have applied the Gaussian trans-

formation Us [Eq. (67)]; and in Eq. (75), we have applied
the all-mode unfolding operation R defined by Eq. (68).
Since we are working with stabilizer states and not with
a subsystem decomposition, we do not need to explic-
itly apply a cell transformation. Instead, the primitive cell
of the original decomposition G is incorporated implic-
itly into the calculation by only calculating overlaps where
k € P. Indeed, when K runs over P and u runs over all

possible ditstrings, the “unfolded” vector X ~! (k +¢ (,u))

[Eq. (75)] runs over a primitive cell that is related by a cell
transformation to our previous choice of Zak primitive cell
Pz va-

Finally, we can use the position representation of the n-
mode Zak states given by Egs. (8) and (36) to write the
overlap Eq. (73) as a sum of overlaps

. UL 19) . (76)

Therefore, any state for which one can calculate the over-
lap Eq. (76) can be decomposed into any subsystem
decomposition G. We relegate the full equation relating
the overlap Eq. (73) with Eq. (76) to Appendix E due to
its length.

VI. LOGICAL CLIFFORD GATES

We now move on to analyzing logical Clifford gates in
the stabilizer subsystem decomposition. To simplify our
discussion we consider only GKP codes that encode &
qubits in » modes, i.e., the dimension vector d consists
of k 2’s followed by n — k 1’s. One appealing feature of
GKP codes is that Gaussian operators, which are often easy
to implement experimentally, are sufficient to generate the
logical Clifford group. Given a k-qubit Clifford operator A,
we can always write ;llsd (S);ﬂ =P, (Ny4s), where Ny is an
integral symplectic matrix that acts trivially on the compo-
nents of s corresponding to the n — k& qunaught states, and
Pq(s) is a Pauli operator defined in Eq. (31). Equivalently,
Ny is the symplectic representation of the Gaussian oper-
ator ;lsq that applies the logical A gate on the square GKP
k-qubit code. For a general GKP k-qubit code, a logical
implementation of the Clifford gate Ais given by 4 = Uy 'y
with S; = SN, =71, such that APq(s)AT = Pq(N,s). We
note that the logical implementation A (and, equivalently,
the symplectic matrices S4 and Ny4) is not unique for a
given Clifford gate A.

We begin our analysis by considering the action of 4 on
stabilizer states, given by

A, K)(5.a) = 1AW), S4K) (5 q) > (77

where A(y) is the qubit label representing the state
[A(Yr)) =4 [¥), c.f. Eq. (28). Since the state [{,K)x q)
can be interpreted as an ideal GKP codestate that has
incurred a displacement error W(K) |¥), we can see that
the logical Clifford gate maps the error k to S4k. The Clif-
ford gate can therefore cause a logical error if the initial
error is correctable (i.e., k € P) but the final error is not
(S4k ¢ P). However, one can exactly counteract this effect
if one simply performs a round of error correction over a
modified patch S;P immediately after the application of
the gate, an idea which was first introduced in Ref. [41]
and generalized in Ref. [42].

An interesting alternative viewpoint is to consider 4
as a Gaussian transformation of the stabilizer subsystem
decomposition G — S,(G) = (XN, d, S4P) via Eq. (67).
Here, the right multiplication of ¥ by the integral symplec-
tic matrix N4 can be viewed as a column operation that
relabels the generators of the GKP lattice and dual lattice
(equivalent to a row operation N acting on the generator
matrix M) while leaving the lattice invariant. The relabel-
ing occurs in such a way that the Clifford operator Ais
applied to the logical Pauli labels of the dual lattice A, i.e.,

) consase 1Sk = (A1) @cs.as) 151K
(78)
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However, to write the right-hand side of Eq. (78) in terms
of the original subsystem decomposition G, one must per-
form a cell transformation S,P +— P via Eq. (66), which
in general applies a Pauli operator to the logical subsystem.

In practical terms, the logical information in the original
subsystem decomposition G affer applying 4 corresponds
to performing a round of error correction over the orig-
inal primitive cell P after the gate (and thus incurring
additional errors as described above). In contrast, the log-
ical information in the modified subsystem decomposition
(Z,d,S,P) after applying 4 corresponds to performing
error correction over the modified primitive cell SyP. In
this case, no cell transformation is performed after Eq. (78)
and so no logical errors are introduced.

In Sec. IIC3 we already discussed the examples of
the logical Hadamard [Eq. (27)] and logical phase [Eq.
(29)] gates for the single-mode square GKP code. In par-
ticular, we saw that the logical Hadamard gate I:[Sq is a
tensor-product operator in the subsystem decomposition,
while the logical phase gate Ssq is not. This is a con-
sequence of how the corresponding symplectic matrices
for the Hadamard S&% and phase gates ST transform
the square Voronoi cell Vyq. For the Hadamard gate, we
have Ssq)Vsq = Vg, 50 no cell transformation is required
following Eq. (78), and hence H decomposes as a tensor-
product operator. For the phase gate, we have S(Ssq)Vsq #*
Vsq» and the required cell transformation S(Ssq)Vsq = Vi
ensures that :?sq cannot be written as a tensor-product
operator.

As a further example, consider the logical controlled Z
gate. Since this is a two-qubit gate, we consider it acting
on two copies of the square GKP code, which is described
by the parameters

Ghy = (13, 2,2, (=272272p4) - (79)

The controlled Z gate is described by

Cy = diag(1,1,1,—1), (80a)
1 0 0 0

O
1 0 0 1

Czsq = exp(i ® Q). (80c)

Since Sg“vgq # V2, the controlled Z gate cannot be writ-
ten as a tensor-product operator.

We can perform a similar analysis for the hexagonal
GKP code [Eq. (57)]. Consider the logical permutation

gate R, = Hhexser which has
-1
O b

hex hex>

k:%[i _l’} NR=[} (81a)

ex 172 —+3/2 = At
S = [ Jé/z ﬁ/ ] Riex = explin’a/3).

(81b)

Since S}Qhex) is a mw/3 anticlockwise rotation, we have

S;h“) Viex = Viexs SO Rpex 1S a tensor-product operator
across Gnex. However, the logical Hadamard, phase, con-
trolled NOT, and controlled Z gates all do not preserve
the hexagonal Voronoi cell and are not tensor-product
operators in Ggq.

Our formalism also allows for other logical gate propos-
als such as those using gauge fixing techniques [38,43],
which could be used to implement code deformation and
lattice surgery schemes. In particular, consider the projec-
tion into the +1 eigenspace of an arbitrary logical Pauli
operator P. In the stabilizer subsystem decomposition this
consists of demoting the logical Pauli operator to a stabi-
lizer via an appropriate unfolding operation, followed by a
round of error correction to project into the +1 eigenspace.
In symbols, this corresponds to the sequence R; oS4,
where 4 is a Clifford operator such that APAT =7 ®
1®0=D We leave it to future work to apply this formalism
to practical problems involving GKP gauge fixing.

VII. NUMERICAL MODELING OF NOISE

One appealing feature of subsystem decompositions is
that the partial-trace operation provides a straight-forward
method of extracting qudit-level information from CV
states. Here, we apply the stabilizer subsystem decompo-
sition partial trace to model noise sources such as loss and
dephasing in GKP codes. In particular, we are interested
in obtaining the qudit-to-qudit logical map corresponding
to applying a given noise map N on approximate GKP
codewords. We develop a general method for calculating
the logical noise map from N using the partial trace in
Sec. VII A, from which the average gate fidelity can be
directly calculated. Excitingly, our method becomes more
accurate the closer the state is to an ideal GKP code-
word, allowing us to calculate logical noise maps for states
with essentially arbitrarily large photon numbers (Sec. H).
We then apply the method to calculate the average gate
fidelity of the pure loss (Sec. VII C), Gaussian random dis-
placement (Sec. VIID), and white-noise dephasing (Sec.
VIIE) noise channels acting on single-mode square GKP
approximate codestates. We find that in the regime of small
loss and high-quality approximate codestates, pure loss
outperforms the Gaussian random-displacement channel
obtained by postcomposing pure loss with a quantum-
limited amplification noise channel, consistent with Ref.
[27]. Finally, we show that the square GKP code is far
more vulnerable to dephasing than pure loss; indeed, when
comparing the average gate infidelity of the GKP codes
with a trivial {|0),|1)} Fock space encoding, we find that
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a squeezing of at least 12 dB and a dephasing rate below
o2 = 1073 (defined below) is necessary to break even.

A. Description of method

In this subsection we present the methods we use to
determine the logical noise channel N corresponding
to a CV noise channel N. We develop the method for
a general GKP stabilizer subsystem decomposition G =
(Z,d,P), although in the remainder of the section (Secs.
VII B—VII E) we will consider only the square single-mode
GKP code Gyq = (12, (2), Vsq) [Eq. (56)].

We start by defining the logical noise map N as

Ne(p) = trs (N (6 ®¢ 10) (0])), (82)

where NV is an arbitrary CV noise map. One can understand
N as composed of three steps:

(a) an ideal encoding map 0 +— p = p Qg |0) (0], fol-
lowed by

(b) the CV noise map N, and finally

(¢) an ideal decoding map over the primitive cell P,
which is equivalent to the partial trace over S (as
described in Sec. IV D).

Importantly, we have defined N as acting on ideal
codestates p. In practice though, we are typically interested
in noise channels acting on nonideal codestates p since the
ideal codestates are non-normalizable. However, we can
always define a map C that maps the ideal codestates |jt)
to the nonideal codestates |ft). Then, the map N/ = N o C
can be used in place of A/ in Eq. (82) to define the cor-
responding logical noise map acting on the approximate
codestates.

