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We analyze the operation of a four-qubit Bacon-Shor code with simultaneous continuous mea-
surement of non-commuting gauge operators. The error syndrome in this case is monitored via
time-averaged cross-correlators of the output signals. We find the logical error rate for several mod-
els of decoherence, and also find the termination rate for this quantum error detecting code. The
code operation is comparable to that based on projective measurements when the collapse timescale
due to continuous measurements is an order of magnitude less than the time period between the
projective measurements. An advantage of the continuous-measurement implementation is the ab-
sence of time-dependence in the code operation, with passive continuous monitoring of the error

syndrome.

I. INTRODUCTION

Quantum error correction (QEC) is a necessary pro-
cedure in a practical quantum computer operation [1-
4]. Besides standard stabilizer codes [3], much attention
has been recently given to surface codes [5-7] because of
their relatively high fault-tolerant threshold without the
need of concatenation, and also because the measured
operators involve only four neighboring qubits. Signifi-
cant attention has also been paid recently to Bacon-Shor
codes [8-10], where measured operators involve only two
qubits, which simplifies implementation [11]. There has
been a significant experimental progress toward practical
QEC [11-17], including experiments with superconduct-
ing qubits [18-23].

While most of the QEC codes are based on repetitive
projective measurement of multi-qubit operators, contin-
uous QEC has also been analyzed theoretically [24-32].
The general idea in most of these proposals is to monitor
multi-qubit operators continuously and apply a continu-
ously changing feedback Hamiltonian to the qubits. It is
expected that such continuous error correction can out-
perform traditional QEC; however, there are significant
challenges, including computationally expensive tracking
of the state and the fact that the feedback Hamiltonian
necessarily contains fluctuations caused by the output
noise of continuous detectors. Therefore, while contin-
uous quantum feedback [33, 34] is already available for
superconducting qubits [35, 36], it is still unclear in which
manner it can be useful for practical QEC.

A natural way of employing continuous measurement
in stabilizer codes is using it only for continuous monitor-
ing of the error syndrome, while error correction is still
applied in a traditional discrete way after the syndrome
indicates that a certain error has occurred (the actual
error correction can be postponed until the end of the
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procedure, after tracked accumulation of several errors
[10, 28, 37]; performance comparison with the continu-
ous feedback is still an important subject). This man-
ner of operation can also be applied to surface codes
[7] in principle, since all measured operators commute
with each other. However, it is not immediately clear
if continuous measurement can or cannot be used in the
Bacon-Shor codes, which necessarily need measurement
of non-commuting two-qubit operators [38]. This is the
question, which we analyze in this paper for the simplest
four-qubit Bacon-Shor code.

Simultaneous measurement of non-commuting observ-
ables has been discussed long ago [39-48]; however, a
theory for the qubit evolution due to continuous non-
commuting measurements has been developed relatively
recently [49], and the first such experiment with a super-
conducting qubit has been realized only in the past year
[50]. Note that in this experiment the physical qubit was
under constant Rabi rotation, so that simultaneous mea-
surement of non-commuting observables was realized for
an effective qubit in the rotating frame. There are no ex-
periments yet on simultaneous continuous measurement
of non-commuting two-qubit operators; however, qubit
entanglement due to continuous measurement of two-
qubit operators [51] has already been well demonstrated
with superconducting qubits in various setups [52-54].
In this paper we assume simultaneous continuous mea-
surement of non-commuting two-qubit operators without
discussing possible experimental ways of realizing such a
measurement (which may rely on the rotating frame as
in Ref. [50]).

The main question of this paper is whether and how
continuous measurement can be used in the operation
of the Bacon-Shor code, which by construction relies on
non-commuting two-qubit operators. We will consider
the simplest Bacon-Shor code, which contains four qubits
and needs measurement of four (gauge) operators: X; Xo,
X3X4, Z1Z3, and ZyZ, (out of six pairs of these opera-
tors, four are non-commuting). The standard operation
cycle of this code consists of two steps: simultaneous pro-
jective measurement of commuting operator pairs X;Xo



and X3X4, and then the second pair: Z1Z3 and Z3Z4. In
contrast, in our case all four operators are measured at
the same time continuously. The error syndrome in this
case is monitored using time-averaged cross-correlators
of the noisy output signals, so that an error is indicated
by crossing a certain threshold. It is interesting that
the evolution analysis is similar to the analysis of con-
tinuous non-commuting measurement of a single qubit
[49, 50, 55]. Our main result is that the operation of
the four-qubit Bacon-Shor code with continuous mea-
surement is indeed possible and similar to the standard
operation with projective measurement. The advantage,
however, is an absence of time-dependence in the proce-
dure, with a passive steady-state monitoring of the error
syndrome.

Note that the considered four-qubit Bacon-Shor code
is a quantum error detecting code, while the smallest
Bacon-Shor code for error correction contains nine qubits
(not considered here). Therefore, so far our results are
valid only for quantum error detection. While we antici-
pate that the QEC results for the nine-qubit (and higher)
Bacon-Shor codes with continuous measurement are sim-
ilar to the results presented here, this will require a sep-
arate analysis.

An operation of a usual quantum error detecting or
correcting code (we consider only quantum memory for
one logical qubit) assumes encoding a logical qubit into
several physical qubits, keeping it for a relatively long
time in the presence of decoherence, and then decoding
it back into a logical qubit. We do not consider fault-
tolerant schemes in which logical operations are applied
without decoding. For simplicity, encoding and decoding
are assumed to be perfect, so that we can focus on storage
of quantum information only. In QEC the decoded logical
qubit should always be “handed back”; however, an er-
ror detecting code has also an option of not returning the
logical qubit: the procedure is terminated when an error
is detected, since it cannot be corrected. Therefore, while
the main performance characteristic for a QEC code is
the probability of a logical error or the corresponding log-
ical error rate, a quantum error detecting code is charac-
terized by two main parameters. The first parameter is
the success probability (probability that the procedure is
not terminated) or the corresponding success probability
decay rate [37] (the rate of detected errors). For brevity
we will call this rate the termination rate. The second
parameter for a quantum error detecting code is the log-
ical error probability (or the corresponding rate) condi-
tioned on the absence of detected errors [37]. We will
use the terminology of logical error rate, often omitting
the word “conditional”. The termination rate is usually
larger than the rate of errors in physical qubits (because
the code is supposed to terminate operation when an
error occurs), and it can be significantly larger due to
“false alarms”, when an error is indicated even though it
actually did not occur. In this paper we calculate the log-
ical error rate and the termination rate for the four-qubit
Bacon-Shor code with continuous measurement and com-
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FIG. 1: The four-qubit Bacon-Shor code contains four phys-
ical qubits (shown by circles) and is based on measurement
of four operators (dashed lines): X1X», X3X4, Z1Z3, and
Z2Z4, called gauge operators. In the conventional code op-
eration they are measured in two steps, thus separating non-
commuting pairs (Fig. 2), while in this paper we also analyze
the case when all four operators are measured at the same
time continuously.

pare them with those for the conventional code operation
with projective measurements.

