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Fault-tolerant quantum computation with bosonic qubits often necessitates the use of noisy discrete-
variable ancillae. In this work, we establish a comprehensive and practical fault-tolerance framework for
such a hybrid system and synthesize it with fault-tolerant protocols by combining bosonic quantum error
correction (QEC) and advanced quantum control techniques. We introduce essential building blocks of
error-corrected gadgets by leveraging ancilla-assisted bosonic operations using a generalized variant of
path-independent quantum control. Using these building blocks, we construct a universal set of error-
corrected gadgets that tolerate a single-photon loss and an arbitrary ancilla fault for four-legged cat qubits.
Notably, our construction requires only dispersive coupling between bosonic modes and ancillae, as well as
beam-splitter coupling between bosonic modes, both of which have been experimentally demonstrated
with strong strengths and high accuracy. Moreover, each error-corrected bosonic qubit is comprised of only
a single bosonic mode and a three-level ancilla, featuring the hardware efficiency of bosonic QEC in the full
fault-tolerant setting. We numerically demonstrate the feasibility of our schemes using current experimental
parameters in the circuit-QED platform. Finally, we present a hardware-efficient architecture for fault-
tolerant quantum computing by concatenating the four-legged cat qubits with an outer qubit code utilizing
only beam-splitter couplings. Our estimates suggest that the overall noise threshold can be reached using
existing hardware. These developed fault-tolerant schemes extend beyond their applicability to four-legged
cat qubits and can be adapted for other rotation-symmetrical codes, offering a promising avenue toward
scalable and robust quantum computation with bosonic qubits.
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I. INTRODUCTION

Quantum error correction (QEC) enables reliable quan-
tum information processing [1-3]. However, paradigmatic
QEC schemes, particularly those employing surface codes
with physical qubits [4-7], suffer from huge resource
overhead [8,9]. This resource-intensive nature creates a
substantial gap between the theoretical potential of fault
tolerance and the capabilities of current noisy intermediate-
scale quantum [10] devices.

Encoding quantum information into bosonic systems
[11-15] by leveraging their infinite-dimensional Hilbert
spaces offers a promising avenue to reduce the overhead
of QEC [16-21]. While robust quantum memories based
on single-mode bosonic codes have been experimentally
demonstrated with improved memory lifetime [22-24],
realizing error-corrected operations on these bosonic qubits
remains a formidable task.
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One of the primary complexities stems from the weak
nonlinear interactions inherent in bosonic modes, neces-
sitating the use of discrete-variable ancillae in systems such
as circuit quantum electrodynamics (circuit-QED) platform
[25,26]. However, a significant challenge arises in this
hybrid system, as errors in the ancillae tend to propagate
back to the bosonic mode, potentially compromising the
encoded quantum information [27]. To address this issue,
several methods have been developed to maintain precise
control over the bosonic mode even in the presence of noisy
ancillary systems [28-30]. Nevertheless, a comprehensive
fault-tolerance framework for this hybrid system, along
with guidelines for constructing fully fault-tolerant proto-
cols using advanced quantum control concepts, remains
conspicuously absent. Consequently, while universal
error-detection operations on bosonic qubits have been
constructed [31,32] and demonstrated [33], achieving a
complete set of error-corrected operations has remained a
significant challenge.

In this work, we bridge this gap by introducing a fault-
tolerance framework tailored to the hybrid system
composed of bosonic data modes and discrete-variable
ancillae. Inspired by concatenated qubit codes [34], we
identify essential properties for gadgets encoded in bosonic
codes (referred to as “level-1” gadgets) in Sec. III. These
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properties play a crucial role in determining the fault
tolerance of a level-1 circuit, where the overall failure
probability must be suppressed to a certain order of
the physical error rate. Furthermore, we demonstrate
how the defined fault tolerance can be achieved through
the integration of bosonic QEC with compatible quantum
control techniques. Specifically, in Secs. IV and V,
we establish a connection between a generalized version
of path-independent control [30] (referred to as GPI)
and fault tolerance, highlighting the importance of
GPI operations as fundamental building blocks for
error-corrected gadgets.

As an application of these fault-tolerant tools, in Sec. VI,
we construct universal error-corrected gadgets using GPI
operations for the four-legged cat qubit [14,35,36]. These
gadgets can tolerate a single-photon loss and an arbitrary
ancilla fault while relying on only dispersive coupling
between bosonic modes and ancillae [29,37,38] and beam-
splitter (BS) coupling between bosonic modes [39,40].
Importantly, these coupling mechanisms have been exper-
imentally demonstrated with strong coupling strengths.
Each level-1 logical qubit, encoded in a four-legged cat
code, utilizes only a single bosonic mode and a three-level
ancilla, featuring the hardware efficiency of bosonic QEC.
We numerically demonstrate the first-order error suppression
for the level-1 gadgets. Moreover, we show that, using a
teleportation gadget that pumps energy into the system
and suppresses phase-rotation errors, a robust cat-encoding
memory is feasible even in the presence of finite y
mismatches in the circuit quantum electrodynamics (cQED)
platform with current experimental parameters [29].
Compared to former constructions involving only bosonic
modes [41], our constructed operations can be more practical
by leveraging the strong interaction between the bosonic
modes and the qudit ancillae in, e.g., the cQED platform.
See Sec. VIII for more details.

Finally, in Sec. VII, we present a practical and
hardware-efficient architecture for fault-tolerant quantum
computing by concatenating the four-legged cat qubits
with an outer qubit code. While we primarily focus on
the four-legged cat code throughout this work, we discuss
in Sec. VIII that the fault-tolerant schemes developed
herein can be readily adapted to other rotation-symmetric
bosonic codes [41].

II. SYSTEM DESCRIPTION AND ERROR MODEL

We first introduce some notations. We denote [k] :=
{1,2,...,k} as the set of integers from 1 to k. We denote

/., dth]he[k] = [, dy [, dtiey -+ [, dt; as the multiple
integral over variables in {t,},cy, and similarly
> e, e W= Doag Doar, " 2oa, s the sum over variables
in {a,},e - We denote A o B if there exists some c€C

such that A = cB. We denote 7 as the time ordering
operator.

A. Preliminaries
1. Bosonic codes

Single-mode bosonic error-correcting codes encode
logical information into a subspace of the infinite-
dimensional Hilbert space of an oscillator. Among them,
the four-legged cat code [14,35,36] encodes a single logical
qubit and has code words

) = culla) + | = a) + (=1)"(lia) + [ —im)], (1)

where u=0/1, |y) denotes a coherent state with an amplitude
y € C,and ¢,=1/{2\/2exp(—|a|?) [cosh|a|*+(—1)cos|a|’] }
are normalization constants. Given any quantum code encod-
ing a single logical qubit, we denote P, :=[0.)(0;|+
|1.)(1,| as the projection onto the code space and X, Y,
and Z, the logical X-, Y-, and Z-Pauli operators, respectively.

The capability of an error-correcting code to correct a
given set of errors E is given by the Knill-Laflamme (KL)
condition [42]: PCE;(E P. o P, for any E;, E; € E. More
specifically, we can evaluate the 2 x 2 QEC matrix €k for

any pair of errors E;, Ey [36]:
P.EJEP, = €. (2)

where €, can be parametrized as €, = ¢} P, + xjk)_(c—i—
Y5 Yo + 242, where . x5y €C. The KL condi-
tion is satisfied if x%, = y%, = 2% = 0 for any j and k.
Consider the four-legged code and an error set contain-
ing a single-photon loss E = {I, a}, where a denotes the
annihilation operator. First, we have P.aP,. = 0, indicating
that a single-photon loss is perfectly detectable. Second,

P.a'aP. = iP, + %ZC, (3)
where 7 := ((0;|a"al0.) + (1;|a%al1.))/2 denotes the
mean photon number and n:= (0, |a’al0,)— (1, |aa|1,)
denotes the photon number difference between the
two code words. For an arbitrary a, on # 0, indicating
that a single-photon loss is not perfectly correctable.
However, én = O(e™2") as a> 1 and a single-photon
loss is approximately correctable for large a. Furthermore,
on = 0 is exactly satisfied at a discrete set of finite « [43],
which we refer to as sweet spots. Similarly, one can
show that, for a continuous set of phase-rotation errors

R = {ef@'a}, ~0,.0,]» the KL condition is approximately

satisfied for large « if 6, <n/4 [41]. First,
P hdagitdtap — ¢ o p 4 7.7 for any 6,,0,€R,
since ¢i(¢2~01)a'a

preserves the photon number. Next,
= (<+L|€i<92_9')am|—L> + <—L|ei(92_9')uTa|+L>)/2

~ ((ia|aei(92‘9'>> n <—ia\aei(92‘€1)>> /2+He., (4)

031016-2



FAULT-TOLERANT OPERATION OF BOSONIC QUBITS ...

PHYS. REV. X 14, 031016 (2024)

where the approximation utilizes that |+;) ~ (|a) + | —
a))/V2 and |-;) =~ (|ia) + | —ia))/V2 for large a.
Obviously, z;, = 0 as a> 1 as long as |0, — 6| # /2,
which holds if 0,, < z/4.

In conclusion, the four-legged cat code can approxi-
mately correct a single-photon loss and a continuous set
of phase rotations with amplitude smaller than z/4 (for
large a). In fact, cat codes serve as numerically optimized
codes for certain regimes of a bosonic channel with both
loss and dephasing errors [44].

2. Open quantum system and Markovian
quantum evolution

A noisy Markovian evolution of a quantum system is
described by a Lindblad master equation:

L — £l = =i+ (LU ). 9
J
where H(t) is the system Hamiltonian, D[O] = O« O —
1{070,} is a Lindblad superoperator associated with a
jump operator O, and y; is the jump rate for the error J;.
Denote H (1) :== H(t) — (i/2) Zj ij;Jj as the effec-
tive Hamiltonian and S:= ) y;/;* J]I as the superoper-
ator describing quantum jumps. The Lindbladian £(¢) can
be rewritten as L£(t) = —i[Hz(t),*] + S. Then, the joint
quantum channel, given by the time integral of Eq. (5),
admits a Dyson expansion with respect to S [30]:

p(1) = G(1.0)p(0) = 3G, (1.0)p(0),  (6)

q=0

where G (2,0)=W(t,0):=W(1,0)*W'(£,0), with W(£,0):=
Texp|—i [{Hegr(1')dr'], describes evolution without any
quantum jumps and

G, (1) = {/t_o dthLE[q]T(W(t, 1,)S -
x SW(ty, 1))SW(11,0)), (7)

where gq (g > 1) describes the evolution with ¢ quantum
jumps. We refer to such an expansion as the jump
expansion and gl .= ZZ;O Qq as the nth-order truncation
of G under the jump expansion.

For quantum error correction, we care about the expan-
sion of the channel G in terms of the small noise parameter
p =yt given an evolution time ¢ (here, we have assumed
equal noise rates for simplicity):

G(1,0) =) _p7G,(1.0). (8)

q

Such an expansion can be obtained by Dyson expanding G
with respect to the full Lindblad superoperators of the noise
(22, Dly/7;/,]) in Eq. (5), instead of their quantum-jump
components S. We refer to such an expansion of G as its
noise expansion and &’ (] .= Zg/:o g’q as the nth-order
truncation of G under the noise expansion.

Observe that G = Gl 4 O(p™*!); i.e., the nth-order
truncation of a channel G in terms of its jump expansion or
its noise expansion is equivalent up to nth order of p. Since
g["J is easier to evaluate for the purpose of this work, we
mostly consider the jump expansion of channels. A nice
property of a channel’s jump expansion is that it is
automatically in a Kraus form:

aco-% ([ ][]

=0 == helq)
x G,({tn}. Lin}) * Gi{tn}. Lin}), 9)

where

Gy ({tn}. Un}) = TW(T.1)E;, ... E; W(tr.11)E; W(1,0).
(10)

One can, therefore, view G,({t,}.{j,}) as a Kraus
operator of the channel with discrete indices ¢, {j,} and
continuous indices {z,}.

B. General setup

As shown in Fig. 1(a), we consider gadgets for some
bosonic code consisting of a sequence of ancilla-assisted
operations (AAOs). For each AAO, a d, > 2 ancilla A is
initialized in some initial state |i),, interacts with the
bosonic mode C for some time 7', and is finally measured
in some basis B,. We consider continuous Markovian
interactions between A and C, which is described by the
Lindblad master equation in Eq. (5) with a Hamiltonian
H 4 (1) that acts on the joint system, a set of bosonic jump
operators {/k;F;}, and a set of ancilla jump operators
{\/7;/;}- We allow adaptively choosing the later AAOs
using the earlier ancilla measurement outcomes. Note that a
direct operation on the bosonic mode can be viewed as a
trivial AAO with the ancilla being initialized in some
state |i), idling for the evolution time, and measured in |7)
without any errors.