To find the logical map N from N, we first need
to write A in terms of displacement operators in its
characteristic function [44]

N(p) = / / d'ud”'v c(u,v)Wwpww)t.  (83)
RZn

In general, the characteristic function c(u,v) can be
obtained either from the Liouville superoperator represen-
tation of V' or from a Kraus decomposition, as described
in Appendix F. Alternatively, we derive the character-
istic function of an arbitrary Gaussian CPTP map in
Appendix F, giving us many of the characteristic functions
used below. Finally, the characteristic function c(u,v) of
a composition of maps N' = A, o | can be written in
terms of the characteristic functions of the maps N; with
the equation:

~ ~ ;. Ton_vIos
C(ll, V) — // d2nud2nv<em(u Qu—v' Qv)
R2n

x ci(u—u,v—v)c(u, ff)), (84)

where c;(u, v) is the characteristic function of V;. Equation
(84) can be used, for instance, to calculate the character-
istic function of the map N o C, where C is the nonideal
codestate map from the previous paragraph.

To calculate the logical noise map, we first apply N to
an ideal codestate via the equation

N (1, 0) (v, 0]) = f/ v e(u, V) ¥, ) (Y, V1,
R2n
(85)

where we have omitted the (X, d) label of the stabilizer
states to save space. We can see Eq. (85) holds from the
definition of stabilizer states as displaced ideal codestates
[Eq. (47)]. Moreover, Eq. (85) can be applied to an arbi-
trary ideal encoded density matrix p ®¢ |0) (0| using the
linearity of \V.

The use of stabilizer states on the right-hand side of Eq.
(85) is necessary due to the domain of integration R?".
Therefore, to write Eq. (85) in terms of the subsystem
decomposition ®g, we must apply the boundary conditions
Eq. (51), giving

N(p®g10)(0) = > //7> " d¥'v

s,tez2n

x (e Pa©pPa®’ ® w) (vI),  (86)
where Pq(s) is a Pauli operator defined in Eq. (31), and

cs,t(ua V) —c <u 4 E(S),V 4 E(t)) ei?‘[(uTQE(S)fvTQE(t))’
(87)

with £(s) = 23":1 symy. Note that applying the boundary
conditions has introduced logical Pauli operators on the
logical subsystem, altering the logical information stored
in the state.

Finally, we obtain the logical noise map by taking the
partial trace over the stabilizer subsystem, giving

Ne@p)y= ) < /P dz"Vcs,t(v,V)) Pa(9)pPa(®)’. (88)

s,tez2n

In order to evaluate the logical noise map Eq. (88) in
practice, we need to truncate the infinite series over s, t.
This truncation is possible if the modulus of the char-
acteristic function |c(u, V)| goes to 0 sufficiently fast as
|ul, [v] = oo. Indeed, in some cases this property does not
hold, for example, in the unphysical scenario of apply-
ing pure loss to an ideal codestate, and in these cases our
method cannot be applied in practice. However, in all the
other examples we consider, |c(u, v)| decays to 0 exponen-
tially as |u|, |[v| — oo, and we find that a truncation of each
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component of s, t to —1,0, 1 is sufficient to achieve accu-
rate results in almost all regimes of interest, as discussed
in more detail later in this section. In the case of the square
GKP code, the integrals in Eq. (88) can often be analyt-
ically evaluated due to the Cartesian product structure of
the square Voronoi cell Vi, [Eq. (56)]. However, for sub-
system decompositions with more complicated primitive
cells P, the integrals must be evaluated numerically. In this
work we consider only square GKP codes for simplicity.

With the logical noise map, one can then directly extract
quantities such as the average gate fidelity, which is
defined as [45]

F&) = /dl/f (WIEAY) (Y DIY) (89)

for a quantum channel £ acting on a discrete-variable
Hilbert space Hq4, where the integral is over the uniform
measure dy/ in state space. In practice this is most easily
calculated via the entanglement fidelity

Fe(&) = (MEZ ® E)(IME) (ME|)|ME) , (90)
where |ME) € Hq ® Hq is a maximally entangled state,

and 7 is the identity quantum channel acting on L£(Hy).
Then, we can use the relationship [45]

_dF.(&) +1
FEO==0T

oD
where d =d| xdy x --- xd, 1s the dimension of the
Hilbert space Hg. We note that in order to calculate the
average gate fidelity, the logical noise map (and, equiva-
lently, the noise map itself) must be CPTP.

Here we comment that the methods described above
reflect the logical information one would obtain using ideal
error correction, which is not possible in practice since it
requires the use of ideal codestates. While we do not quan-
titatively model the more realistic case of error correction
with approximate codestates, we briefly discuss the quali-
tative effect that this would have on our subsequent results.
For small enough A, one can approximately model the use
of approximate codestates and inefficient homodyne detec-
tion in a teleportation-based error-correction scheme as
applying a Gaussian random-displacement channel imme-
diately before and after a round of ideal error correction,
see, for example, Appendix F of Ref. [46]. To approxi-
mately model the effect of approximate error correction,
we can simply postcompose the noise map N consid-
ered above with the an appropriate Gaussian random-
displacement channel. Such a modification would reduce
the fidelity of the resulting logical channel and introduce
more errors. However, the qualitative features described
below, such as the presence of a global minimum in the

infidelity, should not be affected since the stochastic dis-
placement errors add only decoherently to the noise map
N.

To summarize, if one wishes to calculate the logical
noise map corresponding to applying a noise map N
on some nonideal GKP codewords, one can follow the
following steps:

(a) First, determine the map C that maps ideal
codestates to nonideal codestates.

(b) Then, calculate the characteristic function of the
combined map A o C [Appendix F and Eq. (84)].

(c) Finally, substitute this into Eq. (88) by truncating the
infinite sums.

These are the steps that we follow for the square GKP
code in the remainder of this section. We start by look-
ing at nonideal codestates defined by the envelope operator
in Sec. VII B, and follow this by applying the loss (Sec.
VII C), Gaussian random displacement (Sec. V B), and
white-noise dephasing (Sec. VII E) noise channels to the
codestates.

B. Envelope operator

We define approximate GKP codewords as

[Wa) oc e 24y

where A quantifies the quality of the approximate code-
words, and the constant of proportionality is defined such
that [») is normalized. A is also commonly quoted in
decibels as Agg = —101log;,(A?). We call the nonunitary

92)

operator e~ the envelope operator, and we define
the envelope map as £ = J [e*AzaT‘A’], where J [@](,6) =
0p0".

Since the envelope operator is nonunitary, the envelope
map & is not trace preserving. Moreover, the map that takes
ideal codestates to normalized approximate codestates
is not linear. To solve these problems, we apply an
orthonormalization procedure (described in Appendix G)
to the approximate codewords [1/5) — | A.o) such that the
orthonormalized encoding map £ is CPTP. The orthonor-
malization has a vanishingly small effect on the approxi-
mate codestates themselves as A — (. Conveniently, we
can calculate the orthonormalized CPTP logical noise map
Ef, from the non-trace-preserving logical noise map £
after we have applied the steps in Sec. VII A.

The envelope map has characteristic
(Appendix F)

function

2 (u,v) o exp (—%coth (A2/2) (|u|2 + |V|2)) , (93)

where we have omitted the constant of proportionality
since the codewords are going to be orthonormalized any-
way. Importantly, since the characteristic function Eq. (93)
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decreases exponentially as |ul, [v| — 00, we can truncate
the sum in Eq. (88) to numerically obtain the logical enve-
lope map £2. Moreover, each integral in Eq. (88) can
be evaluated analytically for the square GKP code (see
Appendix C). Then, we apply the orthonormalization pro-
cedure in Appendix G to obtain a CPTP map £ éo. Finally,
we can calculate the average gate fidelity of £2 | using Egs.
(90) and (91). This average gate fidelity is piotted in the
y = 0 curve of Fig. 5(a). Since c? (u,v) becomes sharper
around the origin as A — 0, this method becomes more
accurate and less computationally expensive as the approx-
imation becomes more ideal. Indeed, our technique easily
enables the simulation of highly squeezed states, and in
principle there is no limit to the squeezing one could sim-
ulate (see Sec. H). Our result is similar in spirit to those
of Ref. [47], where it is shown that circuits that are effi-
ciently simulatable by classical computers with ideal |0)
states as input states are universal for quantum computing
with approximate states as input, and the resourcefulness
of the approximate states increases as A increases.

Let us briefly comment on the accuracy of the truncation
of the infinite sum Eq. (88). To do this, we take the largest
value of A that we used in our simulations (A ~ 0.94,
n = 0.56, Agg =~ 3.1) and compare the average gate infi-
delity across different levels of truncation. In particular, we
truncate the absolute value of each component of s, t to be
less than or equal to some integer sm,x. We find that the
relative error

| F (Smax = 2) — F(Smax = 1)
1 — F(smax = 2)

between the calculated average gate infidelities for sy =
1 and 2 is only 7 x 1074, and the relative error between
Smax = 2 and 3 is only 4 x 10~°. Moreover, these rela-
tive errors should decrease as A becomes smaller and the
codestates become more ideal. These results show that
the sum Eq. (88) converges extremely rapidly even for
large A, allowing smax to be set to 1 for all our remaining
calculations.

94

C. Pure loss

We define loss from the Kraus operators

oo

LV p) =y L7 pL)", (95a)
j=0
12 Aj
o 1% o .
L =(—— — (1 =), 95b
7=(5) oo o
with characteristic function (Appendix F)
v ( 7 (14+J/T=y)?
corm,v) xexp| — ———
2 Y
x (Ju—v* +2iu"Qv) ) (96)

Here, y = 1 — e ' represents the amount of loss applied
to a system evolving under the master equation

p = «D[alp (97)

for some time ¢, where D[a]p = apa’ — %{&T&,/’)} is the
Lindblad dissipator and {4, B} = AB + BA is the anticom-
mutator.