The paper in organized in the following way. In Sec. II
we consider the conventional four-qubit Bacon-Shor code
operated with projective measurements. We start with
a discussion of the protocol (Sec. ITA) and its operation
without errors (Sec. IIB), then discuss classification of
single-qubit and two-qubit errors (Sec. IIC), and then
calculate the logical error rates and the termination rate
for several models of decoherence (Sec. IID). The four-
qubit Bacon-Shor code with continuous measurements is
analyzed in Sec. III. We start with an overview of the
mathematical approach and results (Sec. IITA). Then
in more detail we analyze the evolution due to continu-
ous measurement for a general state (Sec. III B), without
errors (Sec. IITC), and within error subspaces (IIID).
The mapping due to single-qubit errors is discussed in
Sec. IIIE, followed by calculation of logical error rates
in Sec. IITF. The false alarm rate and response time
are analyzed in Sec. IITH. Numerical results of Monte
Carlo simulations are presented in Sec. IITI. Compari-
son between the operations with projective and continu-
ous measurements is discussed in Sec. IIIJ. Section IV
gives the conclusions.

II. FOUR-QUBIT BACON-SHOR CODE WITH
PROJECTIVE MEASUREMENTS

A. System, protocol, and code space

The four-qubit Bacon-Shor code contains four physical
qubits, labeled 1-4 in Fig. 1, and its conventional opera-
tion is based on projective measurement of four two-qubit
operators (gauge generators [8, 9]), for which we will in-



FIG. 2: One cycle of the code operation with projective mea-
surement of gauge operators: at step 1 the operators Z; Z3 and
Z2Z4 are measured instantaneously, and at step 2 the oper-
ators X1X2 and X3X4 are measured (also instantaneously).
The duration of each timestep is At, so the cycle duration is
2At. In the absence of errors, product of two measurement
results (+1) at each step is +1.

terchangeably use the following notations:

X1Xo = Xq0 = Gy,
2173 = Z13 = G3,

X3 Xy = X34 = Go,

ZyZy = Zay = Gy, @
where X = 0, and Z = o, are the Pauli matrices (sim-
ilarly Y = o,) and indices of the Pauli operators indi-
cate qubit numbering. Since the operators in the first
and second lines of Eq. (1) do not commute with each
other, they are measured sequentially. We will consider
the version of the protocol shown in Fig. 2, in which each
cycle of the protocol consists of two timesteps. The first
time step of duration At ends with instantaneous pro-
jective measurement of the operators Z;3 and Zs4, and
the second timestep of the same duration At ends with
measurement of operators Xj5 and Xs4. (In principle,
duration of one of the timesteps can be almost zero, but
we use At for both of them, as more realistic for an ex-
periment.) Note that [X12, X34] = [Z13, Z24] = 0 and
{X12, Z13} = {X12,Zoa} = {X34,Z13} = { X34, 204} =
0, where [-,-] denotes commutator and {-,-} denotes an-
ticommutator (these anticommutators are zero because
the pairs contain exactly one common qubit). Also note
that each of the four Pauli operators (1) has eigenvalues
+1, which correspond to the measurement results.

The group generated by the measured gauge operators
Gi [Eq. (1), K =1,2,3,4] has an Abelian subgroup (sta-
bilizer), whose every element also commutes with every
G, with generators

Xan = X1 X0 X3Xy = X19X34,

Zu = 22222570 = Zis . @
These operators have eigenvalues +1, corresponding to
parities of measurement results of X-type and Z-type
operators in Eq. (1). The step-1 measurements (Fig.
2) project a 16-dimensional four-qubit state onto a 4-
dimensional subspace belonging to one of the two 8-
dimensional eigenspaces of Z,), while the step-2 mea-
surements similarly collapse the state into eigenspaces
of Xau. Since [Gy, Xan] = [Gk, Zan] = [Xan, Zan) = 0

and measurement of an operator Gy collapses four-qubit
state with the projection operator (1 + Gy)/2 (& cor-
responds to the measurement result), an eigenstate of
operators X, and Z,; remains an eigenstate with the
same eigenvalue after Gj, measurement (even though it
changes the state). Therefore, after one cycle of the pro-
cedure (Fig. 2), any initial state is collapsed into one
of four eigenspaces of operators X, and Z,j, and then
remains in this eigenspace forever in the absence of deco-
herence. As already mentioned, operators X, and Z,j
are called the stabilizer generators of the code, while the
measured operators Gy, are called gauge generators [8, 9].

Different eigenvalues of operators X, and Z,; divide
16-dimensional Hilbert space of four qubits into four or-
thogonal 4-dimensional subspaces. As usual, we choose
the code space Qg (“good” subspace) as the eigenspace
with eigenvalues X, = +1 and Z,; = +1 (we use this
short though non-rigorous notation for eigenvalues). For
any state in the code space, the product of outcomes of
X1o and X34 measurements is +1, and the product of
Z13 and Zs4 outcomes is also +1. The subspace with
eigenvalues X, = —1 and Z,; = +1 is denoted as Oz
(this notation refers to the Z-error in a physical qubit,
as discussed below). For any state in Qgz, the product
of outcomes of X5 and X34 measurements is —1, while
for Z13 and Zy4 the product is still +1. Similarly, Qx
denotes the subspace with eigenvalues X,; = +1 and
Z.1 = —1, and subspace Qy has eigenvalues X, = —1
and Z,; = —1. The subspaces Qx, Qy, and Q are the
“error” subspaces; the product of —1 for measurement
outcomes at any step indicates an error.

Let us introduce the following orthonormal basis for
the 4-dimensional code space Qg:

|¢1) = (]0000) + [1111)) /V/2, (3)
|¢2) = (]1100) + [0011)) /v/2, (4)
|p3) = (]1010) +(0101)) /V/2, (5)
|¢4) = (]0110) + |1001)) /v/2. (6)

It is easy to see that Z,;; = +1 for all these vectors since
the number of ones (and zeros) in each component is
even. To check that X, = +1, we see that for each |¢;)
(j = 1-4) the two components in the superposition are
complementary to each other, and the relative sign be-
tween the components is positive. The subspace Qz is
spanned by the basis {Z1]¢;)} (equivalently, Zs, Z3 or
Z4 could be used, but we use Z;). Similarly, the sub-
space Qx is spanned by {Xi|¢;)} and Qy is spanned by
{Yil¢;)}

The initial state (encoded logical qubit) is always in the
subspace Qg, and without decoherence it would remain
in Qq forever, so that the measurement outcomes at each
step are either “4+" or “——", with the product of +1
always. The outcomes “4—" or “—+” (with the product
of —1) indicate an error. Since the four-qubit Bacon-Shor
code is only an error detecting code, it cannot correct
the error, and the procedure is terminated immediately



after the product of —1 is obtained. Only in the case
when the product of +1 was obtained for all measurement
steps during M > 1 cycles (total operation duration of
T = 2M At), the quantum information is considered as
preserved and decoded back into a logical qubit to be
“handed back”.

B. Operation without errors

The code space Qg is 4-dimensional, but it is used to
encode only one (2-dimensional) logical qubit. This is
the usual feature of the subsystem codes [10]. It is easy
to see why additional dimensionality is needed in our
case. After step-1 measurement, the four-qubit state can
either contain a superposition of basis vectors |¢1) and
|p3) from Egs. (3)—(6) (if the measurement outcome is
“4++7) or a superposition of |¢2) and |@4) (if the mea-
surement outcome is “——"), but not a superposition of
all four basis vectors. Moreover, if the outcome “+-+" is
obtained, then one cycle later (with non-commuting step-
2 measurement in between) the outcome will be “4+4" or
“——" with equal probabilities. This additional degree of
freedom (gauge) consumes two additional dimensions.