Such an AAO-composed bosonic gadget forms a channel
N on the bosonic mode, which can be decomposed as
N =N, oN,, where N is the target bosonic operation
and N, = >, Ny e Ni is a data noise channel represented
by a set of noise Kraus operators {N;}. Fault tolerance
essentially concerns the relation between the physical
channels {G} and the resultant bosonic channel N.
More specifically, we need to study how the noise in G,
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(a)

g

(b)

FIG. 1. (a) Illustration of a level-1 bosonic gadget consisting of
a sequence of ancilla-assisted operations. For each AAO, the
ancilla is initialized to some state |i) and measured in some basis
B,. The later AAOs can be performed adaptively using the earlier
ancilla measurement outcomes. (b) Illustration of the AAO, GPI,
and PI operations. As a special case of AAO, the GPI operations
with bosonic QEC can handle bosonic errors induced by relevant
ancilla faults. The previous PI operations [30] can be regarded as
a special GPI without bosonic QEC, which are designed to avoid
any introduction of bosonic errors due to relevant ancilla faults.

which we refer to as faults, propagates to the data errors
{N,} in NV,,. We need to quantify the size of the faults and
the data errors and design AAOs such that small faults
propagate only to small data errors. We refer to a physical
channel G that contains no more than 7 faults as its nth-order
truncation G". To quantify the size of the data bosonic
errors, we need to specify a bosonic error-correcting code
and an error basis. In this work, we primarily focus on the
cat codes [14,35,45] and a basis we term loss-dephasing
basis, which is closely related to photon loss and bosonic
dephasing errors.

C. Loss-dephasing basis and error metrics

Typical bosonic errors include excitation loss (a), heating
(a"), and bosonic dephasing (a’a). For such errors, a natural
basis to use is {e"'egk a™¥ ig/“*"}k.k/eN;g.g,e(_M],
which is a complete basis for all single-mode bosonic
operators. Neglecting heating errors a', which are typically
small [29,31], the relevant errors are then spanned by
{E(0) = e"'Q“T“ak}keNﬂe(_”ﬂ], which we refer to as
the loss-dephasing basis.

A four-legged cat code can correct only errors Ej(8) with
small k and |6] (see Sec. I A 1). This motivates us to
quantify the size of E(0) as |E,(0)|,,:= (k,|0|) eNx[0,7].
We compare the size of two errors by introducing a partial
order with respect to the proper cone R := [0, c0)x
[0.00), ie.. [Ep(6")], 2 |Ex(0)], < (K —k.|0'| - |0]) €RS..
We say that a bosonic noise channel A/, contains at most

b
(@) i (b) i
3)
N ; (O
2y
2 2 f(,) ,,,,,,,,,,,,,,
1

N O -

0 6, 6] Ol 6 26y 36, 16]
FIG. 2. Tllustration of bosonic error decomposition and the error

propagation function f(m). (a) The bosonic loss-dephasing error
can be expanded by the basis E;(6). By defining a partial order of
the size E;(0), the bosonic error E;(0) with at most (k, 6,,) error
can be illustrated as the green region in the plot. Here, k = 2.
(b) Suppose m faults occur during the gate implementation. To
capture the propagation of faults to the final bosonic error, we
introduce a function f(m) = (m, m6, mod ) as an upper bound
of the induced final loss and dephasing errors.

(k,0) errors if all its Kraus operators have size at most
(k,0), and a state |¢) is at most (k, 8) far from a target state
|¢p) if there exists a A/, containing at most (k,8) errors
such that |¢') is in the support of N, (|¢)(¢|). With this
quantification of error sizes, for @ > 1, the four-legged cat
can correct errors |Ey ()|, < (1,7z/4) [36]. Figure 2(a)
illustrates the two-dimensional error space indicated by the
number of photon loss and dephasing angle.

III. FAULT TOLERANCE

In this section, we formalize a fault-tolerance framework
for the hybrid system with bosonic modes and discrete-
variable ancillae in the context of concatenated codes [34].
Since the single-mode cat code alone cannot arbitrarily
suppress logical errors, one needs to concatenate it with an
outer qubit code for fault-tolerant quantum computing.
That is, we have three levels of gadgets. The level-0 gadgets
are the physical operations; the level-1 gadgets are encoded
in the cat code, and the level-2 gadgets are encoded in the
outer qubit code. A quantum circuit is fault-tolerantly
executed using level-2 gadgets, and each level-2 gadget
is executed using a level-1 circuit with multiple level-1
gadgets. In order for each level-2 gadget (or, equivalently, a
level-1 circuit) to be executed with a failure rate O(p'*!),
which suppresses the physical error rate p to certain order
t+ 1, the level-1 gadgets suffice to satisfy the following
properties.

First, there exists a function f:N — Nx [0,7] that
satisfies

(D) f(my) < f(my) < my <my if my,my <t

@) f(my+my) = f(m) + f(my) if my +my < 1.
Roughly speaking, f(m) constrains the maximal size of
data errors that a faults during a protocol can propagate to.
For instance, for a bosonic code that can correct
phase rotations smaller than 0,,,, we choose f(m)=
(m,mOy mod ) for some 6y€[0,0,,./7, which
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constrains that m faults can propagate to at most m photon
losses and phase rotations of size at most mé,. We illustrate
such an error propagation constrained by f in Fig. 2(b).

Given f and ¢, we then define #-FT fault-tolerant gadgets,
including gate, error correction, state preparation, and
measurement, for the hybrid system by generalizing the
definitions in Ref. [34] for qubits. We remark that the
following FT definitions are related to the choice of
the function f.

Definition 1 (t-FT gate). A gate is t-FT if it satisfies
the following: For an input code word that has an error
of size (k,0), if at most m faults occur during the gate
with (k,0) + f(m) < f(t), the output state is at most
(k,0) + f(m) far from the code space. Furthermore,
ideally, decoding the output state gives the same code
word as first ideally decoding the input state and then
applying the ideal gate.

Note that this condition for the gate corresponds to the
combination of Properties 2 and 3 in Ref. [34].

Definition 2 (+-FT QEC). A QEC gadget is ¢-FT if it
satisfies the following:

(i) For an input code word with an error of size (k, 6),

if at most m faults occur during the protocol with
(k,0) 4+ f(m) < f(t), ideally, decoding the output
state gives the same code word as ideally decoding
the input state.

(ii) For at most m faults during the protocol with
f(m) < f(r), no matter the size of the error on
the input state, the output state is at most f(m) far
from the code space.

Note that conditions (i) and (ii) correspond to Properties

1 and O in Ref. [34], respectively.

State preparation and measurement are special cases of
FT gates.

Definition 3 (t-FT state preparation). A state-preparation
gadget is 1-FT if it satisfies the following: If at most m < t
faults occur during the protocol, the output state is at
most f(m) far from the target state. Furthermore, ideally,
decoding the output state gives the ideal target state.

Definition 4 (t-FT measurement). A measurement gadget
is #-FT if it satisfies the following: For an input code word
that has an error of size (k,0), if at most m faults occur
during the gate with (k,0) + f(m) < f(t), the measure-
ment is equivalent to applying the ideal measurement to the
input code word.

Based on the definition of the 7-FT gadgets, we have the
following proposition.

Proposition 1. Using t-FT level-1 gadgets, any level-1
circuit has a failure rate O(p'*!), where p€10,1) is the
physical error rate, i.e., the probability that one fault
happens in the gadget.

Proof. We follow the extended-rectangle formalism in
Ref. [34]. Without loss of generality, we consider an ideal
quantum circuit in Fig. 3(e). Here, we take the single-qubit
level-1 circuit as an example. In practice, we realize this

(@) |~ e A T T"W
‘E®E@I‘:
‘ U I !

,,,,,,,,,,,,, !

(b) ——————————————

L77 ————a

L,,,,,,,,,,,,A

R P

(d) | 1
(Heek D—@—@)—D

FIG. 3. Reduction of a FT level-1 circuit to the ideal circuit.
The left half-circles, the right half-circles, the triangles, the “EC”
squares, and the “Ga” circles indicate the state preparation
gadgets, the measurement gadgets, the decoding gadgets, the
error-correction gadgets, and the logical gates, respectively. The
yellow and blue gadgets indicate noisy and ideal (noiseless)
gadgets, respectively.

circuit using the noisy #-FT level-1 gadgets shown in
Fig. 3(a). To analyze the fault-tolerance property of
this circuit, we draw several dashed boxes to cover
the whole circuit. The dashed boxes are called extended
rectangles exRec. For a quantum gate, an extended rec-
tangle exRec [a dashed box in Fig. 3(a)] is a composition
of a front EC gadget, a gate, and a rear EC gadget,
1.e., exRec = ECoGaoEC.

We say that any operation Op is t-good if it contains no
more than 7 faults. In what follows, we show that, if all the
dashed boxes in Fig. 3(a) are t-good, we can reduce the
noisy circuit to the ideal circuit following the stream in
Fig. 3. To this end, we introduce the ideal decoder ID (the
blue triangles in Figs. 3 and 4), which performs an ideal
recovery given a bosonic code. We also introduce a (k, 0)
filter [(k, 8)]F (the orange thin rectangles in Fig. 4) which
performs a projection onto the space spanned by all states
that can be obtained by acting on a code word with an error
no larger than (k, 0).

First of all, we notice that, if the last box in Fig. 3(a) is
t-good, then, based on the definition of -FT QEC and
measurement, we can equivalently convert the circuit in
Figs. 3(a) and 3(b).

Then, we follow the procedures in Fig. 4 to reduce the
extended gadgets of quantum gates to the ideal gadgets:
Denote the faults that occur in the front EC gadget, the
gate gadget, and the rear EC gadget to be s, r, and s/,
respectively. Since the dashed box is #-good, we have
s +r+s' <t Figures 4(a) and 4(b) are equivalent due to
the second requirement of FT QEC in Definition 2; (b) and
(c) are equivalent due to the first requirement of the FT gate
in Definition 2; (¢) and (d) are equivalent due to the first
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i s r s ‘
e} >
(b) Wsﬁtiﬁr”””i;’i”
(Ga) D>
£s)

(d) (e)

l@>
f(s)

FIG. 4. Reduction of the extended rectangular to an ideal
gadget. The gadgets and symbols follow the same convention
as that in Fig. 3, in addition to that the thin rectangles indicate the
filters introduced in the text. An index, e.g., s, r, and s', above any
noisy gadget indicates the number of faults that occur during that
gadget. An index below each filter indicates the error size on the
bosonic mode constrained by the filter (see the text for details).

requirement of FT QEC in Definition 2; (d) and (e)
are equivalent due to the second requirement of the FT
gate in Definition 1. Then we can transform the circuit from
Figs. 3(b)-3(d) using the reduction in Fig. 4.

Finally, we use the property of FT state preparation to
reduce Figs. 3(d)-3(e). The argument is similar to the ones
for the extended gadgets of quantum gates in Fig. 4.

In our gadget setup in Sec. II B, errors represented by
quantum jump happen independently in the level-1 gadgets.
Consider a level-1 circuit composed of many #-FT level-1
gadgets that can be grouped into extended rectangles [see
e.g., Fig. 3(a)]. If there are at most ¢ quantum errors in each
extended rectangle, we can convert it to an ideal gadget. In
that case, only when more than ¢ errors occur in the same
extended rectangles at the same time can one logical error
happen, which owns a probability of O(p'*!). m

In the following, we focus on constructing FT level-1
bosonic gadgets that satisfy the above definitions by
integrating bosonic quantum error correction and quantum
controls. More specifically, given a bosonic code C that can
correct loss and phase-rotation errors, e.g., the cat code, we
try to design error-corrected C-encoded gadgets by care-
fully engineering the Hamiltonian of their composing
AAOs so that physical faults propagate controllably to
data errors. An analogous example in the context of qubit
fault tolerance is the use of transversal gates [46], which
guarantees that a single circuit fault propagates only to a
single data error per code block. However, this quantum
control task is more sophisticated when involving bosonic
modes, as we need to consider complicated continuous
evolution in a larger Hilbert space.

In order for a level-1 gadget to be FT, it has to tolerate
both bosonic faults and ancilla faults. Tolerance against
bosonic faults can be achieved relatively easily by using
the error-transparency control [47] or, more generally, the
error-closure control [32]. Tolerance against ancilla errors
is usually harder to achieve, since some DV ancilla errors
tend to propagate uncontrollably and a small ancilla fault
could lead to a catastrophic error in the bosonic mode.
Fortunately, path-independent control [29,30,48] has
been proposed for controlling the ancilla fault propaga-
tion to the bosonic mode. However, the previously
defined PI condition [30] is more stringent than what
is required by fault tolerance. Thus, in the next section,
we generalize the PI control, relax its requirement, and
rigorously connect its generalized version to fault toler-
ance analyzed in this section.