Simulating loss acting directly on ideal GKP codestates
using our method is not possible since the modulus
|cz (u, V)| is constant for u = v, even as |u| — o0. Instead,
we simulate loss acting on approximate codestates by
considering a composition of maps £? o £2, whose char-
acteristic function can be determined from Eq. (84). Again,
we calculate the logical map by truncating the infinite
series Eq. (88), and we must orthonormalize the codewords
using Appendix G, resulting in the orthonormalized logical
map (LY 0 E2) .

We plot the average gate fidelity of (L7 o £2) ., for the
square GKP code in Fig. 5, and compare it to the average
gate fidelity of loss acting on the trivial Fock encoding,
{10y, 1)}, which represents the break-even point of the
code. We find that for any fixed loss rate y, there is an
optimal A that maximizes the average gate fidelity. One
can understand this intuitively by noting that loss has a
larger effect on states with a large photon number. Since the
average photon number of an approximate GKP codestate
is given approximately by (afa) ~ 1/(2A?%) — 1/2 [48], as
the GKP codestate becomes more ideal, the noise due to
EA decreases while the noise due to £ increases, giving
rise to a cross-over point, which represents the optimal A
that protects against the loss. As previously mentioned, we
expect that these results would hold qualitatively (if not
quantitatively) in the more realistic case of error correction
with approximate codestates.

Based on experimental parameters used in a recent paper
that produced GKP Pauli eigenstates [15], we can obtain
a rough, order-of-magnitude estimate of the loss rates we
might expect in near-term GKP experiments. Given a cav-
ity lifetime 77, ~ 600 ps, and an error-correction cycle
time of 6 ws, we can estimate the amount of loss we can
expect during an error correction cycle to be on the order of
y ~ 1%. At this loss rate, GKP codes perform very well,
and the optimal A is far beyond what is experimentally
feasible. Encouragingly, the square GKP code still outper-
forms the trivial encoding even for much larger amounts
of loss.

D. Gaussian displacements

Next, we consider a Gaussian random-displacement
noise model G° defined by its characteristic function

cg(u,v) = o 2exp (—nlulz/az) 82(u —v). (98)
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y /(1 — y) is scaled such that the Gaussian displacement channel is equivalent to loss followed by a quantum limited amplification
via Eq. (100). (a) The average gate infidelities plotted as a function of A, where 7 & 1/(2A2) — 1/2 is the average photon number of
the approximate GKP encoded maximally mixed state. The ¥y = 0 curve represents the errors solely resulting from the approximate
GKP codestates. (b) Average gate fidelity of the loss channel as a function of y & k¢, which represents the loss of logical information
as approximate GKP codestates evolve in time under loss. This is compared to the loss of logical information stored in a trivial Fock

encoding {|0), |1)} under the same loss channel.

Here, 0 = kgt represents the variance of random dis-

placements applied to a system evolving under the master
equation

p = k¢ (Dla] + Dla') p (99)

for some time 7. The Gaussian random-displacement chan-
nel G7 is equivalent to a loss channel L? followed by a
quantum limited amplification channel [49]
GVYIa=v) — AV(=-1) ¢ 7, (100)
where the quantum limited amplification channel A¢(p)
is equivalent to the state p evolving under the master
equation
p =r4Dla']p (101)
for some time ¢, where g = &4’

Using the same method as for loss, we calculate
the orthonormalized logical noise map for the Gaussian
random-displacement channel acting on approximate GKP
codewords, and plot the average gate fidelity in Fig. 5(a).
To compare loss to Gaussian random displacements, we
use the relationship o2 = y /(1 — y) from Eq. (100). For
equivalent values of o and y, G° introduces more noise
into the system than £ in the region of small Agg and y.
However, the infidelity of G becomes smaller than that
of LV at large values of Agg or y, reflecting the fact that
cg(u,v) tends to 0 as |ul, |[v| — oo even when acting on
ideal codestates.

We again comment briefly on the accuracy of the trunca-
tion of Eq. (88). The data point with the highest infidelity

in Fig. 5 corresponds to a Gaussian random-displacement
channel with variance o> = 0.1/(1 — 0.1) ~ 0.11 applied
to a GKP codestate with very large A (A ~ 0.94, 7 = 0.56,
Agg ~ 3.1). Considering different truncations sp.x as in
Eq. (94), we find that the relative error in the average gate
infidelities for this A and o2 between sm.x = 1 and 2 is
2 x 1073, and between spux = 2 and 3 is 2 x 1077, indi-
cating that our truncation is still valid even for the channel
with the largest infidelity.

The consequences of our results for correcting GKP
codes against loss are interesting. In particular, in the
regime of large y and large Agg, it is better to apply a
quantum limited amplification channel before performing
a standard round of GKP error correction, as discussed
in Ref. [49]. The fact that this scheme outperforms pure
loss followed by standard error correction is not neces-
sarily surprising, since the amplification is designed with
knowledge of the noise model acting on the system, while
standard error correction is not. However, loss without
amplification does outperform loss followed by amplifica-
tion in the small y and small Ayp regime that is likely to be
experimentally relevant. This result is consistent with the
results of Ref. [27].

E. White-noise dephasing

Finally, we conclude our numerical analysis by con-
sidering a white-noise dephasing channel, defined by its
continuous Kraus decomposition

1

D= e

fd¢e¢2/(202)ei¢&T&ﬁei¢&Ta’ (102)
R
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and with characteristic function (Appendix F)

2 2
cpH(u,v) = 1 /d¢—e. (z il )e_%wt(%)oulz_'v'z).
42wc? Jr  sin“(¢/2)
(103)
This time, 0 = Kyt represents the amount of dephasing
applied to a system evolving under the master equation
p = KyDlatalp (104)
for some time z. The term “white-noise” refers to the Gaus-
sian distribution of the Kraus operators, Eq. (102), which
is a simplification of general dephasing errors that can
occur in an experiment. Although our results should give
a general indication of the performance of GKP codes
against dephasing, typical experiments observe dephasing
with non-Gaussian, or colored, distributions.

Again, we calculate the orthonormalized logical noise
channel (D° 0 £2) ., as a function of both A and o. In
the case of dephasing however, our result is not purely ana-
lytical as we perform the integral over ¢ arising from Eq.
(103) numerically. The average gate fidelity of the logical
noise channel is plotted in Fig. 6, and compared to pure
dephasing applied to the trivial Fock encoding {|0),|1)}.
For any given o, we again find an optimal A, which cor-
rects against the dephasing, which we also expect to hold
qualitatively in the case of approximate error correction.
This can be understood intuitively by noting that dephasing
applies random rotations to a state in phase space. As A —
0, the approximate GKP codestate becomes more widely
distributed in phase space and is thus more vulnerable to
the effects of dephasing.

Comparing our results to the experimental data in Ref.
[15], we have Ty ~ 1 ms. At this rate, dephasing acting
over a time of 6 ps results in o2 &~ 0.6%, although this
may be reduced if error correction can be performed faster
in the future. In contrast to loss, this amount of dephas-
ing severely affects GKP codestates, underperforming the
trivial encoding for all values of A. Indeed, for a GKP
squeezing of Agg = 10, one needs to be performing error
correction on a timescale of approximately 2 s to achieve
an average gate infidelity of 107> even with state-of-the-
art dephasing rates. Moreover, to break even against a
pure-dephasing channel, one needs to be operating with a
squeezing of greater than Agg = 10 and a dephasing rate
less than 0.1%.

VIII. CONCLUSION

We began the paper by constructing the stabilizer sub-
system decomposition for the single-mode square GKP
qubit code in Sec. II, and discussing its key properties. In
Sec. III we introduced multimode GKP codes by describ-
ing the parameters (X, d) that specify the lattice generators

of a given GKP code. Then in Sec. IV, we introduced the
stabilizer subsystem decomposition H = L ®¢g S of the
CV Hilbert space into a logical and stabilizer subspace in
the general case. We showed that the partial trace trg cor-
responds to ideal decoding over the patch P, justifying our
use of the stabilizer subsystem decomposition over previ-
ously developed alternatives. We explored the properties
of the subsystem decomposition, and used three transfor-
mations (cell, Gaussian, and dimension transformations)
to connect states in the stabilizer subsystem decomposi-
tion to Zak states (Sec. V) and to describe logical Clifford
gates in our formalism (Sec. VI). Finally, in Sec. VII we
introduced a general method to calculate the logical effect
of various noise operators on GKP codes, which we then
used to analyze the envelope operator, pure-loss channels,
and Gaussian displacement channels in regimes that are
unreachable by Fock space simulations.

In Secs. VI and VII we provided a number of exciting
applications of the stabilizer subsystem decomposition to
implement logical gates and analyze the effects of noise.
However, there is significantly more work that must be
done to provide analysis that is useful for experiments.
In particular, one could incorporate other techniques from
the literature on fault tolerance, such as gate teleporta-
tion, subsystem codes [30], and gauge fixing [43], into the
GKP setting using our formalism. Furthermore, analyzing
more realistic noise sources such as colored dephasing,
Kerr nonlinearities, and approximate error correction is
required to model the dominant sources of errors in current
experiments. In particular, analyzing the dissipative GKP
error-correction schemes used in Ref. [12,50] in terms of
the subsystem decomposition may provide insights into
how the schemes work. We add that our formalism may
allow for more accurate simulations of concatenated GKP
codes using the logical action of noise channels and logical
gates defined by the stabilizer decomposition.