Let us encode the logical qubit

)L = a|0)r + B 1)L = |o, B)L (7)

so that after step-1 measurement (Z13 and Zay), one of
the following entangled four-qubit states can be obtained:

|z+) = ad1) + Blos), (8)
|2=) = a|d2) + Ba), (9)
where |z+) corresponds to the outcome “++” and |z—)
corresponds to “——". Then after step-2 measurement

(X153 and Xo4) the two possible collapsed states are

[01) + |d2) |, |¢3) +[Pa)
ao P
Do —le)  16s) —loa)
V2 V2o

with |z+) corresponding to the outcome “4++" and |z—)
corresponding to “——". Then after step-1 measurement
the produced state is again given either by Eq. (8) or Eq.
(9), and the cycle repeats forever (assuming the absence
of decoherence).

An encoding operation can be realized using a unitary,
transforming the four-qubit state |1)1,|0)]0)|0) into |z+).
For example, this can be done with the encoding unitary

(Fig. 3)
Uene = CNOT2; CNOT;3 CNOTo4 CNOTo3 Ho, (12)
|24) = Uenc ([¥)1.]0)[0)]0)), (13)
where indices are the qubit numbers, for CNOT;; the first
index is the control (the second is the target), and H de-

notes Hadamard. Eventual decoding can be done, for ex-
ample, by applying the reversed unitary transformation

z+) = o (10)

|z—) +8 (11)

VL)

N
N>

0) {H
0) DD
0) D

FIG. 3: Encoding circuit, which produces the state |z+) from
the state |1)1,|0)|0}|0). Decoding can be done by running the
same circuit backwards after step-1 measurement with the
outcome “++7.

Ul . after step-1 measurement with the outcome “++”",
while for the outcome “——" we at first additionally apply
operation X7 X5, which transforms |z—) into |z+).

Note that the states |z+) and |z—) are orthogonal to

each other (as well as the states |z+) and |z—)) and

) £l et o)
Vi Vi

Therefore all these four states belong to a 2-dimensional
subspace (so-called gauge qubit), and the 4-dimensional
subspace Qg consists of such 2-dimensional subspaces,
which are different for different logical qubit states (or-
thogonal to each other if logical qubit states are orthog-
onal).

|z+) |z£) (14)

C. Error classification

While the actual physical source of errors is a gradual
decoherence, it is possible to think about it in terms of
(possibly correlated) discrete X, Y, and Z errors ran-
domly applied to the physical qubits [4, 56]. For sim-
plicity we assume no correlation, and we also assume
sufficiently small error rate, so that single-qubit errors
are dominating, the two-qubit errors are next in the hi-
erarchy, and so on. A two-qubit error is realized when
two independent errors occur in different qubits within
the same timestep At (or sometimes within 2At); the
rate of these errors will be discussed later, while in this
section we essentially assume two errors occurring at the
same time. We do not consider three-qubit errors be-
cause they are much less probable than two-qubit errors,
and the important characteristics of the code are mainly
determined by single-qubit and two-qubit errors. Note
that we consider errors in the quantum channel setting,
which assumes that projective measurements are ideal
[57].

Details of the error classification are given in the Ap-
pendix. Here we only briefly discuss the results.

There are 12 possible single-qubit errors: X;, Y;, and
Z;, with i =1-4 labeling physical qubits. All these 12
types of errors are detectable by the code, since the op-
erator X; (with any ¢) applied to a state within the sub-



space Qp, moves it to the subspace Qx, the operators
Z; move a state from Qg to Qz, and the errors Y; move
a state to Qy. The error syndromes are the following:
(i) X; errors produce negative parity of outcomes (“+—"
or “—+") at step-1 measurements, while producing usual
positive parity (“++” or “——") at step-2 measurements,
(ii) Z; errors produce positive parity at step-1 measure-
ments and negative parity at step-2 measurements, (iii)
Y; errors produce negative parities for both step-1 and
step-2 measurements.

There are 54 two-qubit error combinations, which can
be classified in the following way:

Harmless: X1Xo, X3Xy4, 2173, ZyZ4, (15)
Logical X error: X7 X3, X1X4, XoX3, XoXy,
Y1Y3, oYy, (16)
Logical Y error: Y1Yy, YoY3, (17)
Logical Z error: Z1Zs, Z3Zy, ZoZs, Z1Zy4,
V1Y, Y3Yy, (18)
Detectable: X;Y;, X;Z;, YiZ;, i # j. (19)

More details are given in the Appendix.

D. Termination and logical error rates

In this section we consider several models of decoher-
ence and calculate the termination and the logical error
rates for the four-qubit Bacon-Shor code with projective
measurements.

1. Uncorrelated Markovian errors

Let us consider first the usual model of errors, which
assumes random Markovian errors of X, Y, and Z types
in each qubit, without correlations between the qubits.
The rates of these 12 single-qubit errors may be all differ-
ent and are denoted as FEX), FEY)7 and FEZ)7 with index i

denoting the qubit. We assume FEX’Y’Z)At < 1, so that
single-qubit errors are dominating, followed by two-qubit
errors, and so on.

Note that physical decoherence produces mixed states,
characterized by density matrices, while in this model
an initially pure state remains pure, so it is sufficient
to operate with wavefunctions for any given sequence
of discrete errors. The averaging over these sequences,
however, produces mixed states, corresponding to actual
decoherence, so that the approach of discrete errors is
essentially unraveling of physical decoherence. In gen-
eral, if decoherence can be described as an evolution of
the density matrix p with the standard Lindblad form,
involving single-qubit error operators E; (E denotes a

type of the process),
. (E) ,
p= ZLE ;Y L(E]p, (20)
1
LlAlp = ApAT — (ATAp+pATA),  (21)

then it can be replaced (unravelled) with the follow-
ing “jump/no-jump” evolution (see, e.g., [58, 59]). The
“jumps” with Kraus operators F; are randomly applied
with the rates FZ(E)Tr(E;r E;p) (the state is normalized
after each jump), while the “no-jump” evolution (essen-
tially the quantum Bayesian update) for a short time 6t is
described by the Kraus operator 1 -3, I’Z(-E)dt EIE1/2
(the state requires normalization after the no-jump evo-
lution as well). For the model considered in this section,
FE = X, Y, and Z, i.e., the error operators are of the
Pauli-matrix type. In this case Ej E; = 1; therefore the
jump rates do not depend on the state and are equal to
FEE), while the no-jump evolution is trivial, so that we
do not need to consider it explicitly.