IV. GENERALIZED PATH-INDEPENDENT
OPERATIONS

We first review the PI control proposed in Ref. [30].
Again, we consider a Markovian interaction between a
bosonic mode C and a d > 2-level ancilla A described by
Eq. (5), where only the ancilla noises are considered, i.e.,

A LU RD SN

where J; are some jump operators acting only on the
ancillary system. The ancilla is initialized in some initial
state |i), and measured in a certain basis {|r),} after an
interaction time 7. Let G(T) denote the joint channel
generated by the Lindblad master equation in Eq. (11)
for a time 7. With a slight abuse of notation, we may
neglect the subscripts A or C labeling the ancilla or the
bosonic mode for states or operators without ambiguity. We
denote (r|G|i) = (r|G(]i){i| ® *)|r) as the (unnormalized)
channel on the bosonic mode conditioned on the initial
and final ancilla states |i) and |r) [48]. A PI gate is defined
as follows.

Definition 5 (PI gate). An ancilla-assisted gate G(T) is PI
in an ancilla basis B, with an ancilla initial state |i) if, for
any |r) € By,

(rlG(D)|i) < Ui+ U3, (12)

where U,; is some r-dependent unitary on the bosonic
mode.

The PI condition in Eq. (12) implies that each condi-
tional channel does not contain any errors (it iS a unitary
channel without information loss) propagated from the
ancilla, although the unconditional channel might. In other
words, no information is lost to the environment by
performing such a noisy operation if the ancilla
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i

FIG. 5. Tllustration of a PI gate. Given an ancilla initial state |7)
and a measurement basis 5, the bosonic mode undergoes an
r-dependent unitary U,; for any ancilla measurement outcome
|r) € B,, independent of the different system paths (see, e.g., the
green and orange curves, where an ancilla relaxation happens for
the green curve).

measurement outcome is accessible. See Fig. 5 for an
illustration of such a PI gate.

Note that the PI condition in Eq. (12) is for the joint
channel, which could be hard to evaluate directly. As such,
Ref. [48] provided an easy-to-evaluate algebraic condition
for the Hamiltonian H () and the jump operators {J}
in order for G to satisfy Eq. (12), which we present in
Appendix A.

The PI definition in Definition 5 considers an infinite
number of ancilla faults, since it examines the full G(7'). In
practice, when the ancilla noises are small, by correcting
only a finite number of ancillary faults, we can suppress the
real logical error rates to a higher order. As such, we define
the following finite-order PI gate that concerns only a finite
truncation of G(T).

Definition 6 (finite-order PI gate). An ancilla-assisted
gate is n-PI in an ancilla basis B, with an ancilla initial state
|i) if, for any |r) € B, and any k < n,

(rIGH(T)|i) & Ui » U, (13)

where U,; is some r-dependent unitary on the bosonic
mode.

In Appendix A, we present an algebraic condition for
the Hamiltonian and jump operators in order for G to
satisfy Eq. (13).

The PI condition, even with a finite order, is demanding,
since it requires the conditional channels to be exactly
unitary channels and, thus, allows no error propagation at
all. However, observe that if the bosonic mode is protected
by some bosonic codes, fault tolerance can still be achieved
even if we allow error propagations, as long as the
propagated errors are small and correctable. Based on this
observation, we generalize the PI control and present a less
stringent condition that, nevertheless, still complies with
the idea of fault tolerance.

Definition 7 (GPI operation). Given a single-mode
bosonic code with a code space projection P., we say
that an ancilla-assisted operation is nth-order generalized

path-independent (GPI) in an ancilla basis B, with an
initial ancilla state |i) if, for any |r) € B4 and k < n,

(AGH(T) iy o (ZK;» . Kii), (14)

N

where {K3,}, satisfies the KL condition, i.e.,
P.K}]K3P. o P, for any K3;, K3 € {K3,},.

Note that any conditional channel (|G (T)|i) can be
written in the form of Eq. (14), with a set of (r, i)-dependent
Kraus operators {K?,},. The condition that {K3,} satisfies
the KL condition implies that the conditional channel
{r|G¥(T)|i)) contains only correctable errors.

The GPI condition generalizes from the PI condition in
Definition 6 from the following two aspects. First, the GPI
condition considers any operation (any completely positive
trace-preserving map) to the bosonic mode as a target,
while the PI condition considers only unitary gates.
Second, the GPI condition allows finite propagation of
ancilla faults to the bosonic mode for each conditional
channel, as long as the propagated errors are correctable by
the bosonic code. See Fig. 1(b) for an illustration of the
relation between ancilla-assisted operations, GPI opera-
tions, and PI operations.

In Appendix A, we present an algebraic condition for
GPI operations again by examining only the Hamiltonian
and jump operators. Note that we directly present the GPI
condition in the finite-order form, which is of practical
relevance.

A. GPI examples

Here, we provide two examples of GPI operations for the
four-legged cat code.

1. GPI SNAP gate with a three-level y-mismatched ancilla

As an example, we consider the photon-number selective
phase (SNAP) gate [37] in circuit-QED systems. In the
rotating frame, a three-level ancilla with levels {|g), |e), | f)}
is dispersively coupled to a bosonic mode via the
Hamiltonian

Ho = =(|f){f] + xele){e]) ® a'a, (15)

and the ancilla is frequency-selectively driven between |g)
and |f) states:

N

H (1) =Q  e=m=m)|f)(g| + He..  (16)
n=0

where (75:: (¢o, b1, ..., Py) is some phase vector that
we can choose. We consider ancilla jump operators
{/1=vrle)(fl.Ja=/rlg)el.J3 = /12 se o sy Asls) (sl )

where J| describes the ancilla decays from |f) to |e), J, the
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ancilla decay from |e) to |g), and J; an ancilla dephasing
with arbitrary phases A,, Ay € C. We use this error model
throughout the paper whenever using a three-level ancilla.

In the interaction picture associated with H, the system
Hamiltonian reads

=9[Nyl es@+He]. (7
S(‘Z’) =2 =1 ei¢"’”><”| number-
dependent phase shift qu to the bosonic mode. Note that

we have performed the rotating wave approximation by
assuming Q < y;. Denote Ay :=y;—y, as the y mis-

where applies a

match. The ancilla jump operators transform to J, () =

Vrle)(f1 ® embe, Ty (1) = \/7lg)(e] ® e” "¢, and
.7 3 = J 3.

We initialize the ancilla in |g), let the system evolve
for a time T = z/2Q, and measure the ancilla in the
{l9), |e),|f)} basis. In the absence of errors, the ancilla
will end up in |f) while the central system undergoes

-

the target number-dependent phase shifts S(¢), i.e.,

(f|e=:T|g) = S(gb). With ancilla errors, we can explicitly
write down the truncated conditional channels (in the
interaction picture) up to the first order:

(gIGM(T)|g) T,
CFIGU(T)|g) o S() S ().

~ T o o onuet
(el GV (T)|g) / dre= aS(f) ST (Fetraa, (18)

=0

If there is no y mismatch, i.e., Ay = 0, this gate is strictly a
1-PI gate [see Eq. (13)]; if there is a finite y mismatch, the
gate is no longer PI. Nevertheless, for a bosonic code that
can correct phase rotations in the range [-6,,/2,0,,/2]
(e.g., 8,, = n/2 for the four-legged cat), the gate is still a
1-GPI gate if AyT <86,, [see Eq. (14)].

In Appendix A, we show that one can verify the GPI
property of this SNAP gate more easily without calculating
the conditional channels by checking a set of algebraic
conditions for the Hamiltonian and jump operators. Also, in
Appendix C, we present another GPI SNAP scheme using a
qutrit and an extra flag qubit, which can tolerate even larger
y mismatch AyT.

2. GPI parity measurement with a three-level
x-mismatched ancilla

As another example of GPI operations, we consider the
parity measurement for correcting photon loss errors [38]
using a three-level y-mismatched ancilla.

The system Hamiltonian (in the rotating frame) is
Hy = —(x.le){e| + x|f){f]) ® a’'a  (without ancilla
drives). We denote |+) as (|g) = |f))/v/2. The ancilla is
initialized in |[+) and measured in the basis {|+),|-), |e) }.

In the absence of ancilla errors, the operation performs a
projection onto the even (odd) subspace of the bosonic
mode conditioned on the ancilla measured in |+) (|—)):

(+1GY +) =P, P,
(-16"+)=pP_-P_, (19)

where P, := (I + ¢~%'4)/2 is the projection on the even
and odd parity subspace of the bosonic mode.

In the presence of ancilla errors {J; = /r|e)(f],
Ty = rlg)els I3 = 72 e ey Asls)(s]}, we move to
the interaction picture associated with H,. Now, the system
Hamiltonian is O and the ancilla jump operators read
Ti(0) = /7le)(fl@e e, Ty (1) = \/f7]g) (e] @ 7',
and J3 = J; = VT D sefesy Asls)(sl}, the same as those
in the previous SNAP example. Here, without loss of
generality, we set A, = —1.

We can calculate the noise expansion of the joint channel
up to the first order [see Eq. (9)]:

g[”(T) = W(T,0) s Wi(T,0) + y/T
t=0

Gi(t.1)+G(t.1)
+y/=TOGl(t,3) < Gl(1,3), (20)

where  W(ty, 1)) == exp [—iHu(th — t;)] with H:=
~(i/2) 320 T} = =4[+ A ) le) (el +21/)(f]]  and
G (1. j) = W(T, t)J;()W(z,0). Note that we have dropped
the term associated with the first-order quantum jump with
J,, which is zero when the ancilla starts from |+). Going
back to the lab frame, the truncated channel is G!!/(T) =
GU(T) o [Uo(T) » U(T)], where Uy(T) := e~ . Then,
we can calculate the truncated conditional channels:

(+1GY+ )= _<1—§>P++£P_- . -(1—§>P++§P_-

+pP_*P_+0(p).
(=16 +y= <l—§>P_+£P . <1—§>P_+BP

20 2° 7
+pP, P, +0(p?),
«eg[l]|+»:£/T dte—i(A)(t+n)a*a,ei(A;(tJrﬂ)aTa
2T J,—o
+0(p?), (21)

where p := yT. For a four-legged cat with a > 1, Eq. (21)
satisfies the GPI condition as long as AyT < z/2. Note that
the first two terms in Eq. (21) imply that one might obtain
wrong parity measurement outcomes with a probability
O(p) if the ancilla is measured in |+). Such effective
measurement errors can be suppressed to the second order
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by repeating the above parity measurement three times and
performing majority voting, which is discussed in the next
section when we rigorously consider fault tolerance.

V. CONNECTION BETWEEN GPI
AND FAULT TOLERANCE

In this section, we establish the connection between
GPI quantum control and fault tolerance defined in Sec. III.
Let the bosonic mode be encoded in some bosonic code
with a code projection P.,.

Proposition 2. Each AAO contained in a t-FT level-1
gadget with an ancilla initial state |/) and an ancilla
measurement basis B, has to be -GPI with respect to |i),
B, and the code projection P..

Proof. Any t-FT gadget requires that if any m < ¢ faults
occur during the protocol, the output is guaranteed to be
correct. However, if one AAO is not #-GPI, there exists an
ancilla measurement outcome r, conditioned on which the
bosonic channel [see Eq. (14)] contains noncorrectable
errors. As a result, the final output can no longer be
guaranteed to be correct. u

Conversely, we can combine pieces of -GPI operations
to get ¥ < ¢t-FT gadgets, as shown in Fig. 1. In order to
make ¢ = ¢, there are extra requirements for the AAOs,
which are typically easier to satisfy than GPI. Instead of
making rigorous statements about these requirements for
generic gadgets, we make case studies when constructing
concrete FT gadgets. Nevertheless, we comment on some
high-level ideas used to design the extra ingredients that
can be combined with GPI to achieve fault tolerance here:
(i) Operations are error transparent or closure against
bosonic errors (see Appendix B); (ii) the propagation from
ancilla faults to bosonic errors is linear; (iii) there exists at
least one ancilla state |r) such that the ideal conditional
bosonic channel (r|G%|i)) gives the target operation.

As the first example, we construct 1-FT Z-axis rotation
Z(0) for the four-legged cat using the GPI SNAP gate
presented in Sec. IVA 1. To implement a Z(0) gate, we
choose a GPI SNAP gate with AyT < z/2 and

S(0) = Py + Py + (P, + P)), (22)

where P;:= ) ._q|4i + j)(4i + j|. We consider the same
ancilla jump errors as those presented in Sec. IVA 1. In
addition, we consider a single-jump operator a representing
a single-photon loss for the bosonic mode. Then, we
implement the 1-FT Z(0) gate based on Algorithm 1
below. The three-level ancilla basis is denoted by |g),
le), and |f) according to Eq. (15).