Finally, we note that our simulation methods rely on the
integration of characteristic functions over a cell P. In this
work, we were able to produce our results by evaluating
these integrals analytically over the single-mode square
GKP Voronoi cell. However, higher-dimensional integrals
over nonrectangular and/or multimode patches cannot be
evaluated analytically and thus require numerical integra-
tion, which may not scale favorably. As such, there is
still work that can be done to optimize the numerical
integration methods for multimode GKP codes.
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APPENDIX A: COMPARISON TO REF. [18]

In this Appendix we briefly compare the stabilizer sub-
system decomposition to the modular subsystem decom-
position [18], for the single-mode square qubit GKP code
Gsq = (12, (2), Vi) [Eq. (56)]. We show that the stabilizer
subsystem decomposition is not equivalent to the decom-
position of Ref. [18] by explicitly decomposing example
states and operators into each subsystem decomposition.
We also show explicitly the different choices of phase in
the definitions of each decomposition in the Zak basis,
which lead to their different properties. Since the stabilizer
subsystem decomposition is designed to describe ideal
GKP codes, one way to view the decompositions of Ref.
[18] is that it defines a bosonic code that shares the same
ideal codespace as the GKP code, but where the partial-
trace operation represents a nonideal error-correction pro-
cedure.

In order to define a modular subsystem decomposition
following Ref. [18], one must choose a quadrature in which
to decompose the Hilbert space 7. We choose the position
basis for this purpose and refer to this decomposition as the
modular-position subsystem decomposition (Q). Any real
number x can be decomposed into a sum

x=JTQs+ ) +7, (A1)
where s € Z, u € Zy, and r € (—+/7 /2, /7 /2]. Introduc-
ing the modular notation: x = a|x], + {x},, where |x], €

Z and {x}, € (—a/2,a/2], we can write r = {x} sz, s =
|_Lx1 ﬁ—|2 and u = {Lxl ﬁ} 5 Then, the modular-position
subsystem decomposition is defined on the position eigen-
states as

) = 1) @ [V7s +7)g, (A2)
where we use the subscript ¢ on the nonlogical “gauge”
mode to signify that the state is a position eigenstate of the
gauge mode.

Due to this choice, the position and momentum quadra-
tures are not treated symmetrically, resulting in a number
of undesirable properties in the subsystem decomposi-
tion. To make our point explicit, let us give two concrete
examples demonstrating the asymmetries of the modular-
position subsystem decomposition. First, the modular-
position subsystem decomposition treats the position and
momentum quadratures asymmetrically, and as such the

Fourier transform operator ¢@'4/2 does not have a neat
decomposition over the subsystem. In contrast, we recall
that the Fourier transform operator can be written in
the stabilizer subsystem decomposition as a product of
operators acting on £ and S as
irata/2 2 2

e = H Qs R(/2), 27

where f?(n /2) k1, ky) = k1, —ky) rotates the vector (ky, k)

by an angle /2 anticlockwise.
Second, we take the partial trace of the two CV states

|ps) = <|0)q + |iﬁ)q> /~/2 (see Table I). These states

are chosen to reveal an asymmetry between left and right
displacements in position in the modular-position subsys-
tem decomposition, since the partial trace results in a pure
final state |+) (+| for |¢,) but the maximally mixed state
0= 1 /2 for |¢_). In contrast, the stabilizer subsystem
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TABLE 1. The partial trace of the states |¢p+) =

% (|O) g1 EVT) q) in the square single-mode stabilizer
and modular-position subsystem decompositions. The stabilizer
subsystem decomposition gives the same result for both states,
while the modular-position subsystem decomposition gives
different results, revealing an asymmetry in superpositions of
left and right displacements of the position eigenstates.

CV state Stabilizer partial trace Mod-q partial trace
|p.) I+1x LI +X)
) H+1x 11

decomposition gives the same logical state for both CV
states.

Now we turn our attention to the Zak basis representa-
tion of each decomposition. Recall our definition of a =
V2 Zak states

ki ko) 5 = VAme ™k Y 22Tk | ok 4 2 /),
SEZ
®)

for k1, k> € R. The set of states |k, ky) /5 restricted to k; €
(—2_3/2,3 X 2_3/2] ko € (—2_3/2,2_3/2] forms a basis.
Next, recall the Zak representation of the Gy decompo-
sition:

1) ® Ikt o) = €™y + /N2, 00) g (15)
for w = 0,1 and ki, k, € (—273/2,273/2].

In recent work [23], a similar equation was developed
for the modular-position subsystem decomposition. Here
we provide a similar derivation using our notation in order
to directly compare the two decompositions. One can see
from the definition in Eq. (A2) that for any gauge mode
state |¢) we have

¥ (1/52,0) 100 @ [#) = 1D ®ol9).  (A3)
Next, consider the “left half” of the Zak basis states
|ki,k2) s5 for which k; <2732 These states have sup-
port only on position eigenstates [|x), with u =20
in Eq. (Al), and thus can be decomposed into a
state |0) ®¢g |¢). We can then choose a Zak basis
{lk1, k2), | ki ky € (—273/2,273/2]} of the gauge mode
such that
0) ®q Ik, ka), = k1, ko) 5 = 10) ® |kik2), (A4)

where the last ® is across the stabilizer subsystem decom-
position. Now, we can apply Eq. (A3) to find

1) ®q ki, ko), = e V2 |k 4 1/V2, k) 5, (AS)

which differs from the equivalent equation for the stabi-

lizer subsystem decomposition Eq. (15”) only by a etk

phase. This in turn can be viewed as applying a k-
dependent Z-axis rotation of the logical Bloch sphere, thus
altering the properties of the partial-trace operation. It is
because of this phase that the stabilizer subsystem decom-
position can be seen as a “rephasing” of the modular-
position subsystem decomposition, which symmetrizes the
treatment of the position and momentum quadratures. This
result is consistent with recent work done in Ref. [23].

APPENDIX B: BINNED QUADRATURE
MEASUREMENTS AND LOGICAL STATE
TOMOGRAPHY

In this Appendix we discuss the subsystem decompo-
sition of binned quadrature measurements (Sec. B 1), and
the relationship between ideal decoding (as defined in Sec.
Il C) and logical state tomography using binned quadra-
ture measurements (binned LST), a procedure we define in
Sec. B2. We show that binned quadrature measurements
do not correspond to measurements of the logical subsys-
tem Pauli operators; and, moreover, that binned quadrature
measurement operators do not decompose as tensor prod-
ucts in the stabilizer subsystem. Then, we show that binned
LST corresponds to a decoding procedure that is more
prone to errors, and defines a map that is not CPTP.
Throughout this Appendix we will consider only single-
mode qubit codes so that G = (X, (2), P) and the logical
Pauli operators are given by

X = e—iﬁﬁ’ — eiﬁ(é—ﬁ)’ 7 = eiﬁ‘?’ (B1)

in terms of the logical modes é = E_lé [see Egs. (41) and
(42)].

1. Binned quadrature measurements

We begin by defining a binned operator B(U) for any
unitary operator U as follows. Given the spectral decom-
position of the unitary operator

U= " 1a) (]

rel

(B2)

with 6, € (—m/2,3m /2], we define the binned operator

B =Y IM =D 1M,

reL4 rel_

(B3)

where L, ={A |6, € (—n/2,7/2]} and L_ ={A |6, €
(/2,37 /2]}. In words, the binned operator B(U) shares
the same eigenstates {|1)} as U, but the complex eigenval-
ues of U are rounded to +1 if their real part is positive
and —1 if their real part is negative. Note that B(U) is both
unitary and Hermitian for any unitary U.

We define binned quadrature measurements as follows.
For a binned Pauli X measurement:
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(a) First, measure the logical quadrature p.

(b) Then, round the result to the nearest multiple of /7.

(c) If the rounded result is even, assign a —+I1-
measurement outcome to the X measurement; and
if it is odd, assign a —1-measurement outcome.

Binned Y and Z measurements are similarly defined by
replacing p with (g — p) and g, respectively. With this
definition, a binned quadrature measurement for X is
equivalent to a measurement of the Hermitian operator
B(X), and likewise for ¥ and Z.

Now consider the action of B(X) on a subsystem basis
state |/) ®¢ |k). From Eq. (60), X acts on the stabilizer
states as
G 2T k'Qm; k) .

X (19) &g k) =X ) ® (B4)

Since X has eigenvalues %1, the action of B(X) on the

state is determined by whether the real part of 27 k'@ jg

positive or negative. In particular, we can write the action
of B(X) as

BCD) (1) @g [K))
(£1v)) @ K,
(~X ) &g, ese,

{kTQﬁll}l € (_%9 41_1] >

(B3)

where {x}; € (—1/2,1/2] is the remainder of x modulo
1. Similar results can be obtained for B(Y) and B(Z) by
replacing m; with (m; 4+ m;) and m,, respectively.