Any single-qubit error is detected at the next or
second-next measurement step and the procedure is ter-
minated, unless another single-qubit error occurs before
the detection and returns the state into subspace Q)
(leading to a non-detectable two-qubit error). Neglecting
the non-detectable two-qubit (and higher-order) errors,
the termination rate Yierm 1S the sum of all single-qubit
error rates,

YVeorm = Zl [FZ(_X) w1 4] (22)

Note that the non-detectable two-qubit errors slightly de-
crease the termination rate, with the relative correction
to Eq. (22) on the order of YtermAt < 1. The probabil-
ity that the procedure is not terminated until the end of
the operation of duration T is the “success” (“survival”)
probability

Fouccess = eXp(_’YtermT)' (23)

If two errors occur sufficiently close in time and the
second error returns the state back to the subspace Q,
then the procedure does not detect any error. However,
as discussed in Appendix, it is possible that the state
changes significantly, so that the logical qubit acquires
X, Y or Z error. To find the rate of logical X-errors, we
use the combinations in Eq. (16) and notice that a com-
bination X;X; will not be detected if both errors occur
within the same cycle 2At between neighboring step-1
measurements (Z13 and Zay). The corresponding rate is
then 2AtT;I';. The Y;Y; combinations in Eq. (16) will be
undetected only if both errors occur within the half-cycle
At between the neighboring measurements. The corre-
sponding rate is AtI';I';. Summing over all scenarios, we
obtain the rate of logical X-error,

1 = 8 O 4TI 1)

+r{71(" + 100 (24)



Similarly, for logical Y-error we use combinations in Eq.
(17) and obtain the rate

v = At [r{7r) 4+ reri]. (25)
For the rate of logical Z-error we use Eq. (18) and obtain
7z = At 20 + 1) +1(7)

+r{71" + 100 (26)

If all single-qubit rates are equal, I‘EX) = I‘EY) =
I‘EZ) =T'4/3 (depolarizing channel [56]), then

10

9

Let us introduce the total logical error rate (condi-
tioned on no errors detected [37])

2
Yx =7z = 5 TaAt, v = STiAL (27)

=%+ + 7z (28)

For the depolarizing channel with FZ(-X) = FEY) = FEZ) =
T4/3, we have

22
9

which is much smaller than the error rate I'y without
encoding if TqAt <« 1.

Note that the logical error rates are proportional to
the time At between the measurements (while Yierm does
not depend on At). This is as it should be expected
for a code with the logical errors caused by two-qubit
errors. The operation of the code improves with smaller
At, whose choice therefore should be based on technical
(experimental) limitations.

= "=T3At, (29)

2. Pure dephasing

The results of the previous section can be readily ap-
plied to analyze the effects of pure dephasing of physical
qubits. Let us denote the rate of pure dephasing of ith
qubit as I', ; and assume no other sources of decoher-
ence. Effect of pure dephasing is equivalent to random
Z-jumps with the rate FZ(.Z) =T,,/2 (e.g., [69]). There-
fore, we can use Eqgs. (22)—(26) to obtain the termination
and logical error rates,

Yterm = Zz ng,i/2a (30)
X = Oa Ty = 07 (31)
vz = At (L1 +Tp3) (L2 +Tpa)/2. (32)

In particular, in the case of equal dephasing in all four
qubits, I', ; = I'y,, we obtain the total logical error rate
(with no detected errors)

="z = 2T At, (33)

which can be compared with the logical error rate I, /2
without encoding.

3. Energy relazation

Now let us discuss the model of zero-temperature en-
ergy relaxation (amplitude damping), |1) — |0), relevant
to superconducting qubits. We assume uncorrelated en-
ergy relaxation of ith qubit with the rate u; = 1/T1,; <
(At)~L.

This decoherence can be unraveled as “jump/no-jump”
process (e.g., [58, 59]), consisting of random “jumps”
caused by application of lowering Kraus operators o_ ;
with the rates p; Tr(oy ;0 ;p) and “no-jump” evolution
with Kraus operator 1 — >, (u; 6t/2) o4 ;0_ ; for an in-
finitesimal duration 0¢ with no jumps. Here o_; =
JI_J = (X, +1Y;)/2 (this definition assumes the state |0)
to be at the top and |1) at the bottom of a spinor), and
instead of the four-qubit density matrix p, we can think in
terms of a wavefunction. Note that oy ;0_ ;, = (1-2;)/2.

Let us start with jump processes (as discussed later,
the no-jump processes do not affect the termination and
logical error rates). Since the states (8)—(11) contain
equal superpositions of |0) and |1) for each qubit, the
“jump” rate in ith qubit is p;/2. A single-qubit jump is
necessarily detected since the resulting state is a super-
position of states in subspaces Qx and Qy. Therefore,
the termination rate is

Yterm = Zz ,U'i/za (34)

independently of the logical state.

A logical error may occur when two jumps in differ-
ent qubits occur within the same half-cycle At or in the
neighboring half-cycles. If the jumps in qubits ¢ and j
occur within the same At, then a legitimate wavefunc-
tion (8)—(11) is multiplied by (X; + ¥5)(X; + 2Y;)/4
(squared norm is proportional to probability). Since
the combinations XY} are detectable, we are left with
(XiX; — Y;Y;)/4, which lead to logical errors, as dis-
cussed in Sec. IIC. We need to be careful in applying
Egs. (15)—(18) to these combinations because of superpo-
sition of states produced by (X;X; —Y;Y;)/4 and there-
fore possible interference effects. However, for most of
the qubit pairs there is no interference because X;X;
and Y;Y; produce states in different subspaces corre-
sponding to different logical states (see Appendix). Ounly
for the qubit pair 1 and 3 (and complementary pair 2
and 4) the states may interfere: combinations X;X3
and Y1Y3 both produce logical X-error. By applying
(X1X3 — Y1Y3)/4 to the states |z£), we find transfor-
mations |[z4) — (2/4)|z+)aws, |2—) — 0, so the in-
terference occurs, but its effect disappears after aver-
aging over states |z%). Similarly, this operator pro-
duces transformations |z+) — (V2/4)|2+)aes, |2—) —
(v/2/4)|2+) a<s 8, which correspond to the same probabil-
ities, as without interference. Thus, interference between
terms X;X; and Y;Y; in producing logical errors is not
important, and we can simply use Egs. (15)—(18) to calcu-
late probabilities of logical errors. For example, for qubits
1 and 2, the probability to have two jumps within At



is (u1At/2)(p2At/2), and this produces logical Z-error
with probability 1/4 and no error (harmless combination)
with probability 1/4 (with probability 1/2 the error will
be detected). This produces a rate pjpu2At/16 of logi-
cal Z-error. As another example, for qubits 1 and 3, the
probability of two jumps within At is (u At/2)(usAt/2),
leading to logical X-error with probability 2/4, thus pro-
ducing the rate piu3At/8. Calculation of rates for other
qubit pairs is similar.

If the jumps in qubits ¢ and j occur in neighboring
half-cycles At separated by step-1 measurements (Zi3
and Zay), then the error will necessarily be detected.
However, if the half-cycles are separated by step-2 mea-
surements (X712 and X34), then in the case of no error
detected, the term X; X /4 survives and may lead to log-
ical error. We need to add these logical error rates to the
rates due to both jumps occurring within the same At.
Thus, we obtain the following rates of the logical errors,

At

Tx = T6(3M1M3 + 2p1 pa + 3popia + 2p2p3),  (35)
At

v = g (i + paps), (36)
At

vz = g (ke + papa). (37)

Note that these rates coincide with the results (24)-
(26) if we use T = 1) = 4,74 and 7% = 0.
This similarity follows from unimportance of the dis-
cussed above interference between the effects of the
terms X;X;/4 and Y;Y;/4. However, the superposition
X, X;/4-Y;Y;/4 produces non-zero off-diagonal elements
of the quantum process (tomography) matrix x [4, 60] for
the logical qubit. In particular, the relaxation jumps in
qubits 1 and 2 (or 3 and 4) within the same At contribute
to both Z-error and harmless process, thus leading to the
contribution xrz/T = (1/16)(u1p2 + papa)At, where T
is the total duration of the process and we define x as
the conditional process matrix, selecting only the realiza-
tions with no detected errors. Other qubit pairs do not
contribute to the off-diagonal elements of y after averag-
ing over states |z4) and |z+) [it is easier to analyze these
contributions by using considered later approach of Eq.
(65) and Fig. 4 and averaging over the gauge qubit state].
Note that by definition xxx /T = vx, xyy /T = 7y, and
xzz/T = vz (neglecting “initial decoherence” [61]).