Now, we verify that the above protocol satisfies the
definition of a 1-FT gate in Definition 1. Here, we choose
f(m) = (m,mAyT/2) with AyT/2 < /4. Suppose the
input error is of size (k, 0,) and there are m faults during the
protocol. There are two cases where (k,60,) + f(m) < f(1).

Algorithm 1. 1-FT Z(0) gate.

1 o<« e.// 0o records the ancilla measurement
outcome

2 while o0 # f do
3 Prepare the ancilla in the |g) state, apply the GPI SNAP
gate with S(é) in Eq. (22) for a time T = z/2Q, and
measure the ancilla in the |g), |e), |f) basis with an
outcome o € {g, e, f}.
if o = ¢, then

Apply a phase rotation e

L9 N

i t .
ibyTa'a/2 (g the bosonic mode.

First, m = 0 and (k, 0y) < (1, AyT/2). Obviously, the gate
is error transparent to the phase rotation e~d'a; je it
simply commutes through the gate and remains at the
output, since it commutes with the system Hamiltonian
[see Egs. (15) and (16)]. Moreover, as we show in
Appendix B 1, the gate is also error transparent to a

-

single-photon loss a when using the form of S(¢) in
Eq. (22). Therefore, the input (k < 1,0 < AyT/2) error
simply remains at the output and stays correctable. Second,
m =1 and (k,0) = (0,0). In this case, either an ancilla
dephasing, or an ancilla decay, or a single-photon loss
occurs during the protocol. A single-ancilla dephasing
might cause the ancilla ending in |g) instead of |f) but
does not add any error to the bosonic mode; a single-ancilla
decay from |f) to |e) causes only a correctable phase
rotation with an angle |60| < AyT/2 < x/4 [49]; a single-
photon loss simply remains at the output and stays
correctable.

As the second example, we construct a 1-FT QEC
protocol for correcting a single-photon loss. Note that
we present a full EC gadget correcting both photon loss and
dephasing errors in the next section. The protocol utilizes
the 1-GPI parity measurement presented in Sec. IVA 2,
with a y mismatch AyT < z/2.

Now, we verify that the protocol in Algorithm 2
satisfies the definition of a 1-FT QEC in Definition 2.
Similar to the previous Z(0) gate example, we choose
f(m) = (m,mAyT/2). Assume there is an input error of
size (k,0) and m faults occur during the protocol. Note that
since we are correcting only single-photon losses for now,
we assume the input has no dephasing errors. To verify
condition (i) in Definition 2, we consider either k = 1,
m=0 or k=0, m=1. In the earlier case, the single-
photon loss can be perfectly corrected and the output has no
error; in the latter case, we consider either an ancilla
dephasing, an ancilla decay, or a single-photon loss. An
ancilla dephasing may flip a single-parity measurement
outcome but does not affect the final majority voting; a
single-ancilla decay causes only a correctable phase rota-
tion with amplitude < AyT/2 < z/4, which is a correct-
able error; a single-photon loss during the protocol either
gets corrected or goes undetected but remains as a
correctable single-photon loss at the output.
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Algorithm 2. 1-FT photon-loss correction.

1 o; < eforie{l,2,3}.// {o;};ep3 record three
consecutive parity measurement outcomes

2 for i< 1to3do

3 while 0; = ¢ do

4 Prepare the ancilla in the |+) state, apply the
dispersive coupling for a time T = 7/, and measure
the ancilla in the = {|+), |-), |e)} basis with an
measurement outcome o;.

5 if 0; = e, then _
6 Apply a phase rotation e’/7¢¢/2 to the bosonic
mode.
7 Apply a parity correction based on the majority voting over
{oi}ie[S]'

For condition (ii) in Definition 2, one simply observes
that a single-photon loss error at the input can be detected
and then corrected (although a logical error may happen
when combined with another photon loss during the
protocol), while a single-photon loss or an ancilla
decay that occurs during the protocol can cause at most
a f(1)=(1,AyT/2) error that can go undetected and
remains at the output.

VI. FAULT-TOLERANT OPERATIONS
OF FOUR-LEGGED CAT CODE

In this section, we focus on the four-legged cat and
construct universal 1-FT level-1 gadgets that can correct a
single-photon loss and any single-ancilla fault, using GPI
operations.

The universal operation set we consider is

8 = {EC.Z(6). X($). XX(6). Py, Mz My}, (23)

including error correction, Z-axis rotation, X-axis rotation,
XX rotation [exp(—i6XX/2)], state preparation in the
X basis, measurement in the Z basis, and measurement
in the X basis.

One essential element for our construction is the GPI
SNAP gate and GPI parity measurement described in
Secs. IVA 1 and IV A 2, respectively. Recall that both of
these operations use a three-level ancilla, which is dis-
persive coupled to the bosonic mode via —(y.|e)(e| +
27 /){f]) ® a'a, potentially with a » mismatch
Ay = ys — x.. Denote the gate time for the SNAP gates
as T and that for a parity measurement as 7 p. Typically,
T > Tp since the driving strength Q for the SNAP gate
[see Eq. (16)] is much smaller than y; in order for the
rotating-wave approximation to hold [29]. We choose
f(m) = (m,mAyT/2) with AyT/2 < z/8 [50] for proving
the fault tolerance of the gadgets. Unless specially noted, all
the SNAP gates and parity measurement gadgets we use
have a y mismatch Ay.

Similar to the previous sections, we consider {a, |e) (f
|g9){el. > se ey Asls) (s} as the errors, representing a
single-photon loss, an ancilla decay from [f) to |e), an
ancilla decay from |e) to |g), and an ancilla dephasing,
respectively.

’

A. Z-axis rotation

A 1-FT Z-axis rotation with an arbitrary angle (6) using
GPI SNAP gate is presented in Algorithm 1 in the previous
section. Note that a 1-FT logical gate using a strictly PI
SNAP gate (with no y mismatch) has been experimentally
demonstrated for a small binomial bosonic code [29].
Here, the main difference is that our protocol allows a
finite y mismatch.

B. X-axis rotation

In the large o limit, an X-axis rotation is given by

X(p) ~ e |COHC ]+ [Cla)(Cial.

(24)

where [C) = ¢ (|) = | = f)), with ¢ being normaliza-
tion constants. We implement X (¢) by adding a phase ¢ to
the subspace spanned by the two coherent states |a) and
| —a). As illustrated in Fig. 6(a), we first displace the
cavity by a and apply a phase shift to the vacuum
S(¢) = €]0)(0] 4+ I — |0)(0| using the SNAP gate (see
Sec. IVA 1). Then we displace the cavity by —2a and apply
another S. Finally, we displace the cavity by a back to the
code space. The joint operation is

-

Uy = D(a)S(¢)D(=2a)S(¢)D(«)

= [D(a)S($)D(a)|[D(-a)S($) D(~a)]
~efP,, +1-P., (25)

where Py, :=|a)(a| +|-a)(-a| =[C3)(Ci |+|Ca)(Cal.

We now show that this gate is 1-FT if the y mismatch
during the SNAP gates is zero. Assume there is a (k, 56)
input error and m faults occur during the gate. Again, for
I-FT gate (see Definition 1), we need only to consider
either (k=0,60=0),m=1or (k<1,60<AyT/2), m = 0.

First, we consider a single fault occurring during Uy.
A single-photon loss simply commutes through the entire
gate, since the two SNAP gates S are error transparent (see
Appendix B) and D(a) commutes with a up to a constant.
A single-ancilla decay or dephasing during the S gate does
not cause any error to the bosonic mode when assuming
perfect y matching. Therefore, a single fault during the gate
causes at most a (1,0) < f(1) error at the output, which is
correctable.

Second, we consider a (k<1,60 < AyT/2) input
error ¢04'agk. We first notice that Uye%'gkP,
akUye™a'ap_ since Uy is error transparent for af [see
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FIG. 6. Illustration of the X-axis rotation (a), XX rotation (b),

and teleportation-based EC (c) in the level-1 gadgets S for the
four-legged cat.

Eq. (25)]. Here, P, := |+)(+.| + |—0) (-] = |Ca){Ca| +
|CiL)(C} | is the projector onto the code space of the four-
legged cat. Then, we need only to make sure that Uy is also

error transparent to dephasing ¢?%4'¢_ Let E := Uy e’ {J},

be the effective error that ¢/®%4'@ propagates to after the gate.

E satisfies

EP, = ™ P, + (1= ) (Piy = D)e™|C7)(C|
+ (e = 1)Poue™a|CLY(C, (26)

where we can see that Uy is not error transparent against the
dephasing due to the last two terms in Eq. (26). Fortunately,
we can make it approximately error transparent by modifying
the SNAP gate:

S(¢) — e (Py) +1 - Py, (27)

where P =% o |i)(i] is the projection onto the s
neighborhood of vacuum. Then, the gate unitary
becomes Uy — €?P., +1—Py,,, where P, =
D(a)PD(a) + D(—a)Py)D'(—a) is the projection onto
aneighborhood of |@) and | — a). Now, the effective error for
the dephasing error becomes

EP, = &P+ (1= e7)(Pyy —1)e™|C})(C]]
+ (e = 1)Pyg e |CLN(CE. (28)
For |60| < AyT/2 < r/8, we can choose s = O(|a|?) such
that the last two terms vanish in the a > 1 limit, i.e.,
<C:ei6€|P:Ea,S‘C:ei50> -1,
<C+ i59|Pia,s|C% i53> - 0. (29)

iae iae
Then, we have EP, ~ ¢%%'“P _and the gate is error trans-
parent to dephasing as well.
Note that 1-fault tolerance can no longer be rigorously
attained (even in the larger-a limit) if using SNAP gates S

with a finite y mismatch. Taking the second S gate as
an example, and suppose it has a y mismatch Ay, a
single-ancilla decay could cause a gidda'a phase rotation
with [60'| < Ay'T/2 after S, which propagates to
e—i0'a’atalata’)+a’] gfter the later displacement. The extra
displacement error after the gate is uncorrectable. Thus, a
single-ancilla fault during the X rotation can cause a first-
order logical error with a probability cp, where ¢ is a
constant depending on Ay’T. Nevertheless, if Ay’T is small
enough, the coefficient ¢ can be made comparable to or
even smaller than p, and we can still achieve good error
suppression in practical regimes, as is shown in later

numerical results in Fig. 7(a).

C. XX rotation

For large a, the XX rotation reads

XX(8) » e®(|Cq. C4)(Co. Cil + |Ciyp. Cio)(Cr. Cil])

+ (1G4 C) (€ Gl + |Cin €3 (Cin €D
(30)

We implement XX (5) by adding a phase § to the subspace
spanned by |ta,ta) and |tia, fia). As illustrated in
Fig. 6(b), we interfere the two modes through a 50:50
beam splitter, apply the number-dependent phase shift
S(3) = e|0)(0| + 1 —[0)(0| to both ports, and then
interfere through another 50:50 beam splitter:

Uyx = BS (%)T(S ® S)BS (g) (31)

where BS(6) = exp[(0/2)(ab’ —a'h)] with a and b
denoting the annihilation operator of the two involved
modes, respectively.

To understand the effect of Uyy, we consider a coherent-
state input |a, 8). The first BS interferes the two coherent
states:

BS|a,f) = |(a+p)/V2 (a=B)/V2).  (32)

We take the approximation S|y) ~ e~'l/=0l|y), where 1[x]

is the indicator function. Then, the two SNAP gates in
Eq. (31) add a nontrivial phase to the rhs of Eq. (32) if

a=pora=-—f

(S® S)BS|a,ﬁ) — e_i‘s(ﬂ[a:ﬂ]Jrﬂ[a:_/j])

a+p a—p
I Y

Finally, the last BS restores the input coherent state
potentially with an extra phase:

a,f) = e o=l t1la=—F)|q p). (34)

UXX
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FIG. 7. (a) Average infidelities of an error-correction gadget

using teleportation in Fig. 6(c) as a function of y/Q with perfect y
matching (blue line) or finite y mismatches (orange line).
Here, we use experimental parameters from Ref. [29] for the
coherent interaction strengths y; = 2z X 1 MHz, Q = 0.3y, and
9s = 2x . We consider single-photon loss, ancilla decay from f
to e, ancilla decay from e to g, and ancilla dephasing D[|e){e| +
2|f)(fl]) with rates &, 7., Yewq» and y,, respectively. We
assume the ancilla error rates are much larger than the cavity loss
rate and Set Yy, = Yoy = V> ¥ = y/4, and k = y/10 [29]. We
choose @ = 2.9, which is a sweet spot for the four-legged cat that
minimizes the backaction of photon loss [43]. (b) The accumu-
lation of average infidelity and decay of mean photon number
{a'a) for 40 rounds of repeated parity measurements (infidelities
are shown for every two rounds) followed by teleportation. We
use the same coherent parameters y ¢, ©, and ggg as in (), a finite
y mismatch Ay = Q/10, and the experimental error rates from
Ref. [29]: k =2 KHz, y¢,, = Yoy =y = 20 KHz, and y, =
5 KHz [with the same ratios between these error rates are in (a)].
The teleportation pumps energy into the system and suppresses
the random phase rotations caused by Ay. The three Wigner plots
depict the density matrix at the input, before and after the
teleportation, respectively. The numerical simulation is per-
formed with the PYTHON QUTIP package [51], and the codes
are available on GITHUB [52].