The significance of Eq. (B5) is that the remainder
{(k'Qm,}, [or the equivalent remainders for B(Y) and
B(Z)] is not always between —1/4 and 1/4, even when k is
in the Voronoi cell of the dual lattice. As an example, con-
sider the square GKP code Gyq = (12, (2), Vi) [Eq. (56)].
Then, the symplectic products that determine the binned
logical operators simplify to

K'Qm, = —k/v/2, (B6a)
K'Q(my +my) = (k — k) /V2, (B6b)
kK'Qm, = k /v2. (B6c)

Since the square Voronoi cell Vi, enforces ki, k €
(—273/2,273/2], Eqgs. (B6a) and (Bé6c) are guaranteed to
be between —1/4 and 1/4. As a result, the binned oper-
ators B(qu) and B (qu) act as product operators X ®1and
Z ® 1, since the second condition in the right-hand side of
Eq. (BYS) is never satisfied. In contrast, there are values of

(a) B(Ysq) (b) B(Phex)
bl N
1 -y

S

_1_ 1
V2 2v2

FIG. 7. (a) Action of the binned logical Y operator B(Ysq)
on the square GKP qubit subsystem decomposition. Subsystem

basis states in the unshaded subsystem satlsfy (k1 — k)/ V2 e
(—1/4,1/4], and thus B(qu) acts as Y ® I on these states. For
)/ V2 lies

—Y®1 on these regions.

subsystem basis states in the shaded reglons (k1
outside (—1/4,1/4] and B(qu) acts as —
The displacement W([—l, 117/(43/2 )) (depicted by the arrow)
is the (equal) shortest displacement that causes a change in the
logical measurement outcome. (b) Action of the binned logical
Pauli operators B(Ppex) on the hexagonal GKP qubit subsys-
tem decomposmon (forP X, Y,Z). Each binned Pauli operator
B(Phex) acts as —P ® I in the corresponding shaded regions, and
as P ® I elsewhere.

k1 and k; inside the Voronoi cell for which Eq. (B6b) is out-
side the range (—1/4,1/4], for example k; = —1/(3«/_)
ky = 1/(3\/_) In this region, B(qu) acts as —Y® 1 on
subsystem basis states as shown in Fig. 7(a).

Alternatively, one can understand this result as a con-
sequence of the logical phase gate S‘Sq not being a tensor-
product operator. Since Sy, maps —p > § — p, we have
B(Yy) = SqB(X.)SL,. From Eq. (29) and using B(Xy,) =
X ®1, one can quickly show that B(f’sq) is not a tensor-
product operator in the subsystem decomposition, in agree-
ment with our direct calculation above.

Repeating the calculations in Eq. (B5) for the hexago-
nal GKP code reveals that none of the binned operators
B(Xhex), B(Yhex), B(Zney) are product operators, and there
are regions of the Voronoi cell in which each of them act
as negative Pauli operators, as shown in Fig. 7(b).

2. Logical state tomography with binned quadrature
measurements

A natural way to define a decoder is to use the binned
quadrature measurements to define a logical-state tomog-
raphy decoder that we label binned LST. For a CV state
0 € L(H), the binned-LST decoder is defined by the map

P %(i +tr (BX)P) X +tr (B(Y)P) ¥ +tr (B(2)p) Z)
(B7)
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which is identical to the logical state one would obtain by
running a tomography experiment on the CV state using
the binned Pauli measurements.

Since the binned measurement operators are not tensor-
product operators in the subsystem decomposition, Eq.
(B7) is not equivalent to taking the partial trace over the
stabilizer subsystem. Instead, the partial trace itself can be
recovered by replacing the binned measurement operators
B(P) with ideal measurement operators Py, = P ®g 1 for
P=X,YZ

There are two consequences of this discrepancy between
the binned-LST and subsystem decomposition decoders.
First, for the square GKP code, if one starts in an ideal
codestate |v¥) ® |0), the (nonunique) shortest displace-
ment that alters the binned-LST decoded state is Wmin =
I7V<[—1, l]T/(4\/§)> with length 1/4, see Fig. 7(a). In con-
trast, the shortest displacement that causes an error in the
subsystem decomposition has length 1/(2+/2). This reduc-
tion in distance is not unique for the square code and is also
the case for the hexagonal code, as shown in Fig. 7(b).

Second, the logical error caused by Wmin to the binned-
LST decoded state is given by)? X, Y>> -V, Z— 2
In terms of density matrices, this is a transpose map, a well-
known example of a positive but not completely positive
map. Recall that a map N is positive if it maps positive
operators to positive operators, and is completely positive
if T ® NV is positive where 7 is the identity map (acting on
a Hilbert space of any dimension).

To see an example of a positive density operator being
mapped to a negative operator under the binned-LST
decoding map we must therefore consider an initial state in
a composite Hilbert space, which we choose for simplicity
to be between a qubit space and a CV space C> @ H. We
consider the initial Bell-like state

1
7 (10) ® (10) ®¢ |vo) + 1) ® (I1) ®g [V0)))

eC?’QH=C’Q(C*®gS),

lp) =

(B8)

where vy = [—1,1]7/(3+/2) is in the shaded region of Fig.
7(a), and the unlabeled tensor product ® is the tensor
product between the C? qubit space and the CV space H
while the labeled tensor product ®¢ is the tensor product
between the square GKP logical subsystem C? and stabi-
lizer subsystem S of the CV space H. The initial density
operator can be equivalently written as

19) (P| = ®g Vo) (Vol

N —
_—0 O

SO OO
SO OO
—_—0 O

eLCH®g LS) = LEC*QH), (BY)

where we have represented the qubit state and the logical
state of the CV mode together in the matrix.

Next, we perform binned LST on the CV space while
leaving the qubit state invariant. Since the binned-LST
decoder maps the CV Hilbert space H to a qubit space C2,
the initial density matrix |¢) (¢| € £L(C*> ® H) is mapped
to a two-qubit operator Oe L(C*). Since vy is in the
shaded region of Fig. 7(a), performing logical tomography
maps Y+ —Y on the logical subsystem of H, while leav-
ing the remaining logical subsystem Pauli operators and
qubit Pauli operators invariant. This is equivalent to taking
the transpose of each 2 x 2 block of the matrix in Eq. (B9).
The final operator

1 0\T (0 I\T 1 0 0 0
O—l <O 0) (0 0) _Ljoo 10
21/0 0\T (0 0\T 210 1 0 0
(1 o) (o 1) 0 0 0 1
(B10)

has a —1 eigenvector [0, 1, —1,0]7, and thus O is not posi-
tive and cannot represent a physical state. Since the tensor
product of binned LST with the identity map has mapped
a positive density operator |¢) (¢| to a nonpositive opera-
tor 0, binned LST is not a completely positive map. We
note that this example is in essence the same as the well-
known example that demonstrates the transpose map is not
completely positive.

To conclude this section, we note that the binned-LST
map can be tweaked to be made CPTP by replacing
the binned Pauli operators B(P) with ideal Pauli mea-
surement operators f’m =P ®Rg 1. These operators can be
measured by applying a round of ideal error correction
(which guarantees k = 0) followed by a standard binned
Pauli measurement. Logical-state tomography using these
operators would, by definition, be equivalent to the partial-
trace operation over the stabilizer subsystem. However, we
note that such ideal measurements are not possible in prac-
tice since they involve the preparation of an ideal GKP
codestate to perform ideal error correction.

APPENDIX C: ANALYTICAL FORMULA FOR
THE PARTIAL TRACE OF APPROXIMATE
SQUARE GKP STATE

In this Appendix we write the explicit analytical formula
for the partial trace of a square approximate GKP codestate
[Ya) o oAl [¥), as discussed in Sec. II. We start with
the square subsystem decomposition of the approximate
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codestate

h&A) X Zﬁ(s) [V) ®/ dZVe 7 COth( >|v+s/f\2
\%

se7?

Sy, 1)

where P(s) = em152/2X517%2 ) = (=273/2,273/22 and
we have written |v) = |vj, vy). We calculate the partial
trace by first writing the density operator

[Wa) (Yal o< Y~ P(s) [¥) (¥] P(o)

s,tez?

® f / dvd W s (v, $)fa(W, O [v) (w],  (CI)
y
where we have written

A
-z coth(T)lv—O—s/fl mvTQs/ﬁ

fa(v,s) =e (C2)

Then, the partial trace is given by

trs (1¥a) (Val) o« D IAPE) W) (W PO, (22)

s,tez?

where the coefficients /¢ are

Iy = / AV fa (v, $)fa (v, t)* (C3)

1 A?
= Jtanh (7) exp (—% coth(A2)[s — t|2 + i%sTQt)
X (@alsi+h—=1,6—5) —gals1+t+ 1,6 —52))

Lisi —t) —galsa+hH+ 1,51 —ty),
(C4)

X (ga(s2+1 —

where

ga(x,y) = erf <\/§ (x\/coth(Az /2) + iy+y/tanh(A2 /2))).

(C5)

We use this expression to produce Fig. 2, which shows
the location of the partial-trace approximate codestate on
the Bloch sphere, by truncating the sum in Eq. (22) to
S1,80,t,t = —2,—1,0, 1, 2. We also note that similar ana-
lytical expressions can be obtained for the logical noise
channels considered in Secs. VII B-VII D, although these
expressions are best obtained using a symbolic package
such as Mathematica.

APPENDIX D: EXAMPLE: n-MODE REPETITION
CODE

For illustrative purposes, in this Appendix we present
the stabilizer subsystem decomposition of the n-mode rect-
angular GKP-repetition qubit code (which we simply refer
to as the GKP-repetition code). We describe the structure
of the GKP lattice Ay, and dual lattice [\rep, and their
relationship to the parameters (Xrep, drep). We focus on the
three-mode GKP-repetition code since each of the lattices
and primitive cells is a direct sum of two 3D Ilattices in the
position and momentum quadratures, allowing for conve-
nient visualization. We present the Voronoi cell of [\rep,
and describe the cell transformation between the Voronoi
cell of the GKP-repetition code and the primitive cell that
corresponds to a “concatenated” decoder, and find that the
Voronoi cell has an improved distance compared to the
concatenated decoding cell. Moreover, the GKP-repetition
code can be tuned such that the distance in position and in
momentum is the same, symmetrizing the effect of noise
on the code. Although we are not suggesting that quan-
tum computing with the GKP-repetition code is an optimal
strategy (see Ref. [36,38] for other multimode GKP codes),
it does provide a neat illustration of how the bosonic nature
of multimode GKP codes can be leveraged to enhance
GKP-qubit code concatenations.