Now let us discuss effect of the no-jump evolution, cor-
responding to the Kraus operator 1 —dt . p; (1 — Z;) /4
for infinitesimal dt. The product of these operators
within the cycle time 2At¢ between step-2 measurements
(X12 and X34), produces the Kraus operator (to second
order) 1 —(At/2) 37, pi(1—Z;) +(At/2)? ZK]‘ pip (11—
Z)(1— Zj) + (At)? /8>, uZ(1 — Z;)?. Hence, the step-2
measurements will detect Z-error with probability (in the
leading order) (At/2)?(3", p1:)?, which is proportional to
(At)? and therefore can be neglected in calculation of
the termination rate (34). When no error is detected,
the state self-corrects by eliminating terms Z; from the
Kraus operator; however, the product-terms Z;Z; are

not eliminated, they accumulate for the whole dura-
tion T of the process as (T'At/8) Ei<j wittj ZiZ;. This
leads to logical Z-error [see Eq. (18)] with probability
T?(At/8)*(p1p + p3jis)? [the terms with combinations
wipg and pops do not contribute because of averaging
over the gauge qubit states, as can be understood by us-
ing Eq. (65) and Fig. 4]. This is a “coherent” error [59],
which scales as T2 with time and therefore cannot be
characterized by a rate. However, it is easy to check that
for a typical duration of the code operation, T" ~ u; t
this error is still much smaller than the errors accumu-
lated with the rates (35)—(37). Therefore, the logical er-
rors due to no-jump process can be neglected. We can
also check that combinations of no-jump terms Z; with
single-jump operators (X; + ¢Y;)/2 always produce de-
tectable errors and therefore do not contribute to logical
errors.

Even though logical errors due to no-jump evolution
can be neglected, the coherent Z-error produces the con-
tribution x7z/T = (At/8)(p1p2 + papa) to off-diagonal
element of the logical quantum process matrix y. Com-
bining it with the discussed above contribution from the
double-jump processes, we obtain (assuming no detected
erTors)

3
X1z = Xz1 = E(uluz + pzpa) TAt = 3xz7.  (38)

We have checked numerically Egs. (35)—(38) and found
a very good agreement. In numerical calculations we used
Lindblad-form evolution of the 4-qubit density matrix
due to energy relaxation of qubits and also used projec-
tors onto the corresponding subspaces to simulate step-1
and step-2 measurements with results “4++” or “——".
The two projectors were added incoherently to take into
account both measurement results; for a step-1 mea-
surement we used projector pager = 1153 ppefore 173 +
1934 ppeore 1S4, where Hfi‘l = (1 + G3)(1 + Gy)/4,
H93_4 = (]1 - G3)(]1 - G4)/47 while ppefore and pagter
are the density matrices before and after a step-1 mea-
surement. Similar procedure with projectors Hff =
(1 + G1)(1 + Ga)/4 and TI€2 = (1 — Gy)(1 — Go)/4
was used for a step-2 measurement. The process matrix
x as a function of the number of cycles was calculated us-
ing four initial logic states. We checked that the survival
(success) probability is practically the same for all initial
states [also checking the probability decay rate (34)] and
then normalized the trace-non-preserving x to find the
process matrix conditioned on the absence of detected er-
rors. We checked that the diagonal elements x xx, Xvvy,
and xzz of the trace-preserving x are given by the rates
(35)—(37) multiplied by the total duration T" of the pro-
cess, and the only non-zero off-diagonal element is given
by Eq. (38). In a similar way we numerically analyzed
the case of pure dephasing; we checked Eqs. (30)—(32)
and also checked the absence of non-zero off-diagonal el-
ements of the process matrix y.



III. FOUR-QUBIT BACON-SHOR CODE WITH
CONTINUOUS MEASUREMENTS

Now let us consider the four-qubit Bacon-Shor code,
in which the sequential projective measurement of four
gauge operators Gy, (Fig. 2) is replaced with their simul-
taneous continuous measurement. We will first discuss
the approach to this problem and results qualitatively,
and then present the detailed analysis.

A. Overview

Each measured gauge operator Gy, [Eq. (1)] has eigen-
values +1, which divide the 16-dimensional Hilbert space
into two 8-dimensional subspaces, so that the measure-
ment of Gy, distinguishes these two subspaces. In this
sense continuous measurement of G, is similar to continu-
ous measurement of a qubit (two subspaces instead of two
states), and we can use many previously obtained results
for continuous measurement of a qubit. We will mainly
use the quantum Bayesian formalism [62-64], which is es-
sentially equivalent to the theory of quantum trajectories
[65-67].

Using this formalism, we will show that in the absence
of errors, continuous measurement of four gauge opera-
tors G, leads to the four-qubit state evolution

[¥(®)) = a(t) [2+) + b(t) |2-), (39)

where a(t) and b(t) are (in general complex) numbers
with condition |a|? + |b|> = 1, and states |z4) are given
by Egs. (8) and (9). Thus, continuous measurement
of the gauge operators causes evolution of the “gauge
qubit” |a,b)y, while not disturbing the logical qubit
|, B)1,, which determines the basis states |z£). The
typical timescale of the gauge qubit evolution is com-
parable to the collapse timescale 7, (so-called “mea-
surement time” [63]), corresponding to Gy, measurements
(15} characterizes measurement strength, and we assume
equal strength for all four measurement channels). Note
that strictly speaking the result (39) is valid only when
ideal (quantum-limited) detectors are used for Gj mea-
surement, while for non-ideal detectors the state should
instead be described as an evolving density matrix of the
gauge qubit. However, with a logical trick discussed later,
it is still possible to use wavefunctions to understand the
code operation, while quantitative analysis can be done
either using wavefunctions or density matrices.

In the 2-dimensional subspace spanned by |z+) and
|z—), measurement of the operator Gz = Z3 is sim-
ply Z-measurement of the effective (gauge) qubit, for
which |0)y = |2+) and |1), = |z—). Similarly, measure-
ment of G4 = Zo4 is also a Z-measurement of the same
gauge qubit. In contrast, measurement of G; = X5 (or
Go = X34) measures X-component of the gauge qubit
(39). Thus, simultaneous continuous measurement of
four operators Gy is simply a continuous measurement

of Z and X components of the gauge qubit (two Z-
measurements and two X-measurements). The theory of
such simultaneous X and Z measurement of a qubit has
been developed in Ref. [49], and it was experimentally re-
alized in Ref. [50]. In particular, in the absence of phase
backaction from measurement and for equal strength of
all measurements, the state (39) evolves as in the stan-
dard diffusion along the great circle of the Bloch sphere
with real a and b.

Note that sequential projective measurement of gauge
operators Gy, leads to state jumps between |z+) and |z+)
[see Eq. (14)], while continuous measurement of Gy re-
places jumps with continuous evolution; otherwise the
state evolution in both cases is similar. However, an im-
portant difference is that in the projective case the mea-
surement results are £1, i.e., discrete, while continuous
measurement of operators Gy, produces four noisy signals:
Ix12(t), Ix34(t), Iz13(t), and Iz24(t) (here the subscripts
indicate the measured operators). The positive parity of
the projective measurement results, X102X34 = +1 and
713794 = +1, in this case is replaced with positive cross-
correlators for the noisy signals: (Ix12(t) Ix34(t)) = +1
and (Iz13(t) Iz24(t)) = +1. Thus, analysis of the Bacon-
Shor code operation with continuous measurements sig-
nificantly relies on the results for signal correlators in
continuous qubit measurement [55, 68, 69].