We remark that, when « and f are chosen only from a set of
discrete values {a;}; which are well separated in the phase
space, Eq. (34) provides an exact expression of the action
of Uyy. The rigorous form of Uyy is given in Eq. (B10) in
Appendix B 3. In conclusion, a two-mode coherent state
accumulates a nontrivial phase if and only if the two
coherent states have matched amplitudes and aligned or
antialigned phases. Let P (;), be the projection onto a four-
dimensional subspace spanned by |a), | — ), |ia), | — ia);
we then have

Piiiya ® Pi(iyaUxxP+(ija ® Pi(ia
=Py ® Piy+ Piiy ® Piiy)
+ (Pig ® Pijg+Priy @ Puy). (35)

Note that Eq. (35) implies PS*® Uy PY*®) = XX(6), where

PAB = PY @ PP is the projector onto the collective code
space of a four-legged cat on bosonic modes A and B.

Now, we prove this XX(@) gate is 1-FT according to
Definition 1. We first consider the case where there is
an input error e/(%0.a'a+60,b'0) pks gka with k, k, <1 and
|60,|, 160, < AyT/2 < =/8 but no fault during the gate.
b*» ks simply commutes through the gate when acting on
the code space due to the error-transparency form of Uyy in
Eq. (35). Similar to the proof for the X-axis rotation in
Eq. (28), one can show that Uyy is also approximately error
transparent to the phase rotation ¢/(6%4'a+30,b'0) by replac-
ing § — e (301 [1){il) + 1= (323 [i)(il). We put the
proof in Appendix B3. As a result, the input error
commutes through the gate and remains correctable.

To complete the proof that the Uyy is 1-FT, we also
need to show that, for a perfect input state and any single
fault during Uyy, each of the two output modes has an
error of size at most f(1) = (1,AyT/2). As shown in
Appendix B 3, a single-photon loss during the gate prop-
agates to an error of the form ¢ a + ¢,b, where ¢, ¢, €C,
due to the error transparency of the SNAP gates and the
error closure of the BSs. By using a y-matched ancilla for
each SNAP gate, any single-ancilla fault does not propagate
to any bosonic data errors.

We note that, similar to the X-axis rotation, the XX
rotation is not strictly 1-FT if there is a finite y mismatch
when executing the SNAP gates, as an induced phase
rotation would propagate to uncorrectable errors after the
last BS. Nevertheless, as we show numerically in Fig. 7,
high-fidelity XX rotation can still be realized in practical
regimes even with a finite but small y mismatch.

D. X-basis state preparation

The + 1 X-basis eigenstate is a two-legged cat state with
an even photon parity |+,) = |CS) = c;(|la) + | —a)).
Observe that |[+;) « P |a), i.e., the even-parity projection
of a coherent state |a). Thus, we can prepare the even
cat state by first preparing a coherent state |a) and then
performing a nondestructive parity measurement to project
it to an even cat state (up to a parity frame update). For 1-FT
state preparation, unlike the 1-FT photon-loss correction
protocol in Algorithm 2, we do not need to repeat the parity
measurement three times, as it allows a noisy output
with up to f(1) = (1,AyT/2) error for up to a single
fault during the parity measurement (see Definition 3).
Concretely, we implement the following protocol.

Note that the X-basis state preparation here allows a
finite y mismatch.
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Algorithm 3. 1-FT X-basis state preparation.

1 Prepare the bosonic mode in the coherent state |a).
2 o0« e/l records the parity measurement
outcome
3 while 0 = e do
4 Prepare the ancilla in the |+) state, apply the dispersive
coupling for a time T = z/y, and measure the ancilla in
the = {|+), |-), |e)} basis with an measurement

outcome o.
5 if o = e, then
6 Apply a phase rotation ¢/2774'a/2 to the bosonic mode.
7 Apply a parity correction if 0 = —.

E. Z-basis measurement

The Z-basis measurement admits the form of measuring
photon number modulo 4. In order to obtain the correct
logical measurement outcome in the presence of a single-
photon loss, as required by Definition 4, we insert a
nondestructive parity measurement before each logical Z
measurement. The full FT protocol is presented in
Algorithm 4.

Note that each modulo-4 photon number measurement
0, , is conditioned on the parity measurement outcome o; ,;
i.e., we distinguish the photon number between 0 mod 4
and 2 mod 4 for even parity (0;;, = +) and between 3 mod
4 and 2 mod 4 for odd parity (0;, = —).

To verify that the 1-FT measurement condition in
Definition 4 holds, one simply observe that a single-photon
loss before the measurement can be captured by the parity

Algorithm 4. 1-FT Z-basis measurement.

1 fori« 1to3do
2 0;4 < €
3 while o0; , = ¢ do
4 Prepare the ancilla in the |+) state, apply the
dispersive coupling for a time 7 = z/y;, and
measure the ancilla in the {|+),|—), |e)} basis with
an measurement outcome o, ,.
0ip < €
while 0;, = e do
if 0, , = +, then
Prepare the ancilla in the |+) sate, apply the
dispersive coupling for a time 7' = z/2y,, and
measure the ancilla in the {|+),|-),|e)} basis
with an measurement outcome o, ;.
9 else
10 Prepare the ancilla in the |+) sate, apply the
dispersive coupling for a time T = 7/2y, apply

RIS

an ancilla phase rotation ¢~%/){/I and measure the
ancilla in the {|+),|-), |e)} basis with an
measurement outcome o; .

11 Obtain the logical measurement outcome as the majority

voting of {0;,};1 3.

measurements, and any single fault during the measure-
ment protocol can cause only at most one measurement
error on one of {0,,},_;,3 and, thus, does not affect the
majority voting. Note that the Z-basis measurement here
can also allow a finite y mismatch between the ancilla
and the bosonic mode, as dephasing errors commute with
the measurements.

F. X-basis measurement

The X-basis measurement amounts to distinguishing the
phase of the coherent states modulo z. We achieve this by
interfering the mode a; with another mode b; in a coherent
state |ar) through a 50: 50 beam splitter and measuring if the
two output modes a, and b, have less than s photons. We
obtain a logical — if both modes have more than s photons
and a logical + otherwise; i.e., we implement the following
positive operator-valued measures (POVMs):

m—@;immﬂ®h:;wmﬂ

i—0
< (10 =3t )
i=0
(1= 30w i)
i=0
M, =1-M_
o 3 i) + 3 = iy (- i), (36)

i=0 i=0

where each subscript labels the mode that a state or an
operator belongs to.

Measuring if one mode has less than s photons can be
realized by dispersively coupling it to a qubit, driving the
qubit from |g) to |e) conditioned on the mode having less
than s photons, and measuring the qubit in the |g), |e) basis.
In the interaction picture associated with the dispersive
coupling, the Hamiltonian reads

Hyc = Q(|e) (gl ® Py +H.e.). (37)

Recall that P = > 7 |i)(i|. In the absence of errors, the
zeroth-order conditional operations are

(e|G(T)|g) = Py * P + O(p).
(9lGoUT)|gh = (I = Pyy) = (1= Py) + O(p).  (38)

A single fault will affect the measurement outcome or cause
a bosonic error diagonal in the Fock basis. The former can
be tolerated by repeating the above measurement 3 times
and performing majority voting, while the latter simply
commutes with the measurements and does not affect the
(later) measurement outcome.
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To check this X-basis measurement scheme is 1-FT
according to Definition 4, we also need to verify that the
measurement outcome is correct for any input error
(k,0) < (1,AyT/2). First, a single-photon loss does not
affect the measurement outcome, since a does not change
the phase of any coherent states. Second, a small phase
rotation rotates |@) to |ae'®). Similar to the argument for the
X-axis rotation, the X-basis measurement outcome is
correct as long as the POVM M captures | + ae'®) but
not |+iae™).

G. Error correction

To correct both loss and dephasing errors, i.e., data errors
with (k > 0,|0] > 0), we employ a Knill-type QEC [53]
using a teleportation circuit shown in Fig. 6(c). A fresh
ancilla bosonic mode b is initialized in |4) state and gets
entangled with the data mode a via a XX rotation along
with single-mode rotations. The data mode a is then
measured in the Z basis, where the measurement outcome
is used to apply a feedback Z operation on the » mode. All
the gadgets here are 1-FT using previous constructions.
Moreover, they are error transparent to any input error on
the a mode smaller than f(1) = (1, AyT/2). Therefore,
the input data error simply commutes through all the
gates and does not propagate to the » mode. Furthermore,
the 1-FT Z-basis measurement is correct for an error
smaller than f(1). Therefore, such an input error can be
corrected by the EC gadget.

To verify the 1-FT EC conditions, we need to further
show that a single fault during the teleportation circuit leads
only to a correctable residual error of size at most f(1) at
the output of the b mode. Since we are using 1-FT gates, the
output for the a or b mode (before the Z measurement) has
an error at most f(1).

As shown in Fig. 7(a), we numerically evaluate the
average infidelity of the teleportation gadget in Fig. 6(c). In
the absence of y mismatch (see the blue curve), we show
that it has an error rate that scales as (y/€)?, manifesting
the fault tolerance of its composing gadgets, which cover
the entire S other than the X-basis measurement. There is
an error floor in the low y/Q regime, which is exponentially
suppressed by |a|?, due to the finite-size imperfection of the
X rotation and the XX rotation. In the presence of a finite y
mismatch, a rigorous second-order error suppression can
no longer be attained due to the induced random phase
rotations during the X- and XX-rotation gates. However,
sufficient error suppression can still be achieved with a
finite but small y mismatch in practically relevant regimes
(see the orange and green curves).

In practice, where photon loss is typically the predomi-
nant error source, repeated parity measurements that correct
photon losses (see Algorithm 2) suffice for extending the
lifetime of the cats. Such a robust memory that reaches the
break-even point has been experimentally demonstrated
[22]. However, only parity measurements are not enough to

protect the cats during long computational tasks, as the
mean photon number would keep decaying (the parity
measurement and gates in S are energy-preserving oper-
ations that commute with a’a) due to deterministic energy
loss to the environment. We propose to solve this problem
by inserting the teleportation gadget periodically in
between certain rounds of parity measurements, which
pumps energy into the system and restores the amplitude of
the cats. Furthermore, the teleportation can suppress the
accumulation of random phase rotations if, for example,
there is some finite y mismatch or small cavity dephasing
errors Ky D[a’a]. We demonstrate such effects numerically
in Fig. 7(b). We note that the reason why the teleportation
gadget has a larger logical error rate compared to the parity
measurement in Fig. 7(b) is primarily because it has a larger
overhead associated with more gates and a longer time.
Also, the teleportation-based QEC scheme for rotation-
symmetrical codes was first proposed in Ref. [41].
Compared to their teleportation circuit, our circuit in
Fig. 6 uses different gates and measurements that are
assisted by a transmon ancilla and more compatible with
the standard circuit-QED platform.

VII. CONCATENATED QEC AND
HARDWARE-EFFICIENT FAULT TOLERANCE

With the set of 1-FT level-1 gadgets in S, we can
concatenate the level-1 logical qubits (four-legged cats)
with a level-2 qubit code to further suppress the level-1
errors.

We expect that the level-1 errors at the cat-qubit level
will be dominated by Pauli errors based on the following
analysis: (i) A single-photon loss is correctable, and two
photon losses lead to a logical X error. (ii) Ancilla decays
(two decays or a single decay in the presence of a large y
mismatch) can introduce phase-rotation errors to the cat
qubits. Importantly, by designing the X measurement such
that it can tolerate small phase rotations (see Sec. VI F), we
have effectively defined the code words |+), and |-), as
the neighborhood of (|a) + | — a)) and (| — @) + | — ia)),
respectively, up to small phase rotations. In addition, the cat
gates, particularly the entangling XX rotation, are error
transparent to phase rotations (see Sec. VIC). As such,
even if we do not actively correct the phase-rotation errors
in every level-2 QEC cycle, they do not create leakage
and spread across the system. Instead, they either remain
uncorrelated small rotations on individual modes or
become logical Z errors. We note that the accumulation
of phase rotations can also be suppressed by the telepor-
tation gadget that is periodically introduced in the level-2
QEC cycles (which we discuss later). (iii) Ancilla dephas-
ings do not propagate to the bosonic modes at all due to the
GPI properties of the cat gadgets. (iv) The backaction of
photon losses creates a deterministic reduction of the
amplitude of the cat coherent states, which can be simply
tracked and incorporated by the cat operations. Moreover,
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such an energy decay can also be deterministically reverted
by using the teleportation gadget. These level-1 Pauli errors
can then be corrected by a standard level-2 qubit code such
as the surface code. We leave the detailed analysis of the
level-1 noise channel and the channel-adaptive optimiza-
tion of the level-2 code to future work.