The GKP-repetition code is defined as follows. We start
with the single-mode rectangular GKP qubit code Giec,
which has stabilizer generators Sl = W(ﬁa, 0) and 3’2 =
W(O, V2 /a), and parameters

Greet = (diag(a, 1/@), (2), Viect) » (Dla)
Vi = (—or x 272, @ x 277 ] x (=277 o, 272 e ],
(D1b)

for « > 0. Then, we obtain the GKP-repetition code by
taking n copies of the Gep and promoting the operators
Z;Z; 11 to stabilizers, where we have written Z for the log-
1ca1 Z operator of the jth mode. The GKP- repetltlon code
logical operators are given in terms of the rectangular GKP
logical operators by X, = XX, ... X, and Zrep = 21
There are many ways to obtain the parameters
(Xrep, drep) 0f the GKP-repetition code, but one convenient
way is via the encoding circuit in Fig. 8. Here, we have
set n = 3 for convenience, although our results general-
ize to arbitrary n. In this circuit, we start with a square
GKP qubit codestate |1ﬁ)sq in the first mode, and square

GKP qubit zero states |(_))Sq on the second and third modes.
The square GKP zero states can equivalently be seen as
qunaught states of a rectangular o = +/2 GKP qunaught
code. Next, we apply the Gaussian operator

Urect = &Xp (__ (EIﬁ +ﬁé)> s Srect = diag(a, 1/a),
(D2)
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A

W}>Sq 1 Urect
|0)sq — Urect € f ’@rep
‘6>Sq ] ﬁrect S

FIG. 8. Encoding circuit for the three-mode GKP-repetition
code. The first mode is initialized in a square GKP qubit state
|1/_/)Sq, while the second and third modes are initialized in the
square GKP 0 state |(_))Sq. Then, each square GKP state is
squeezed via (A]rem, resulting in a rectangular GKP state. Finally,
the rectangular GKP codestates are encoded in a repetition code
via two logical controlled NOT gates, resulting in a three-mode
GKP-repetition codestate.

to each mode, where S is the symplectic matrix corre-
sponding to Ure. After applying Eq. (D2), each state is
encoded in a rectangular GKP qubit codestate given by
«. Finally, we apply logical controlled NOT gates between
first and second and the first and third modes, where each
logical controlled NOT gate is a Gaussian unitary given by

1 0 0 O
~ A 1 1 0 O
Ucnor = €XP (—ig®p), Sevor =10 0 1 —1
0 0 O 1

(D3)

By comparison with Fig. 3, we can take the product of the
symplectic matrices in the encoding circuit from the initial
square states, Egs. (D2) and (D3) to obtain

Trep = [qu EOP], (D4a)
1 0 0
S,=al|l V2 0|, (D4b)
1 0 V2
LU N2 -2
T,=—10 1/V2 0 (Déc)
“lo o 1/3/2

The block-diagonal form of X, represents the fact that
the GKP-repetition code is “CSS” in the sense that each
stabilizer generator translates either position quadratures
or momentum quadratures, but not both.

Since the GKP-repetition code encodes a single qubit,
we have dr, = (2,1, 1), which coincides with the dimen-
sions of the initial encoded states in Fig. 8. The GKP lattice

and dual-lattice generators are given by

m; = dl/z (Erep)J,

_ 12
J (mod n) My = d; (uodn (Zrep)ss (DS)

where (X,)s is the Jth column of X,. Note that from
Eq. (39) we have

W(ml) = rep: W(m4) = GC’ (D6)
while the remaining displacements of dual-lattice gener-
ators W(mz) = W(mg) = W(ms) = W(mﬁ) all represent
logical identity gates (i.e., stabilizers) since the qunaught
Pauli operators trivially equal Xy = Zy) = [1] by Eq.
(30).

Since the three-mode repetition code is CSS, we can
illustrate the GKP lattice A, = Ay @ A, and dual lattice
[\rep = 1_\q ®A p» in the position and momentum sectors as
3D lattices as shown in Fig. 9. A, is a cubic lattice with
spacing +/2«, coinciding with the single-mode rectangular
GKP 5'1 stabilizers. A, is a face-centered cubic lattice with
spacing ~/2/«, where the cubic lattice points correspond to
single-mode rectangular GKP S, stabilizers while the face-
centered lattice points correspond to stabilizers of the type
Zj Zj/. For the dual lattice, A p» 1s a cubic lattice with spacing
1/(v/2a) since the GKP-repetition code 1ogical_Zrep can
be implemented with a single-mode rectangular Z; on any
of the modes. Finally, A, is a body-centered cubic lattice
with spacing /2« where the body-centered lattice points
correspond to logical X operators.

The Voronoi cell Vi, of the dual lattice [_\rep also has
a CSS structure and can be split into Voronoi cells V, of
1_\,1 and V), of 1_\1,. Since 1_\1, is a cubic lattice, V), is a
cube with side length 1/ (ﬁa), and thus the shortest dis-
placement that causes a logical error has length 1/(2+/2a).
As a result, the GKP-repetition code offers no additional
protection against shifts in momentum compared to the
single-mode rectangular GKP code.

In contrast, the Voronoi cell V, of the body-centered
cubic lattice is a truncated octahedron, as illustrated in
Figs. 10(a) and 10(b). V, has boundaries corresponding to
both logical X errors (for each hexagonal face) and logical
1 operators (for each square face). The shortest displace-
ment that causes a logical X error has length v/3a/(24/2),
an improvement over the single-mode rectangular GKP
code by a factor of +/3. It is therefore natural to choose
o =374 (a = n~'/* in general) to equalize the logical
distance in momentum and in position. This can be inter-
preted as choosing « to bias the noise of the single-mode
rectangular GKP code to compensate for the fact that the
repetition code provides additional protection only against
shifts in position.

It is interesting to compare the Voronoi cell V, to the
primitive cell Peonear corresponding to a “concatenated”
error-correction procedure, which we define as follows:
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my

FIG. 9. The GKP-repetition code lattice A, = Ay, ® A, and
dual lattice Arp = A, ® A,. In (a),(c), each dimension repre-
sents a position operator on each mode, while in (b),(d) each
dimension represents a momentum operator. We have shown a
cell of side length +/2« [for (a),(c)] or +/2/« [for (b),(d)], since
the lattices extend to infinity in all directions. The lattice gen-
erators m; and dual-lattice generators m; are shown in yellow;
ms, mg, M5, and mg have been displaced from the origin for
display purposes. A, and 1_\p are cubic lattices, while A, is
a face-centered cubic lattice and A, is a body-centered cubic
lattice.

(a) First, perform a round of error correction on each
single-mode rectangular GKP codestate.

(b) Then, measure the repetition code stabilizers Z,Z,
and Z,Zs, which take values +1 since each single-
mode GKP state is in the codespace.

(c) Finally, perform the correction X ! )_(ZT, or )_(3T based
on the syndrome from the repetition code stabilizers,
returning the state to the GKP-repetition codespace.

The corresponding primitive cell is identical to V), in
the momentum sector, while in the position sector it is
given by Peoncat, se€ Fig. 10(c). The shortest displacement
outside of Peoncat has length « /(2«/5); however, this dis-
placement does not correspond to a logical error since it
crosses a | boundary. Indeed, using Eq. (66) we can per-
form a cell transformation Peoncat - P’ [Fig. 10(d)] along
each of the I boundaries such that the cell transforma-
tion does not affect the logical subsystem. The shortest
displacement outside of P’ has length «/2 and this time
corresponds to a logical X error. This is a factor of v/3/2

(C) Peoncat

i

FIG. 10. Primitive cells of the position sector of the dual lat-
tice, 1_\q. (a) The Voronoi cell V, of the body-centered cubic
lattice is a truncated octahedron. In the stabilizer subsystem
decomposition, each face is associated with either an / boundary
or a X boundary; as shown in (b) these correspond to the square
and hexagonal faces, respectively. (¢) The primitive cell Peoncat
corresponding to a “concatenated” decoder. (d) After perform-
ing a cell transformation that acts only along / boundaries, the
symmetric primitive cell P’ is obtained. The subsystem decom-
positions associated with Poncat and P contain identical logical
information. The shortest displacement leading to a logical error
is longer for the Voronoi cell V, than Peoncar or P'.

shorter than the corresponding distance of the Voronoi cell
V, (in general, this factor is \/2n/(n + 1) for any odd n).
One could perform a second cell transformation P’ — V,,

but this would require translations along X boundaries,
altering the information in the logical subsystem.

APPENDIX E: DECOMPOSING STATES INTO ®¢

In this Appendix, we present the explicit formula for
the decomposition of an arbitrary state |¢) € H into an
arbitrary subsystem decomposition ®¢ in terms of the
wave function , (xllA]izlq‘)), as discussed in Sec. VE. This
is equivalent to calculating the overlap

(] &g (K |9) = (x.a) (1, KlD) (73)
for k € P. We continue the derivation from

Us e8| (k+ ) ) (75)

Zﬁ'
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Next, we find the position representation of a multimode
Zak state |k) z a by applying Egs. (36) to (8):

Kz, = V/@rydemhte 7 P

X NE (kq + \/5s> )q,

where d = d| x

(ED)

- X dy, D = diag(d), k, = [k1, ..., k],
k, = [kus1,- -, kon]T, > represents the dot product
between two vectors in R”, and 1X)g = [x1)g @ -+ @ [Xn)y-
Applying this to Eq. (75), we obtain the equation, giving

_ W ok —im kg Ky
Z (6—21‘71 (\/Bs)f(p
seZl
x (V27 (K, + v/Ds) | U5'[9)),
(E2)

((ul ®g (K]) |¢)

where we have written k = £~ (k + E(u)), concluding
the derivation.