A single-qubit error X; moves the four-qubit state
from the subspace Qg to the orthogonal subspace Qx
(see Sec. ITA). Any state in this subspace has neg-
ative Z-correlator, (Iz13(t) Iz24(t)) = —1, while X-
correlator is still positive, (Ix12(t) Ix34(t)) = +1. Sim-
ilarly, a Z; error moves the state from Qy to Qz, for
which <IXl2(t) ng4(t)> = —1land <Iz13(t) IZ24(t)> =41,
and finally a Y; error moves to the subspace Qy, in
which both correlators are negative, (Ix12(t) Ixs4(t)) =
(I715(t) Iz24(t)) = —1. Thus, the cross-correlators for
the output signals allow us to detect errors. Unfortu-
nately, the products of noisy signals are very noisy, and
therefore monitoring of a cross-correlator in real time is
not easy. We will construct approximate cross-correlators
C12(t) and Cs4(t) via double-integration in time of the
corresponding pairs of the output signals (the indices here
correspond to numbering of operators Gy, see Eqgs. (80)—
(83) for exact definition). The integration kernel will be
characterized by two time scales: parameter 7. for the
integration over time difference in the two channels and
much longer parameter T, for integration over the mean
time. The parameter 7. can be optimized, while the pa-
rameter T, affects a trade-off between the noisiness of the
approximate correlators (C12 and Cs4) and their average
time of response, T, to jumps of the actual correlators
from +1 to —1. A short T, makes C12 and Cs4 too noisy
and therefore they will often cross zero or another thresh-
old, erroneously indicating an error (false alarm). On the
other hand, a long T, makes C75 and C'34 too slow, so that
they report an error with a long delay Tr after it actually
occurred, thus increasing the probability of logical error,
as discussed below.



A logical error may occur when the second single-qubit
error moves the four-qubit state back to the subspace Qq
before the approximate cross-correlators C'1o and Czy re-
port an error. An example of evolution leading to a log-
ical error is illustrated by solid-line arrows in Fig. 4; an-
other example is illustrated by dashed-line arrows. The
thick-line circle illustrates evolution of the gauge qubit
within the code space Qp — see Eq. (39). An error X;
in 4th qubit occurring at time ¢; instantaneously moves
the state to the subspace Qx, and the state then contin-
ues to evolve due to measurement (errors X3 or X4 lead
to evolution within a 2-dimensional subspace, which is
different from the subspace after errors X7 or X5). Simi-
larly, errors Y; would move the state from Qg to Qy, and
Z; errors move from Qg to Qz, with generally different
2-dimensional subspaces for different i. (Figure 4 will be
discussed in more detail later.) Even though the states
in error subspaces Qx,y,z are distinguishable from legit-
imate states in Qg via cross-correlators, the error will be
reported only after (on average) the response time Tg.
Therefore, if the second error occurs at time to within
the range t; < t < t; + Tr and moves the state back
to Qp, then both errors will likely remain undetected.
(Various combinations of the two errors at times ¢; and
t2 lead to various logical errors, which correspond to the
classification in Sec. ITC.)

As a result, the rate of logical errors is proportional
to the response time TR, leading to formulas somewhat
similar to Eqs. (24)—(26) for the projective case, with At
replaced by Tg. We will see that Tg is comparable to the
correlator integration time T¢, which is typically chosen
an order of magnitude larger than the collapse timescale
Tm- Thus, the operation characteristics of the Bacon-
Shor code with continuous and projective measurements
are generally similar to each other when 7, is comparable
to 1071 At.

Encoding of the logical qubit can still be done using
the gate operations Ugy, in Eq. (12) and Fig. 3, producing
the state |z+). For the decoding, we can stop continuous
measurement of X5 and X34, so that after several 7, we
have essentially measured Z;3 and Zy4 projectively, and
after that the decoding is the same as for the projective-
measurement case (applying either Ul . or Ul X X5).

In the following sections we present derivations and
quantitative results for what was discussed in this
overview.

B. General evolution due to measurement

It is easy to understand physics of evolution due to
continuous measurement using the quantum Bayesian ap-
proach [62, 63, 70]. For simplicity let us start with mea-
suring only one gauge operator G, by an ideal (quantum-
limited) detector and use the wavefunction language. An
arbitrary four-qubit wavefunction at time ¢ can be rep-
resented as

[9(t)) = cylby) +c|vp), (40)

subspace Q x Qy Q;
basis |¢}) X |dh) Yildp) Zi|4)
Xy
w0 )
X3 07
e oRe
XL s ~
|'Bla>L
Xz RN 34
Q... 2
Z Z_l __________ —

FIG. 4: State evolution and errors with continuous measure-
ment. Thick-line circle illustrates diffusive evolution of the le-
gitimate state [Eq. (39)] within 2-dimensional subspace of the
gauge qubit due to measurement. The 12 single-qubit errors
move the legitimate state to 8 other 2-dimensional subspaces
in Qx, Qy, and Qz with the mapping described by Eq. (65)
— see operators written inside the circles, the corresponding
gauge qubit operations are in parentheses. If the second er-
ror occurs before the first error is detected (i.e., within the
response time TRr), it may move the state back to Qo, so that
both errors remain undetected (dotted line separates Qg from
error subspaces). Depending on a combination of the two er-
rors, the logical qubit |«, 8)1, may be affected by logical errors
X1, Y., or Z1. The solid-line arrows illustrate a scenario of
errors X1 and X3, leading to logical error X1,; the dashed-line
arrows correspond to errors Z4 and Zi, leading to Z1..

where |14) are the normalized components belonging
to the subspaces with eigenvalues +1 (i.e., Gglyy) =
+|1)), and c4 are complex coefficients, |c, [?+|c_|? = 1.
The (inverse) measurement strength can be characterized
by time 7 needed to distinguish the states in the two
subspaces with signal-to-noise ratio of 1 (the standard
though misleading name for 7 is “measurement time”;
we will also use notation 7,,, when all measurements have
equal strength). The detector (one-channel) output Iy (¢)
is assumed to contain white noise (Markovian case), and
we also assume that the state evolves only due to (quan-
tum non-demolition) measurement of Gj. Then the nor-
malized output signal I;, averaged over time §t between
t and t + dt obviously has the probability distribution
consisting of two Gaussians,

P(Iy) = |y [Py (1) + e PP (T, (41)
Pe(l) = ml?D expl- (T £ 1)*/2D), D=, (42)
B 1 t+5t

I, = E/t I (t") dt'. (43)

Note that the Gaussians are centered at +1, which are

the average signals (eigenvalues) for states |11 ), and the

variance D decreases with a longer averaging time dt.
The simplest model of the evolution due to mea-



surement with a particular result I, includes only the
quantum Bayesian update (purely quantum or “informa-
tional” backaction [64]),

VP (Ip) e |y) + /P (Ir) c_[y-)  (44)

Norm

[ (t+0t)) =

which is consistent with the classical Bayes rule for prob-
abilities (see derivation in [62]).

A somewhat extended model [63, 64] also includes
“classical” phase backaction,

b (t + 6¢)) = {exp[—i(/Ckfk ) 8ty Po(T) e |-)
/P C+|¢+>] /Norm,  (45)

where coefficient K, characterizes the phase backaction
proportional to the output signal, and e is the effec-
tive energy shift between the subspaces due to measure-
ment. The phase backaction, for example, is important in
phase-sensitive circuit QED measurement [64, 71] when
a non-optimal quadrature is amplified.