We illustrate a two-dimensional concatenated architec-
ture in Fig. 8. The basic elements for each level-1 qubit are
simply a storage bosonic mode and a three-level ancilla that
are dispersively coupled. The ancilla is used for the fault-
tolerant operation of the bosonic qubit in each storage
mode, including state preparation, photon-loss correction,
gates, and measurements (see Sec. VI). In addition, a small
number of extra bosonic modes shared by neighboring
storage modes, which we refer to reservoir modes, are used
to pump energy into the storage modes periodically via
teleportation [see Fig. 6(c)]. We note that there are certain
trade-offs between the number of reservoir modes and the
length of the outer QEC cycles (on average). In the extreme
case where each data mode is paired with a neighboring
reservoir mode, which is also coupled to the corresponding
syndrome qubits of the outer code, we can simply swap the
data information between the data and the reservoir modes
without affecting the outer QEC. In the opposite case that
many data modes share a single reservoir mode, which is
not connected to all the required syndrome qubits, we can
perform the same teleportation twice to make sure that the
data information remains in the data modes, at a price of
slightly increasing the outer QEC cycle. We leave the
optimization of the architecture to future work.

The level-2 QEC requires certain couplings between
level-1 qubits. Importantly, we can achieve this by

Reservoir mode () Three-level ancilla

FIG. 8. Hardware layout for concatenated 2D codes with four-
legged cats. Each level-1 logical qubit (blue box) consists of a
storage bosonic mode and a three-level ancilla, which are
dispersively coupled. BS coupling between neighboring storage
bosonic modes is required for the level-2 QEC. In addition,
reservoir modes (with only one shown here as an example) shared
between neighboring storage modes are used to pump energy into
the system via teleportation [see Fig. 6(c)].

S ] 23] ) ]
D
(b)
|+_+£+HZ(—w)HX<—w>}XX(W)|X<—§>}XX<W) x(3)
== —
X(=3)

FIG. 9. Compilation of level-1 cNOT (a) and a stabilizer X®?
measurement circuit (b) using our constructed 1-FT level-1
gadgets in S.

introducing only BS coupling between nearest-neighbor
storage bosonic modes (see Fig. 8) for 2D stabilizer codes.
The level-2 syndrome-extraction circuits are made of
nondestructively measurement of high-weight Pauli oper-
ators, featuring a sequence of two-qubit entangling gates
such as the cNOT gate. In Fig. 9(a), we show how one can
get a level-1 cNOT gate using 1-FT single-mode and two-
mode rotations in S. Although the compiled circuit is long
with a depth 6, we note that one can usually reduce the
depth per cNOT gate when considering the full stabilizer
measurement circuits. As an example, we can measure a
weight-n X Pauli operator using a circuit of depth 2n + 4
[see Fig. 9(b)]. We leave the evaluation and optimization of
the error rates of level-1 gates, e.g., the CNOT gate, as well
as the threshold and resource overhead of concatenated
codes to future work. Nevertheless, we remark that each
CNOT gate [see Fig. 9(a)] uses similar gadgets as those for
teleportation [see Fig. 6(c)], and each cNOT gate in a
syndrome extraction depth [see Fig. 9(b)] has a similar
depth as the teleportation on average; we expect the CNOT
gates to have a similar error rate as the teleportation shown
in Fig. 7(b). Using this rough estimate, a gate error rate
below 1072, which corresponds to the gate error threshold
for the surface codes, is achievable using the current circuit-
QED hardware.

To sum up, our construction of S in this work enables a
practical, hardware-efficient architecture for fault-tolerant
quantum computing, which features only one bosonic
mode and one qutrit per level-1 logical qubit and requires
only low-order physical interactions (dispersively coupling
and beam-splitter interaction) that have been experimen-
tally demonstrated. Furthermore, realizing high-fidelity
level-1 gadgets with error rates below the threshold require-
ment of the level-2 codes is promising for near-term
experimental demonstrations.

VIII. DISCUSSION

The fault-tolerant gadgets S that we develop in Sec. VI
for the four-legged cat can be applied to other rotation-
symmetric codes [41], whose code words are invariant

031016-15



XU, ZENG, XU, and JIANG

PHYS. REV. X 14, 031016 (2024)

under an N-fold rotation R = exp|i(2z/N)a'a]. Taking
N =2, for example, an arbitrary code with a twofold
rotation symmetry has code words

1
Ny

[+e) » (I+ee)j@),

|_®> ~ (eimﬁu/z + ei3mﬁa/2)|®>’ (39)

o

where N, are normalization constants, and the approxi-
mation holds when the base state |®) is localized in phase
space, i.e., (®]e™'4/2|@) ~ 0. The fault-tolerant gadgets in
S can be applied to such an arbitrary rotation-symmetric
code with a localized base state |®), except that, for the
X-basis state preparation in Algorithm 3, we need to
replace the initial state with |®) in the first step. In
particular, the X rotation and XX rotation still work, since
they are based on the phase-space locality of the base state.

In Table I, we compare our construction of fault-tolerant
gadgets for rotation-symmetrical codes that can correct
photon losses with those in the literature. In particular,
Ref. [41] studies fault-tolerant gates for rotation-
symmetrical codes by utilizing self-Kerr and cross-Kerr
interactions between bosonic modes, as well as phase
measurements [54]. Recent experimental efforts have
demonstrated the realization of self-Kerr interaction in
superconducting cavities [55], and there have been pro-
posals for achieving cross-Kerr interaction [56] using
ancillary nonlinear circuit-QED devices. Although there
are still challenges in realizing the phase measurements in
the circuit-QEC platform, there is both experimental [57]
and theoretical [58] progress along this line. Our scheme
complements the scheme in Ref. [41] by focusing
on ancilla-assisted operations that harness the strong
dispersive coupling between a bosonic mode and a trans-
mon ancilla, which is the standard resource in the current
circuit-QEC platform (see, e.g., Refs. [29,31,37,38]), and
rendering a different path toward fault-tolerant quantum

TABLE 1.

computing with rotation-symmetrical codes using existing
devices and techniques.
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APPENDIX A: ALGEBRAIC CONDITIONS
FOR PI AND GPI

In this section, we provide algebraic conditions for PI
gates (Definitions 5 and 6) and GPI gates (special case of
Definition 7 when the target operation is a unitary).

Recall that we are considering a Markovian evolution for
the joint system of ancilla A and bosonic mode C, described
by the Lindblad master equation in Eq. (11), with a joint
Hamiltonian H 4 (¢) and a set of ancilla errors {J;}.

We first provide definitions and properties of a set of
structured algebras that we use.

Let By = {|m)},e(q,) be an orthonormal basis for a
d4-dimensional ancilla and B¢ = {|n)¢}, e ] be an ortho-
normal basis for an infinite-dimensional bosonic mode. Let
M, (M) be the ordinary matrix algebra for the ancilla
(bosonic mode). M, (M) is a vector space over C with a

basis {|m>A<n|}m,ne[dA] ({|m>C<n|}mn€[oo]) In addition,

Comparison of different constructions of fault-tolerant gadgets for rotation-symmetrical codes that can correct photon

losses. We denote Z-type gates as those that preserve the photon number (alternatively, those that add photon-number-dependent phases)

and X-type gates as those that do not preserve the photon number.

Gadgets Prior schemes

Our scheme

Error correction

dissipation [18,59]
Z-type gates

X-type gates
bosonic mode [41]

Entangling gate

X-basis measurement  Phase measurement [41]

PI parity measurement [38]; two one-bit teleportation
with two ancillary bosonic modes [41]; engineered

PI SNAP gate [29,30]; self-Kerr (a'a)?> Hamiltonian [41]
Teleported Hadamard gate with an ancillary

cz gate using cross-Kerr a'a ® b'h [41]

GPI parity measurement + one-bit teleportation
with a shared ancillary mode

GPI SNAP gate

X-axis rotation using cavity displacements
and SNAP gates

XX rotation using beam splitter + SNAP gates.
Beam splitter + SNAP gates.
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M, (similarly for M) is equipped with a multiplication
operation

|a)a(bllc)a(d| = 8p.cla)a(d],

for any a, b, c,d€ [d,]. For any algebra M, we denote
MM = (S) for a set S if any element a in M can be written
as a = Zj cja;, where ¢; € C and a; is a product of some
elements in S. In other words, M is generated by S. Let
M, =M, ® M, be the matrix algebra for the joint
system.

We define the reduction of an algebra on the joint system
to an algebra only on the ancilla as a surjective map from
MAC to MA'

Definition 8 (reduction of a joint algebra). Given any
algebra H C M, on the joint system and an ancilla basis
B,4, we define the reduction of a on B, as

(A1)

Hls, = ({|m){n[[lm).|n) € Bs; Ih € H, (m|h|n) # 0}).
(A2)

Next, we define a family of subalgebras of My that
satisfy a special property.
Definition 9 (Pl matrix algebra, Definition 1 in
Ref. [48]). Let B, be some orthonormal basis for A. We
say that a subalgebra P of M, is a PI algebra associated
with B, if it satisfies
(1) P=({|m)(n| ® Uy,,}) for some set of (m,n)e
[dy] x [dy] and  (m,n)-dependent  unitaries
U,.€Mc.

(2) P is isomorphic to its reduction on B, via the
map |m){n| @ U, — m) (n].

Note that the second condition posts three requirements
on the unitaries U,,,:

(1) UmuUhn = 5a,hUmn'

@) Uy = Unn.

3) Upm=1.

These requirements lead to the following properties of
operators in a PI algebra.

Proposition 3 (property of operators lying in a PI
algebras). Let P = ({|m)(n| ® U,,,}) be some PI algebra
associated with an ancilla basis B, and let P[5 be its
reduction on B,. For any operator O € P and |r), |i) € By,
we have (r|O|i) « U,;, where U,; == I if |r)(i| € P|,.

Proof. 1f O € P,wecanwritt Oas O =3, 0,,,,|m)(n| ®
U, for some o,,, €C. If |r)(i| €P|5,, we have (r|Oli) =
0,iU,; & U, if [r)(i| € P|p,, we have (r|O[i) =0 x T m.

Note that Proposition 3 also implies that, for any operator
O =[], O; that is a product of operators lying in a PI
algebra P = ({|m)(n| ® U,,,}), we have (r|O|i) « U,;.

1. PI conditions

Reference [48] provides a simple algebraic condition for
PI gates using PI algebras.

Proposition 4 (algebraic condition for PI gates, Theo-
rem I in Ref. [48]). An ancilla-assisted gate is PI (see
Definition 5) in an ancilla basis B, if the Hamiltonian and
all the Lindblad jump operators are all in some PI algebra
associated with 5.

Note that the condition in Proposition 4 guarantees PI up
to infinite order. In the following, we generalize it for finite-
order PI gates.

First, the effective Hamiltonian H.z = Hac(f) —
(i/2) Zj JJT-Jj needs to be in some Pl algebra, i.e., H (1) =
Zi;"n:l an(0)|m)(n|®U,,,, for some &,,(1) €C and uni-
taries U ,,.

Next, we define a nth-order path algebra pl containing
all the possible paths contained in the noise expansion
of the system dynamics up to nth order and an associated
nth-order reachable state set SK'] containing all ancilla states
reachable via the nth-order paths in pl”/ when starting
from |i), and an nth-order error set E" C {J;} containing

all possible errors that can act nontrivially on SKH].
Definition 10 (finite-order path algebras, reachable
states, and error sets). Given a Hamiltonian H () that
lies in some PI algebra associated with an ancilla basis By,
a set of errors {J;}, and an initial ancilla state |i), we define
the zeroth-order path algebra p as an algebra that contains
all the paths in the effective Hamiltonian H.q(7) =

Hyc(t) = (i/2) 2,050 = Yoty En(D)m) (0] @ U,y

P = ({Im)(n| ® U,,|31€[0.7].8,,(1) # 0}).  (A3)
Let p%3, be the reduction of pP on B,. We define a
zeroth-order reachable state set including all states reach-
able via the zeroth-order paths when starting from [i):

Sy = {|m) € By|lm)(i| € pl 5, }. (Ad)

and we define a zeroth-order error set E¥ := .

Then, we define a n > Ith-order path algebra pgl]c and an

nth-order reachable state set inductively:

n n n—1

El = El U {J,|3|m) s}
pl* = (plr-11 y El]),

Skl = {|m)|lm)(i| € p" 5, }.