APPENDIX F: CHARACTERISTIC FUNCTION OF
GAUSSIAN CHANNELS

Here, we present analytic expressions for the charac-
teristic function of an arbitrary Gaussian unitary operator
Us [Eq. (F8)] and an arbitrary Gaussian channel £7y [Eq.
(F24)] that depend only on the matrices S, 7, N that define
the Gaussian operator or channel (as described below). In
doing so, we will also derive the characteristic function of
the envelope operator, and the loss and dephasing noise
channels discussed in Sec. VII.

To begin, we recall some basic properties of the charac-
teristic function of operators and channels, written with our
chosen scaling of the displacement operators W(v). The
characteristic function of an arbitrary operator 0 is given
by [51]

c(v) = tr (OW(v)T) , (F1)
and satisfies
0= f &'V e(V)W(v), (F2)

where all integrals in this section are over R?". It follows
from this definition that when an operator is conjugated
by a Gaussian unitary via O USOUj, its characteristic
function transforms as

c(v) > (S~ ). (F3)

Moreover, when Eq. (F1) is applied to a density operator
p,tr(p) = 1 implies ¢(0) = 1 and p = p' implies c(—v) =

c(v)*. Alternatively, when Eq. (F1) is applied to a unitary
operator U Uto=1 implies

/dZ}'lvc(u 4 V)C(V)*e—in’uTQV — 52"(u). (F4)

We define the characteristic function of a quantum channel
& such that it satisfies the property [44]

EP) = / / " ud*v c(u, V)W) pwv)t, (83)

which is analogous to Eq. (F2). Then, the Hermitivity of
E(p) implies c(u, v) = c(v,u)*, and tr(£(0)) = 1 implies

/ " c(u 4 v, v)e T — 52y, (F5)

One way to obtain the characteristic function ¢ of an
arbitrary quantum map is from its Kraus decomposition

£(p) =Y, EpE], in which case we have [44]
=) a@em®,

ci(u) = tr <E W(u)T) . (F6)

c(u,v)

Alternatively, we can use the characteristic function of

the Liouville superoperator representation of the map £ =
Y E,®Ef € L(H® H*) (where * here indicates com-
plex conjugation in the Fock basis), in which case we
have

(L)) =

where ug,u,,v,,v, € R". Due to the uniqueness of the

™
%)
N
1
= =
TR
1
N—
-
®
§>
N
|
<
~=< K
|
N—
-
N———"

(¥7)

Liouville representation é , it is now clear that c(u, v) does
not depend on the Kraus decomposition of £. We note that
the minus sign —v,, in Eq. (F7) arises from the fact that
the complex conjugate of p in the Fock basis is p* = —p.
Although Eqgs. (F6) and (F7) provide a general procedure
to calculate the characteristic function of £, in Sec. F2 we
will use a different strategy that leverages the Gaussianity
of the channel.

Having reviewed these basic facts, we present and prove
the characteristic function of Gaussian unitary operators
and Gaussian channels in the following two subsections.
Our proof strategy will be to verify the action of the char-
acteristic function of the operator or channel on the char-
acteristic function of states that they act upon. Then, we
calculate the characteristic function of example operators
and channels that were used in Sec. VIIL.
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1. Gaussian unitary operators

First, we show the following:

The characteristic function of a Gaussian unitary U
is given by

T
cs(v) =tr <[A]SW(V)T) = %, (F8a)
M = %Q(S—k[)(S—I)’l, (F8b)

assuming (S — /) is invertible.

Note that it follows from S being symplectic that M is
symmetric.

Proof—We show this by proving the condition Eq. (F3).
In particular, for any state p with characteristic function
¢, (v), we show that

/ / / P ud*'vd*w ¢, (w)cs(vV)es(wW)* V) () W(w)'
= / d*uc, (S~ u)W(u), (F9)

where we note that Eq. (F9) is equal to (73/3 lA]:rg

Using the proposed characteristic function of Us in Eq.
(F8), the left-hand side of Eq. (F9) becomes

A ud®vd*w . "
/// |det(S — 1) oy @ exp (T (v My — wMw))
x W) W) W(w)'. F10)

J

Next, we combine the three displacements via

i (u! Qv+ul Qw+vIQw) W(ll +v—

W Ww)t =e w)

(F11)

and perform a change of variablesu > u — v, v~ v+ w,
W W, giving

; 2n.. 11 on _
|det(S — )| /d “W(“)/d ve(u —v)
X exp (iJT(vTMv + uTQV))

X /dz”w exp (2ir (vVI(M — Q/2) +u'Q)w),

(F12)
where we have also used M = M7T. Next, we integrate over
w, giving

/dz"w exp (21’7‘[ (VT(M —-Q/2)+ uTQ) w)

=8 (M + Q/2)v — Qu), (F13)
where we have used Q = —Q7. Applying the identity
82" (Mv) = 82*(v)/| det M| allows us to simplify Eq. (F13)
to

82" (v — (M +Q/2)"'Qu) /| det(M + Q/2)|.  (F14)
It follows from Eq. (F8b) that M + /2 = QS(S — 1)~}
and thus det(M + 2/2) = 1/det(S — I), since detS =1
is guaranteed by S being symplectic. Moreover, (M +
Q/2)7'Q =1 — S~!. Substituting Eqs. (F14) into (F12)
gives

/dz"u W(u) (/ d*'v cp,(u —v)exp (iJT(VTMV + uTQv)) 52" (V - - S_l)u)>

- fdznu e, s~ wexp (imu” (U — 5™+ = 5)"MU = 5™)u).

The remaining exponent can be shown to be 0 again
from the definition of Eq. (F8b). Thus, we have shown Eq.
(F9), and proven that the characteristic function of Us is
given by Eq. (F8). |

It is worth noting at this point a subtlety regarding the
phase of the unitary operator Us. The definition of Uy in
Eq. (37) defines Us only up to an overall phase ¢. Con-
sequently, our expression Eq. (F8) for the characteristic
function of U applies only for the representative of Us

(F15)

with Arg <tr(fJS)
little consequence, since the overall phase of the unitary
operator does not affect the state of the system.

As an example, consider the single-mode rotation oper-
ator

) = 0. Nevertheless, this is typically of

Urey = —iexp (i0 (a'a+1/2) ), (F16a)
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cosf

sin 6 (F16b)

R =[5 et |

with 6 € (0,27). Note that the phase of lA/R(g) is cho-

sen such that Arg (tl‘(UR(g))) = 0, which can be verified

by inserting a coherent state resolution of the identity.
Applying Eq. (F8) gives

M= %Q(Rw) + DRE) — D!

= _% cot(8/2)1, (F17a)

det (R(O) — I) = 4sin’(0/2), (F17b)

and therefore

N B 1 ) _iﬂ )\ &
Ure) = 2 sin@/2) Sin(0,2) /d v exp< 2 cot(0/2)|v| ) W(v).
(F18)

Equation (F18) is used directly to calculate the character-
istic function of white-noise dephasing in Egs. (102) and
(103). One can also obtain the characteristic function of
the operator exp(ifa‘a) simply by multiplying Eq. (F18)
by iexp(—if/2), giving

inata _ 1
e = —Q
1 — e

/dzv exp ( - %cot(9/2)|V|2> V).
(F19)

From Eq. (F19), we can obtain the characteristic function
of the envelope operator e~2%4'@ by substituting 0 > iA2,
giving

1

_A24Ta 2 i 2 2
= [ #ven (< oo 2

x W), (F20)
as was used in Egs. (20) and (93).

In the case where (S — /) is not invertible, one can
instead find a product of two symplectic matrices $1.5, = S
for which S; — I and S, — [ are both invertible and find
the characteristic functions of the Gaussian unitary oper-
ators Ugl and ffsz separately. Then, one can use Eq. (84)
to find the characteristic function of the overall unitary
operator Us. However in these specific cases it may be

easier to calculate the trace tr (ﬁSW(V)T) directly. Intu-

itively, 0 eigenvalues of S — / correspond to & functions
in the corresponding characteristic function. For example,

in the extreme case S = [ we trivially have tr (i VAV(V)T) =
82" (v).

2. Gaussian channels

The proof and result from Sec. F1 can be extended
naturally to obtain the characteristic function of Gaussian
channels, as we discuss below. Before doing so, we define
a Gaussian channel V in the context of Gaussian quantum
computing [51].

First, a Gaussian state 0 is any state whose characteristic
function takes the form

cp,y(V) = exp ( —avl (Q VQT) v — i]T(Q[L)TV>, (F21)

where p is the vector of expectation values u; = (éi) and
V' is the (symmetric) matrix of second-order expectation
values with elements V;; = (é,éj + éj éi) /2. Then, a Gaus-
sian channel is any quantum channel £ that maps Gaussian
states to Gaussian states. In particular, a Gaussian channel
can be described by two matrices 7 and N and a vector d,
that transforms [52]

Vie TVIT + N, p+— Tp+d. (F22)

In the remaining discussion, we will notate 7,y for a Gaus-
sian channel with d = 0. We have set d = 0 here since any
channel with nonzero d can be achieved by applying the
channel &7y followed by a displacement W(d/~/27). In
the special case where we also have N = 0, the Gaussian
channel corresponds to conjugation by a Gaussian uni-
tary Us where T = S. It is known that Gaussian channels
transform the characteristic function of arbitrary (not just
Gaussian) states via [52]

c(v) > exp (—nv'QNQV) c(QT'QTv),  (F23)
which provides a generalization of Eq. (F3) to Gaussian
channels.