While Eqs. (41)—(45) describe the main physics of the
continuous measurement of Gy, operators (in the Marko-
vian case), we often need to apply a few additional techni-
cal steps [62, 63]. First, we can easily convert Eqgs. (41)—
(45) into the language of density matrix, viewing it as
a mixture of wavefunctions. Second, we generalize these
equations to a non-ideal detector [72] by adding a classi-
cal noise at the output and a noise causing decoherence
between the subspaces (with a possible correlation be-
tween them). Averaging over these noises (which cannot
be separately monitored by an observer) leads to deco-
herence. Third, we can convert the description (41)—(45)
with finite d¢ into a differential form (infinitesimal 0t).
Note that for measurement of only one operator (with
no other evolution), ¢ can be arbitrarily long; however,
when we simultaneously measure non-commuting observ-
ables, &t should be short, so that the state change due to
other evolution within ¢t can be neglected.

For infinitesimal dt, Eqgs. (41) and (42) can be replaced
with the single Gaussian with shifted center,

P(I) = (2nD)~ Y2 exp{—[I}, — Tr(Gyp)]?/2D}, (46)
and therefore the output signal Ij(t) can be written as

I (t) = Tr[Grp(t)] + 7k &k (1), (47)

where p(t) is the four-qubit density matrix and & (t) is
the white noise with correlator

(Er(t) & (1)) = Oparo(t — '), (48)

i.e., integral of & is the Wiener process, and there is no
correlation between noises in different detectors. Note
that Eq. (47) remains valid for a non-ideal detector be-
cause Ty, is defined via the total noise (this is the distin-
guishability time for an observer).
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When converting the evolution equations (44) or (45)
into the differential form, it is necessary to pay attention
to the definition of the derivative [63], since we are deal-
ing with noise, and equations are nonlinear. The most
widely used definitions are [73] f(t) = limas—ol[f(¢t +
At/2) — f(t — At/2)]/At (so-called Stratonovich form)
and f(t) = lima,o[f(t + At) — f(t)]/At (so-called Tto
form). The Stratonovich form is more physically intu-
itive since it preserves the usual calculus; the It6 form
modifies the usual calculus (requiring It6 calculus), but
makes averaging easy.

In this way from Eq. (45) we can derive the following
evolution equation in the It6 form:

-3 mngk +e1) (G )+ (GrpGr — p)

Q\F (Grp+ pGr = 2pTx[Grpl),  (49)

where the noise £ (t) is the same as in Eq. (47), the mea-
sured observable is Hermitian, GL = G, with GLGk =1
(if GLGk # 1, then the last term on the first line
should be replaced with the Lindblad form), and the
effective ensemble dephasing T’y satisfies inequality [63]
Ty > 1/27 + ’Ci’]‘k/2 (the notation T'y, should not be
confused with the previous notation FZ(-X’Y’Z) for the er-
ror rates). Note that Eq. (49) can also be derived using
the theory of quantum trajectories [65-67].

When several (non-commuting) gauge operators Gy
are continuously measured at the same time, the density
matrix evolution (49) due to each measurement should
be simply added up [49] (this relates to the fact that
infinitesimal evolutions essentially commute with each
other). Also adding the Lindblad evolution (20) de-
scribed by error operators E;, we obtain the overall evo-
lution (in the It6 form)

p= Z [ (Ki/Ti &k + €k) [Gr, p] + L (GkPGk - p)
+2\€F (Grp + pGr, — 2p Tx[Gp])
+>, T LIE . (50)

The quantum efficiency of each detector can be defined
in two ways [63, 72]:

1 ~ _1+’C£T]?

L — <1 < 1. 51
Ve STy L (51)

Mk =
The first definition relates ensemble decoherence with
the rate of distinguishing the subspaces, while the sec-
ond definition compares ensemble decoherence with its
information-related part, including the phase backaction.

If all detectors are ideal in the sense 7, = 1, then the
evolution (50) can also be described with a wavefunction
(if initial state is pure and decoherence L[E;] is unrav-
eled in the “jump/no-jump” way), i.e., the measurement



evolution description (45) with small 6t is fully sufficient.
When detectors are non-ideal, sometimes it is also pos-
sible to work with wavefunctions, which greatly simplify
analysis, in the following way. A non-ideal detector can
be thought of as an ideal detector with an uncorrelated
extra noise at the output [72], so that Eq. (47) contains
an extra (classical) noise term, while Eq. (50) is gov-
erned only by the quantum part of the noise, with 74
corresponding to the ideal part of the detector. Separa-
tion of the output noise into the quantum and classical
part is not possible for an observer, but we may pretend
that it is possible for a “Supreme Being”, who, there-
fore, can monitor the wavefunction evolution. Thus, we
can use predictions for ideal detectors, while remember-
ing about extra noise at the output. This logical trick
(which is somewhat similar to the idea of evolution un-
raveling) will be quite useful in our analysis.

For numerical simulations in full 16-dimensional
Hilbert space, it is sufficient to use evolution equation
(50) and Eq. (47) for the output signal (in practice, in-
stead of working with Wiener processes, it is usually
better to use explicit quantum Bayesian procedure [62]).
However, these Monte Carlo simulations are numerically
expensive and also not quite suitable to obtain analyti-
cal results. For analytics it is easier to discuss separate
evolutions in the four subspaces Qg x y,z, with jumps be-
tween them caused by single-qubit errors. This is what
we will do next.

C. Evolution without errors

Let us prepare initial encoded state |z+) [Eq. (8)] and
start continuous measurement of four gauge operators
G, assuming no evolution due to environment (only due
to measurement). First, let us show that the four-qubit
state remains within the subspace spanned by |z+) and
|z—). This can be shown using either Eq. (45) or Eq.
(50). For the proof using Eq. (50), note that all operators
Gy, applied to |z+) or |z—), produce states within the
subspace spanned by |z4). Therefore, if the four-qubit
state p is within the subspace generated by |z=£) (i.e.
spanned by |z-+)(z -+, |2=) (2], [z+)(z—|, and [2—)(z+
[), then the right-hand side of Eq. (50) is also within
this subspace, so that the state remains in this subspace
during the evolution due to measurement.

It is also instructive to use Eq. (45) assuming ideal de-
tectors and show explicitly that the evolving state is de-
scribed by the wavefunction (39) (additional output noise
of non-ideal detectors can be added later). For measure-
ment of operator G3 = Z13 or G4 = Z4 and quantum
state [¢) = al|z+) + b|z—) [Eq. (39)], the eigenvectors
[t+) in Eq. (40) are simply |z£). Then the evolution (45)
changes coefficients a and b, still preserving the form (39).
For measurement of operator G; = X5 or Go = X34, the
eigenvectors |¢1) in Eq. (40) are |x+), which are linear
combinations of |z+) [Eq. (14)]. Therefore, the evolution
(45) still keeps the state within the 2-dimensional sub-
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space (39). So, measurement of all gauge operators only
changes the gauge qubit |a,b), in Eq. (39), while not af-
fecting the logical qubit |a, 8)1,, which defines the basis
|z£). Detector non-ideality leads to an imperfect knowl-
edge of a and b for an observer (while they are perfectly
known to the “Supreme Being”), therefore, for an ob-
server the gauge qubit states (39) are mixed, producing
density matrix p, for the gauge qubit, while the logical
qubit |a, B)1, is not disturbed.