JJ|m) # 0},

(AS)

Proposition 5 (algebraic conditions for finite-order PI
gates). Given an ancilla-assisted gate G(7T) generated
by a Hamiltonian H,c(¢) and jump errors {J;(#)}, G(T)
is n-GPl in an ancilla basis BB, for an initial ancilla state |i)
if Hyc(1) U {JJT.J]»} U El" are in some PI algebra, where
E" is the nth-order
[Hac(1):{J;} B [)]-

error set constructed from
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Proof. Let H (1) U {J J;} U El" be in some P algebra
= ({|m)(n| @ U,,,}). The effective Hamiltonian

Hi (1) = Hye(1) — (i /2)JTJ~€P Furthermore, the non-
jump propagator W(ty, 1)) := T exp[—i [2, dtH(1)] is
also in P. Let Z; := {j|J;€EN} be the indices of the

kth-order error set. Now, consider a kth-order Dyson
expansion of G(T) [see Eq. (9)]:

o= [ a] [Z

he k]
GY({th jntnew) ® Gl ({thjntne )
(A6)
where
Glrci({th’jh}he[k])
k
= eI { Wi [Tk Wt 1. (a0
hel

with 7, = 0. Since all the operators in Eq. (A7) are in P, we
have GX,({t4, jn}ne ) o U, according to Proposition A. As
such, (r|G(T)|i) xU,;*U,;. Therefore, (r|GH(T)|i) o
U,;*U,; for any k <n and the n-PI condition in Eq. (13)
is satisfied. L]

2. GPI conditions

Here, we further relax the condition for finite-order
PI in Proposition 5 and provide algebraic conditions for
finite-order GPI gates.

Proposition 6 (algebraic conditions for finite-order GPI
gates). Given a bosonic code with a code projection P, and
an ancilla-assisted gate generated by a Hamiltonian H 4 (¢)
and jump errors {J;(¢)}, G(T) is n-GPI in an ancilla basis
B, for an initial ancilla state |i) if

(1) There exists some PI algebra P = ({|m)(n| ®

U,,}) such that H,c(t)€P, and any error
J;() €EM, where EI" is the nth-order error set
constructed from [H,c(),{J;}, By, i)], is in the
form  J;(1) = 32, [m)(n| & Riun(1)Un»
R}, (t) are unitaries.

(2) Let &:={Ri(1)|J,€EM;m,ne(dy);1€[0,T)}.

Any error E €& satisfies

where

[E. Upn] = 0. (A8)
() Lete:={T [[iL; Ei(t})}£,(1) e cur- Errors in e satisfy
the Knill-Laflamme COIldlthIl with respect to P..
Proof. We follow the same proof as that for Proposition 5.
Now, each Kraus operator G¥,({t,, j, }) of {r|Gi(T)|i)) [see
Egs. (A6) and (A7)] reads

Gfi({thv Jh} Urz Z cmh n, |:T H Rg’lh”h th :| A9)

mp,ny

for some ¢,,, ,, € C. Here, we have replaced the form of J;
in the first condition of Proposition 6 into Eq. (A7). The

operators R{””hnh cumulate to the front as if they were
transparent to the unitaries due to the second condition in
Proposition 6. Then, the Kraus operators of (r|G.(T)|i)),
given by the union of all G ({t,,j,}), are all linear
combinations of errors in {U,; T szl Ei(;)} g ;) e e» Where
£ is defined in the second condition of Proposmon 6. Finally,
the Kraus operators of (r|G"(T)|i) are all linear combi-
nations of errors in €, up to a same unitary U,;. Therefore,
the errors are correctable if e satisfies the KL condition
Proposition 6. m

As an example, we consider the GPI SNAP gate in
Sec. IVA 1 using a y-mismatched three-level transmon.
In the presence of the ancilla relaxations, one can show that
this gate is 1-GPI by checking the conditions in Proposition
6. In the interaction picture, the first-order error set
El = {|e)(f| ® e~*"a'a} We can find a PI algebra such
that the first condition of Proposition 6 is satisfied:

= (I 9{fl® S,

e)(fl®1}).  (Al0)

Here, there is only a single J; with R, (r) = e4"'a,
Therefore, & = {R,;()},ep0.r) and € = £ U I. By choosing
S as a logical operator for the four-legged cat and
noticing that [R,/(),S] = [R.f(1),S"] =0, the second
condition of Proposition 6 is also satisfied. Finally,
€ ={Res(t)};ejory U satisfies the KL condition
with respect to P, of the four-legged cat as long as
AyT < /2 (see Sec. T A 1).

APPENDIX B: ERROR-TRANSPARENT
AND -CLOSURE CONTROL FOR
BOSONIC ERRORS

In this section, we review the error-transparent [47] and
error-closure [32] quantum control techniques that enable
fault tolerance against central system (bosonic) errors. For
bosonic errors, we neglect their contribution to the no-jump
evolution (the no-jump propagator is purely generated by
the Hamiltonian) in the jump expansion of a quantum
channel [see Eq. (7)]. Such an approximation can be
justified when considering the photon loss, whose back-
action associated with a’a is correctable in the large-a
regime for cat codes (see Sec. [T A 1).

We consider a unitary U(¢) generated by a Hamiltonian
H(t) that acts only on the bosonic mode. Consider a
bosonic code with a code projection P. and a bosonic
error E. The error-transparent control aims to engineer H(¢)
such that the dynamics is transparent to E; i.e., errors that
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occur during the gate are equivalent to those that occur after
the unitary:

U(T,1,)E...EU(t,,1,)EU(t;,0)P, < EPU(T,0)P,, (BI)

forany 7> 1, >--->1; > 0and p > 1. We say that the
unitary is kth-order error-transparent to E if Eq. (BI) is
satisfied for p < k.

When using U(T,0) as a logical gate for the bosonic
code, we typically require H(¢) [and, thereby, U(¢)] to be
block diagonal, ie., (I —P.)H(1)P, =0. In this case,
Eq. (B1) is equivalent to

U(T.1)EU'(T,1)P; x EP;, (B2)
for any T>¢>0 and j<k—1, where P;:=E/P,.
Obviously, Eq. (B2) is satisfied if E commutes with
H(t) when acting on the error spaces up to (k— 1)th
order, i.e.,

[E.H()]P; =0, (B3)
for j < k—1. We note that Eq. (B3) is only a sufficient
condition for the error-transparency definition in
Eq. (B2). For instance, Eq. (B2) is also satisfied if
[E.H(t)|P; x EP;.

In this work, we are interested in ancilla-assisted gates.
Similar to the PI and GPI, in the case where we initialize
the ancilla in |i) and projectively measure it in a basis
By = {|m),}, we care about only the conditional bosonic
channels given a measurement outcome m. As such, we
consider the following conditional error transparency,
which is easier to achieve than unconditional error trans-
parency presented above.

Definition 11 (conditional error transparency). Given a
bosonic code with a code projection P, an initial ancilla
state |7), and an ancilla orthonormal basis B4 = {|m),}, we
say that an ancilla-assisted unitary U(z) is (P, |i), By)-
error-transparent to a bosonic error E up to kth order if, for
any |ry€B, and p <k,
(rlU(T,t,)E...EU(t;,0)P. x EP(r|U(T,0)|i)P.. (B4)

Reference [32] generalizes the error-transparency con-
dition to the so-called error-closure condition. In the case
of a single error £ and a static Hamiltonian H, they first
construct a vector space ¢ with a basis {E, [H, E|} over C,
and the error-closure condition is satisfied if, for any e €,

(1) [Hy.e]€e;

(2) errors in € are correctable (satisfying the KL con-

dition) with respect to P..
Such a condition guarantees that each first-order error
trajectory gives
¢iH(T=1) FgiHot — oiHo(T~1) Frp=iHo(T~1) piHot — [ piHot.

(B5)

where E' := ¢Ho(T=1) Ee=iHo(T=1) ¢ ¢ using the first condi-
tion. Then, the desired unitary is implemented up to a
correctable error E according to the second condition. The
error-closure condition generalizes the error-transparency
condition, as it allows errors to propagate to correctable
errors rather than rigorously commuting through the
unitary, in a similar spirit as our generalization from PI
to GPL

1. Z-axis rotation

Recall that a Z-axis rotation is implemented by a GPI
SNAP gate (see Sec. IVA 1). In the interaction picture
associated with the base Hamiltonian Hy = —(y¢|f) (f]+
zele)(e]) ® a'a, the Hamiltonian is static A = Q[|f)(g| ®
S (QZ) +H.c], and the photon-loss error reads a(t) =
e!UsINixelelelt @ g, Note that [a(r), H|I ® P. # 0 and
the unconditional error transparency does not hold.
Fortunately, we now show that the conditional error
transparency in Eq. (B4) holds up to a single-photon loss

-

if we choose S(¢) appropriately. For p = 1, the lhs of
Eq. (B4) reads

(r|lU(T.1)a(1)U(t.0)|g)P.

= Y e, (T.1)al,,(t.0)P..
me{f.g}

(B6)

Recall that U(t,,t,) is in a PI algebra (see Appendix A)
P = ({If)gl ® S.|9){f| ® 5. 1g){gl ® I.l|e){e| & I.
[f)(f| ® I}). Therefore, Uy, « S(¢), U, x ST(¢), and
U, f]ff « I. Choosing S(q?ﬁ) as a logical gate, we
have U, (t.0)P. = P.U,,(1.0)P. for me{f.g}. If
[U,,(T,t)a]P, =0 for any r,me{g, f}, we can then
swap U, (T,t) and a in Eq. (B6) and obtain
(rlO(T, 1)a(r)U(1,0)|g)P. « aU,,(T,0)P,. Such a condi-
tion is equivalent to

[a.S(P)IP = [a. S (@)P. = 0, (B7)
which is simply that the applied unitary S((E) /ST (475) is
error transparent to a. This can be satisfied by setting
S(¢) = Py + P3 + €?(Py + Py).

2. X-axis rotation

Here, we show that the X-axis rotation is error trans-
parent to a single-photon loss by showing the two involved
SNAP gates [see Eq. (25)] satisfy the conditional error
transparency in Definition 11. Taking the first SNAP gate
as an example, the proof is the same as that for the Z-axis
rotation in the previous section, except that we now need
to change P, to D(a)P,. when verifying Eq. (B7). Recall
that § = e Py +1— P for the X-axis rotation, where
P =i i)(i] is a projection into a neighborhood of
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vacuum. We take the large-a approximation |+;) ~ |C})
and |—;) ~ |C). Then,

aSD(a)|+.) =~ 2a|2a) ~ SaD(a)|+.),

aSD(a)|-1) » aD(a)|-L) ~ SaD(a)|-.), (B8)
where we use S|f) ~ |B) for || > 1. Equation (B8) thus
verifies that § commutes with ¢ when acting on D(a)P.,..

3. XX rotation

Here, we show that the XX rotation gate in Sec. VIC is
robust against a small input phase rotation or the ancilla
relaxation or dephasing or cavity loss that occurs in the
middle.

We first consider the
E — oi(80,a'a+80,b7b)

input phase-rotation error
. Our aim is to show that
UXXEU;(X<PC ® Pc) ~ E(Pc ® Pc)’ <B9)

If we consider the SNAP gate S to be replaced to the
robust version S = e""’PM + (I = Pyy), we can write Uy
in the following form:

Uxx = €“Pygpn + (I = Pyyp) (B10)

where

a\ T o
Py =BS (§> (P ® I+1® Pyy)BS (5) (B11)

is a projector onto the space where the input bosonic modes
A and B have almost clean interference results (i.e., one
output mode is close to vacuum) under the balanced beam
splitter BS(z/2). We can get Eq. (34) in Sec. VIC from
Eq. (B10). To prove Eq. (B9), we note that

UXXEUI(X(PC ® P,.)

= EPj:.:t + EPﬂ:,:F + (e_ie - 1)(1 - P([s],1)>EP;|:,:I:

+ (éia - 1)P([s],1>EPj:,:F7 (B12)
where
Py = |40, +0) (0. ol + =0 =) (=0, =1l

~|Cy, C)(CE C L+ |Crpy Ci) (Cra Cil
Pyt =|+p.—0)(+o. =]+ =0 +2){~1.