Now, we present our main result. The characteris-
tic function of a Gaussian channel £7y is given by

cry(u,v) = 2imu’M,v + ijr(uTMSu

e
det(T—1)| P
—vIMyv) —m(u—v)'L(u — v)),

(F24a)
L=Q(T-D'NT-DTQT,  (F24b)
M= %(TJrI)(T— n7t, (F24c)

assuming (7 —[) is invertible, and where M, =
(M + MT)/2 is the symmetric part of M and M, =
(M — M7)/2 the antisymmetric part.
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Proof—The proof of Eq. (F24) follows a similar strat-
egy as in Sec. F 1, in that we wish to show that Eq. (F24)
satisfies Eq. (F23). In particular, we show that for any
density matrix p with characteristic function c,(v), we
have

/ / / dznudz”vdz”wcp (wery (v, w) W) W) Ww)'

- / drue ™ N OQTTQT) ),  (F25)
which is equal to E7y (p).

Starting with the left-hand side of Eq. (F25), we sub-
stitute the proposed characteristic function of &7y in Eq.
(F24), combine the three displacement operators using
Eq. (F11), and perform a change of variables u > u — v,
vi>v/2+w, wi w—v/2 (which has unit Jacobean

J

determinant), giving

1 2n.. 11 On T
m/d u W(u)/d ve,(w—v) exp(—mv Lv)

X /dZ"w exp (21'71 (VT(M —-Q/2) + uTQ) w),
(F26)
where we have used M = M + M,. Performing the inte-
gral over w gives
8 (v— (M —Q/2)""Qu)

|det(M — Q/2)]
(F27)

8 (M - Q/2)"v —Qu) =

Now, from Eq. (F24c), we have that M — Q/2 = Q(T — I)~" and thus det(M — ©2/2) = 1/det(T — I). Substituting

Eq. (F27) into Eq. (F26) and integrating over v gives

/ d*u W(u) (/ d*"ve,(u — v) exp(—m v Lv)s*" (V — (I —Qr'a’) u))

= / d"u W) c, (QT"Q ) exp (—mu"QN(T — NQTLQ(T — )T Qu),

which yields the right-hand side of Eq. (F25) upon substi-
tuting Eq. (F24b). |

Finally, as an example, consider Gaussian channels
where 7= t/ and N = v/ are proportional to the identity
matrix (with 7 # 1). Then, Eq. (F24) simplifies to

1 ) )
Corpr(W, V) = m eXp (—ﬁmhl —v|

T+1
+ uTQV),
T—1

tin (F29)

where 7 is the number of modes in the system. In fact, some
of the most well-studied Gaussian channels take this form.
For example, loss, defined in Egs. (95) or (97), is given by
T =4/1—y and v = y/2, resulting in the characteristic
function Eq. (96). Quantum-limited amplification, defined
in Eq. (101), is given by 7 = ,/g and v = (g —1)/2.
Composing the characteristic functions of quantum lim-
ited amplification and loss via Eq. (84) and setting g =
1/(1 — y) as in Eq. (100) results in the characteristic func-
tion of the Gaussian random displacement noise model Eq.
(98), which has T = 1 and v = 0> = y /(1 — y) and thus
cannot be directly calculated using Eq. (F24).

(F28)

APPENDIX G: ORTHONORMALIZATION
PROCEDURE

In this Appendix, we present the derivation of the pro-
cedure to orthonormalize the codewords of a single-mode
GKP qubit code. In particular, we are interested in a logi-
cal noise channel in which the approximate codestates are

defined by the envelope operator e‘AzEﬁ‘A’, ie.,
~ —A24T4q 7 A
Ne(p) = trs(No o TTe* 7] (5 @3 10) 01) ), (G1)

where J[0]p = 0pO' and N> is a (CPTP) noise channel
such as loss or dephasing.

Since ¢4 jg nonunitary, the overall logical noise
channel is completely positive (CP) but not trace preserv-
ing (TP). However, in order to define a valid quantum
channel, one can orthogonalize the approximate code-
words e~2%4'a |0y and ¢4 |1) (where |¥) = |¥) ®g
|0)) via the equation

0a0)] )
|:|1A,0>:| — C(A) |:e_A2;lT[, |i>j| > (G2)

010331-33



SHAW, DOHERTY, and GRIMSMO

PRX QUANTUM 5, 010331 (2024)

where

[ Ry/@2Ny) e ®R_J(2Ny)
o= [ef¢1§_/(zNo) Ry/(2N) ] (G32)
N, = Jle ¥ ay |, (G3b)
1 1
R, = +
T J/I+R JI-R (G3¢)
A —2A%ta 7
R=|(0|e Il)l, (G3d)
NoN;
¢ = arg ((0| o287t |1>) . (G3e)

This orthogonalization procedure is equivalent to the
Lowdin orthogonalization [53], which orthogonalizes the
codewords symmetrically.

Conveniently, the inner products (| o207t |[v) that
define the orthonormalization can be obtained solely from
the logical envelope channel £2 [i.e., the map in Eq. (G1)
with N, set to the identity] via

(€2 1v) () = tre (tws (TTe %) 15) ()

— 0 2A25T6 -
= (] e M), (G4)

since tracing over the stabilizer subsystem followed by the
logical subsystem is equivalent to the total trace over the
entire mode.

To apply this to the original problem of defining a
CPTP logical noise map, we use the orthonormaliza-
tion matrix C(A) given in Eq. (G3) such that |1ZA,0) =
e~Nalacp) |¥). Thus, we can define a CPTP map
Nro = Ng o J[C(A)]. This resulting CPTP logical noise
map N, is identical to the non-trace-preserving map N
but with the codewords orthonormalized, as required.

Since we use this orthonormalization procedure to
define the CPTP logical noise channel N, it is impor-
tant to consider the effect this has on our results. In Fig. 11,
we present the state fidelity (¥|trs (1) (Vaol) [¥)
between the decoded approximate codestates with the logi-
cal states they represent. The orthonormalized approximate
codestates are orthonormalized via the above procedure,
while the nonorthonormalized states are simply normal-
ized by dividing by | (Ualra) |2. Importantly, the effect
of the orthonormalization procedure is negligible for any
states with average photon number greater than roughly
1.5 (or Agg > 6), demonstrating that our procedure does
not significantly affect our results in the regime of interest.
In Fig. 11 we show only |y} = |0),|1), but similar results
can also be obtained for other logical states.

10°

. = nonorth
= ~ == orth
< "™ — [0)
k= 1072 4 h o 1)
2 ™~
<
§7

10~4 T T T T

0 1 2 3 4 5
n
FIG. 11. Comparison between the orthonormalized and

nonorthonormalized logical noise maps acting on the compu-
tational basis states |y) = |0),|1). We plot the state infidelity
1 — (| E(¥) (¥]) |¥), where & is the logical noise map corre-
sponding to the envelope operator e*Az‘%, against the average
photon number 71 &~ 1/(2A?%) — 1/2, which is calculated numer-
ically using 71 = ((0ala’a|04) + (1alaa|15)) /2. When we
orthonormalize the codestates as described in Appendix G, the
state infidelity is lower than the nonorthonormalized codestates,
although this difference is only noticeable for very low average
photon number # < 1.5, Agg < 6. Note also that the infidelity
for the |1) state is larger than that for the |0) state because the
bosonic states |5 ) tend to the vacuum state as i — 0, which,
after the partial trace is applied, has a lower overlap with the
qubit state |1) than |0).

APPENDIX H: ENVELOPE OPERATOR
SIMULATIONS AS A — 0

In this Appendix we briefly discuss the utility of our
simulations in the ideal limit A — 0. In particular, our
simulations of the envelope operator, loss, and Gaussian
displacements for the square GKP code are all analytic. As
long as the error rate is sufficiently low, one can truncate
each of the sums in Eq. (88) to s;,;, = —1,0, 1 to retain
only the leading-order sources of error. Then, the simula-
tions can be run for arbitrarily squeezed states by simply
evaluating each analytic expression for the integral and
adding the relevant terms to the superoperator £2. Follow-
ing this, we again use Appendix G to calculate £2 from
&2, and then we can directly extract the average gate infi-
delity. The runtime of this procedure is limited only by the
analytic evaluation of the expressions for the superopera-
tor with large enough precision to reach the extremely low
infidelities.

As a proof of principle, in Fig. 12 we present the average
gate infidelities of an approximate GKP codestate with no
other noise, and an approximate GKP codestate with a loss
rate of y = 0.1%, up to an average GKP photon number of
approximately 600 (A ~ 0.029, Ag4g = 30.8). At this level
of squeezing, Fock space simulations would require a trun-
cation dimension, which excludes at most approximately
10749 of the total support of the state so that the leading
source of error in the simulation is due to the approximate
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FIG. 12. Average gate infidelity of the logical noise chan-
nel (LY o0 %), corresponding to loss applied to approximate
single-mode square GKP qubit codestates. We show two differ-
ent values of loss given by y = 0, 0.1%, and show the plot as
a function of A, where i & (1/2A%) — % is the average pho-
ton number of the approximate GKP encoded maximally mixed
state. This demonstrates that our methods can be applied eas-
ily to approximate GKP codestates with comically large average
photon number.

GKP codestate. Moreover, the variance in the photon-
number distribution of the approximate GKP codestate is
also roughly 600, rendering Fock space simulations com-
pletely infeasible. While the y = 0 curve has a well-known
approximate analytic expression, which tends to being
exact as A — 0, it is less clear how one would determine
a similar analytic expression for the infidelity associated
with y = 0.1%, particularly in the region around z =~ 600
as the curve reaches the optimal A. Although such photon
numbers are unlikely to ever be experimentally realized,
Fig. 12 demonstrates the efficiency and numerical stability
of our simulations when applied to square GKP codewords
with arbitrary amounts of squeezing.
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