~|Cf, C)(Ca, Col 4 |Cipy, CENC sz+| (B13)

To simplify Eq. (B12), we notice that

(c,

aei®0a? a ez&()b

T
<C;Le’5”d (ze"wb |BS (2) (P[S] ® I+1 ® P[S])

P |C s C )

x BS< > CF e C o, ). (B14)

Since

()|c )

S (5 ) lac ) + |-ae ) (ae) | ~ac))

- ﬂg((|\%(ei59u +€i59b)>)A(|%(€iﬁaa —e" s
(e = (| e+,
(e ) ([ (e =)
g, (| o)

(B15)

Here, y, = 1/+/2[1 + exp(=2|al?)] is the normalization
factor of the cat state. When | < /8, we have
|e?%0a — 190 | < 2sin(/8). As a result, either the compo-
nents on mode A or the ones on mode B will be almost
covered in the region of Py, which implies that when

O(|al?) such that

a> 1, we can choose a value of s =

<C;—e[o‘o,, nsa,, |P |C id0a s C:eiaa,,> - 1. (B16)
Similarly, we will have
<C;emea s C;;eiéﬁb |P ([s].1) |Cl—~:{ei50a s C;ei5€b> -1,
<C;m‘9,, memah|P ([s].1 |C id0a > C;;eiaﬂ,,> - 0,
<C1;gi50u zw,, P11 |C,aemoa C;mﬂ,) = 0. (B17)
When Egs. (B16) and (B17) hold, we can simplify
Eq. (B12) to
UXXEU-)I-(X(PC ® Pc) %E(Pi,i + Pi.:F) = E(Pc ® Pc);
(B13)

i.e., Uyy is robust against small phase rotation.

Now, we consider the error occurs during the process
of XX rotation. First, we show that a single-photon loss
during the XX rotation can propagate only to at most a
single loss per mode by combing the idea of error trans-
parency and error closure. Recall that a XX rotation
is implemented by two SNAP gates sandwiched by two
BSs: Uxxy = BS(S ® S)BS. We first show that a single-
photon loss during the BS can propagate only to an error

031016-20



FAULT-TOLERANT OPERATION OF BOSONIC QUBITS ...

PHYS. REV. X 14, 031016 (2024)

of the form cya + ¢,b, where ¢, c, €C, since the BS
satisfies the error-closure condition. A BS is generated by
Hpgs = ggsa'b + gjgab’. Any single-photon loss on one of
the modes, e.g., a, satisfies the error-closure condition,
since € = (a, [Hgs,a]) = (a,b), and for any e = c1a + ¢,b,
where ¢;,c, €C, we have (i) [Hgs,e]Ee; (ii) e is a
correctable error if both @ and b modes are encoded in a
four-legged cat.

Next, we show that the SNAP gates S ® S are error
transparent to both a single-photon loss during the gates
and an input error of the form c;a + c,b. According to the
analysis in Appendix B 2, the former error is satisfied if
[S® S,a]BSP, =[S ® S, b|BSP. = 0, which is a special
case of the condition for the latter error:

[S® S, cia+ c,b|BSP. = 0. (B19)
To prove Eq. (B19), we take the approximation
|+.) ~|CS) and |-, ) ~ |C}) and show that [S ® S, cja +
c2b|BS|£;,,£;) = 0. For |[4+,,—;),

(S ® S)(Cla =+ C2b)BS|+L, _L>
= (c1a+ c20)BS[+,, —)

= (c1a+cyb)(S ® S)BS|+,,—1),  (B20)

since S® S acts trivially on both BS|+;,—;) and
(c1a + ¢,b)BS|+;, —1). The same argument also applies
to |—z,+z). For |+;,+.), we have BS|+;,+;)
(|2, 0) + |0, 2a) + |-2a,0) + |0, —2a)). Then,

(S® S)(cra+ c2b)BS|+,,+1)
= ¢a[c|(]2a,0) + |—2,0)) + ¢»(]0, 2a) + |0, —2a))]
=(cia+c2b)(SQ® S)BS|+;,+1). (B21)

Similarly, we can show [S® S,c;a+ ¢,b|BS|—;,—1)=0.
Combining the error-closure property of the BSs and
the error-transparency property of the SNAP gates, we
conclude that a single-photon loss during the execution
of the XX rotation can propagate to an error of the form
cha + c4b, which is correctable by the four-legged cats.

APPENDIX C: MORE GPI EXAMPLES

Here, we provide more examples of ancilla-assisted
bosonic operations that are GPL

Recall that the SNAP gate using a three-level transmon
that we present in the main text (Sec. IVA 1) is GPI only if
the y mismatch Ay is smaller than z/27. In the scenario
where Ay > /2T, we can add another flag qubit [60-62]
to make the gate GPIL.

Notice that the major reason why the SNAP gate with a
single ancilla is not GPI when Ay is large is that the random
dephasing range on the bosonic mode is too large due to the
uncertainty of when an ancilla relaxation from |f) to |e)
happens. Therefore, we can add an extra flag qubit to

=
Hac(t)
|f)— —]
Ancilla |e) — M
lg)=
Flag | M
* g v

T/2 T

FIG. 10. GPI SNAP gate with a flag qubit. The flag qubit is
excited to |e) only if the ancilla decays from |f) to |e) at
te[T/2,T).

narrow down the ancilla-relaxation time window, thus
reducing the dephasing range.

As shown in Fig. 10, we apply two X gates to the flag
qubit controlled by the ancilla |e) state at time 7/2 and T,
respectively. As before, we consider adjacent-level relax-
ation errors for both the ancilla and the flag qubits, as well
as arbitrary forms of dephasing errors. The flag qubit starts
from |g) and gets excited to |e) only if the ancilla relaxes
from [f) to |e) at a time r€[T/2,T]. As such, a single-
ancilla relaxation incurs a random phase rotation of angle
0 = Ayt on the bosonic mode, where ¢ € [0, 7'/2] if the flag
qubit is measured in |g) while t € (T/2, T] if the flag qubit
is measured in |e). Formally, we can calculate the bosonic
channels conditioned on the measurement outcomes of
both the ancilla and flag qubits:

€g.9/6M)g, g) = T,
«f.91GY|g. g) x S = ST,

(e.g1G"|g. 9} / v

—ioat i0at
Se Laa.elaus'{',

(e.elgl"

AT e s
g g» x / Se—zBa a o ezE’a asT’ (Cl)
O=AyT/2

where the first and second bits represent the ancilla and
the flag qubit state for |¢,y ), respectively. According to
Eq. (C1), the gate is 1-GPLif AyT/2 < n/2 or Ay < n/T.
Therefore, we can allow twice as large y mismatch by
introducing another flag qubit. Note that we do not
necessarily require the CNOT gates to be infinitely fast
and noiseless, and Eq. (C1) holds as long as the cNOT
Hamiltonian is diagonal in the ancilla basis, e.g.,
Henor o [e)4(e| ® ([e) (gl + |g) s (el).

We remark that one can similarly construct a 1-GPI
parity measurement that can tolerate larger y mismatch by
introducing another flag qubit.

APPENDIX D: DETAILS OF NUMERICAL
SIMULATIONS

Here, we provide the details of numerical simulations of
the teleportation-based QEC and the parity measurement
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shown in Fig. 7. In Fig. 6(c), we have shown that the
teleportation-based QEC circuit can be decomposed to a
logical |+ ) state preparation gadget, a X(z/2) gate on the
input mode, two Z(z/2) gates acting on two bosonic
modes, respectively, a XX(z/2) gate on two bosonic
modes, a logical Z measurement on the input mode, and
a potential Z gate on the output mode. Note that the final Z
gate can be done in the software by updating the Pauli
frame. The X(z/2) and XX(z/2) gates can further be
decomposed to displacement operators, SNAP gates,
and/or beam-splitting operations following Figs. 6(a)
and 6(b). The 1-FT |+, )-state preparation and the 1-FT
logical Z measurement are done by the procedures in
Algorithms 3 and 4, respectively, based on repeated single-
shot parity or Z-basis measurement by dispersive coupling
to a three-level ancilla and majority vote.

In the numerical simulation, we assume the displacement
operations can be performed quickly and ignore the faults
that occur during them. We also assume a perfect prepa-
ration of the coherent state |@) and the measurement on the
three-level ancilla. On the other hand, we consider a noisy
simulation of all other three basic gadgets including the
dispersive coupling between a bosonic mode and a three-
level ancilla, the SNAP gate, and the beam-splitting
interaction. Below, we discuss the simulation details of
these three noisy gadgets.

The dispersive coupling Hamiltonian H( is given by
Eq. (15). We set the dispersive coupling coefficient
¢ = 27 x 1 MHz. In the simulation, we mainly consider
four types of Markovian noise: ancilla relaxation J;_,, =
VT i=ele)(fl, Jemy = \/Tesgle)(f], ancilla dephasing
Jon = \/ﬁ(|e)<e| +2[f){fl), and cavity loss F, = ,/kja.

The SNAP gate Hamiltonian A in the interaction picture
of Hy is given by Eq. (17). For the convenience of
numerical simulation, we move to another interaction
picture associated with a y-matched Hamiltonian:

Hpy = =27 (11){f] + le){e]) ® a’a. (D1)

In the interacting picture of Hj, the SNAP gate Hamiltonian
becomes

H' = Ayle)(e| @ a'a + Q[|f) (gl ® S(4) +Hel.  (D2)
where Ay = y;—y,. We set the Rabi drive strength
Q =03y, The jump operators are then converted to
jf—»e = \/W|e> <f|’ ‘72—>g = \/}T—w|e><f|eilfm‘ra’ jph =
Vralleyel +2)(fD), and  F, = /Ki[P, + e®r'(P+
P;)] ® a, where Py :=|k)(k| for k =g, e, and f. Note
that J e—g and F, are time dependent which rotate quickly.
To ease the simulation, we make a conservative estimate
and approximate J,_,, by J,_, = \ Teogle) (| ® ei@/d'a,
ie., as long as the e — g relaxation happens, a large

dephasing error will be introduced on the cavity. To
simplify F,, we first notice that D[F,] ~ D[\/k;P, ® a]+
D[,/x{(P, + P;) ® a], where we ignore all the fast rotat-
ing terms. This can be understood as a dephasing error
between P, and P, + P introduced by the cavity loss. As a
simple approximation, we merge the cavity-induced ancilla
dephasing with the real ancilla dephasing; i.e., we set
the cavity loss jump operator to be F/, = V/k1a, while the
effective ancilla dephasing rate for J f—e becomes y =
Yy +K1/4. The factor 1/4 is introduced because we set
Ay =2 for f level in J .

The beam-splitting Hamiltonian is Hgg = iggs(ab’ —a'b),
where ggg is the BS interaction strength. We set the beam-
splitting interaction strength ggg = 2y;. The major noise
we consider during the procedure are the cavity losses
F,=/kaand F, = \/kb.

To simulate the dissipative time evolution described
above, we use the Monte Carlo solver in the QUTIP package
[63]. This can be easily done for a composite system with
one bosonic mode and a three-level ancilla. However, in the
simulation of a XX(z/2) gate, we need to finish the
following three-step simulation.

(1) For a product input state |w), ® |y')s on two
bosonic modes A and B, simulate the noisy beam-
splitting interaction BS(z/2). The output state is a
two-mode entangled state |¥), .

(2) For the entangled state |¥),, input, simulate the
noisy tensored SNAP gate S ® S with two three-
level ancillas A’ and B’. The output state is a two-
mode entangled state |¥') 5.

(3) For the entangled state |¥'),, input, simulate the
noisy beam-splitting interaction BS'(rz/2). The out-
put state is a two-mode entangled state |¥") 5.

The major bottleneck is step 2, where we need to
consider a simulation of two bosonic modes A and B
and two three-level ancillas A’ and B’. To get rid of this
costly simulation, we first perform a Schmidt decomposi-
tion on the entangled state [W¥') sz = > /Pr|ux) 4 ® | Vi) 5-
Then, we simulate the SNAP gate on the bosonic modes A
and B separately. Then, we simulate the SNAP gate on each
components |u;) or |v,) separately, i.e., (S ® S)|¥'), 5 =
>k V/Pr(Slug)a) ® (S|vg)p). Then, taking the simulation
of the SNAP gate on mode A as an example, we need to
estimate when the quantum jumps occur and which jump
operator occurs [63]. This is determined by the following
unnormalized expectation values:

0;(1)

(P(O7;19(1)), (D3)
where

(1)) = e7Hen

P)ap ® [99) aps

i
Heip = (Ho')aw ® Ipp — EZ‘I;JJ" (D4)
J
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Here, the summation of j is taken for the four
different jump operators we consider. We can simplify
the form of p; to

0;(1) =Y p0 (1)
k

= 3 peluy ® glens e e, @ g).  (D3)
k

Here, |u; ® g) := |up)4 ® |g)4- It is easy to verify that, for

the ancillary relaxation and dephasing, the values of Oﬁ-k) (1)
for all the Schmidt components are the same. We also check

numerically that, for the cavity loss, the values of OEk)(t)

for the Schmidt components with large weight p, are
almost the same. This means that we can approximate
the overall simulation of |¥),, by fixing the quantum
jump location of all the components {|u;), ® |g) 4} to be
the same. This can be done in the Monte Carlo solver
in QUTIP by passing the same random seed for all the
Schmidt components.
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