It is easy to see that within the gauge qubit subspace
spanned by |z+) and |z—), continuous measurement of
Gs and G4 is the usual Z-measurement of the gauge
qubit, while G; and Gy correspond to continuous X-
measurement of the gauge qubit. Therefore, we have si-
multaneous X and Z measurement of a qubit, which was
described theoretically in Ref. [49] and realized experi-
mentally in Ref. [50]. Using results of [49] and adding
the phase backaction, from Eq. (50) we obtain the fol-
lowing explicit equations for the evolution of the Bloch-
sphere components of the gauge qubit density matrix
pg = (1 + x40, + Y0, + 240,)/2 (in It6 form):

tg=(1—-=x ) (5% + 51) + (Ksm3yg — 424) j%

&4
+ (Katayg — 2424) 7 (T3 +Ty)wg + (63 + €4)yy,
(52)
_— &1 &2
Uy = (Kimzg — 24yg) —= N + (Kamezg — 24y,) N

&4

/T4

(g3 +€4)zy + (€1 + £2)2g,
(53)

£
— (’C37—3mg + ngg) 3 (]C4T4xg + ngg)

VT3
—(T1+ T +Ts+ Ty, —

2y = z 573 574 — T TgZg) ——
Zg=(1- )<\/E+\/>> (Kim1yg + 2g29)

&2
— (Kamayg + x424) ﬁ - zg — (61 + €2)yy,

(54)
while the measurement output signals are

L =Ixio=xg+ V11 &1, Io=1Ixss =124+ \/T2&, (55)
I3 =1Iz13 =29+ /1383, I4 = Iz04 = 29 +\/T4&4. (56)

Note that in deriving Eqs. (52)—(56) we assumed that
the four-qubit state is fully in the subspace Qg, and in
the basis of four vectors |¢;) [Eqgs. (3)—(6)] the density
matrix is a direct product of the logical and gauge qubit
states, i.e.,

1+zL Ty —iYL
X py  BLIWL
pPo = PLRPg = < zL+zyL ~ ;g 1—22L % pgg > ) (57)
2 4x4

where xy,, y1,, 21, are components of the logical qubit state
pL. The measurement does not affect the logical qubit
state, Ll"JL = :l'/L = ZL =0.




We will mostly consider the special case when there
is no phase backaction and all four measurements have
equal measurement strength and corresponding ensemble
dephasing,

Tk =Tm, Lk =Tm, Kp=0, e, =0, k=1,...4. (58)

In this case the evolution equations (52)—(54) simplify,

tg=(1- 363) 51\/—%?2 — TgZg 631/47__—54 — 2wz, (59)
Yg = —Tglg 5%2 — Yg2g '53\/—%54 — 4l'myg, (60)
PTRICY Sl Rl BN

TgZ
vV Tm 979 v/ Tm

We see that the component y, exponentially decreases
towards zero on the timescale of (4T',)~!, while in the
xz-plane the evolution is isotropic (this can be seen by
considering linear combinations of 4, and z4). In partic-
ular, in the ideal case when T'y,, = 1/27, and the initial
state is |z+), the evolution can be described by a sim-
ple uniform diffusion of the wavefunction (39) along the
great circle of the Bloch sphere [49, 50], so that coeffi-
cients a(t) and b(t) in Eq. (39) are real. In a non-ideal
case, I'y, > 1/27,, the evolution can still be viewed in
this way for the “Supreme Being”, as discussed above.

For non-equal strength of four measurements, evolu-
tion of the gauge qubit state is the diffusion with the
state-dependent diffusion coefficient and also the drift
along the Bloch sphere. In the presence of phase backac-
tion, the coefficients a and b in Eq. (39) are necessarily
complex, so the whole Bloch sphere is involved in evolu-
tion. This complicates the analysis, but general picture
remains the same: measurement causes continuous evo-
lution of the gauge qubit, without disturbing the logical
qubit.

D. Measurement evolution within error subspaces

Suppose the error X; has occurred. Immediately af-
ter this error, the four-qubit state still has the form (57)
with the same gauge and logical qubit states, but with
the basis vectors |¢;) [Eqgs. (3)—(6)] replaced with X1 |¢;).
In other words, the 4 x 4 matrix (57) moves to the differ-
ent block of the full 16 x 16 matrix. After that, the
continuous measurement of gauge operators G again
leads to an evolution of the gauge qubit state without
affecting the logical qubit. The only difference compared
with the previous section is that in the basis of vectors
Xi1]¢;), the operator G3 = Z;3 has the opposite eigen-
value, Z13(X1|¢;)) = —(X1|¢;)), while eigenvalues for
other three gauge operators are still +1. This means
that Gz now measures the gauge qubit along —Z axis
instead of Z axis.

Therefore, evolution equations (52)—(56) should be
changed within the error subspace Qx, in particular, now
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Tr[G3p] = —z4. If we write the output signal I3(t) as
I3 = —z4+ /T3 &3 instead of Eq. (56), then we also need
to replace &3 with —¢3 in Egs. (52)—(54). However, it is
easier to flip the sign in the definition of &3, so that

Is =Iz13 = — (29 + /T3 63), (62)

then the evolution equations (52)—(54) do not change.
This mapping can be interpreted as being due to the
transformation X;G3X; = —G3 (somewhat similar to
the Heisenberg picture, in which the error-mapping p —
E;pE; is instead applied to the measured operators).

Thus, for a four-qubit state in the error subspace Qx
(still assuming a direct product of the gauge and logical
qubit states), the dynamics due to continuous measure-
ment is the same as in the subspace Qy, except Eq. (62)
for the signal I3(t) replaces Eq. (56).

A similar reasoning shows that after an error Zi, the
dynamics due to measurement in the subspace Q7 in the
basis Z1|¢;) is still described by Egs. (52)—(56), except
now

Il = IX12 = —(J}g + \/7T1£1) (63)

Finally, after an error Y;, the dynamics in the subspace
Qy in the basis Y7|¢;) is still described by Egs. (52)—(56)
with the change for both I; and I3,

I = —(xg + V711 &), Is=—(24 +/7383). (64)

Note that we intentionally considered only errors
in the first qubit (X;, Y1, Z1) because we use the
16-dimensional Hilbert space basis consisting of |¢;),
Xi1l¢;), Yi|¢;), and Z1|¢;). The mapping between the
states due to errors in other qubits will be considered
next, while the evolution in the error subspaces due to
measurement after these errors is the same as already
discussed.

E. Mapping between subspaces due to single-qubit
errors

As discussed above, an error X; occurring at time ¢,
by definition does not change the logical and gauge qubit
states, pg(t 4+ 0) = py(t — 0), pr.(t +0) = pL(t — 0), and
only moves the four-qubit state from Qg to Qx. To an-
alyze the effect of the error X5 (instead of X7), we com-
pare it with the effect of X;. It is easy to see that Xo
acting on the basis |¢;) produces the same states as X
with additional exchange: |¢1) > |¢2) and |d3) <> |P4).
Therefore, X5 acting on a state (39) produces the same
state as X1, but with exchanged gauge qubit coefficients,
a <> b. Consequently, for a more general initial state (57),
the application of X5 produces the same state as applica-
tion of X7 and additional X-operator for the gauge qubit
state, which we denote as Xq.

Thus, we associate effect of error X, (acting on a state
within Qp) with the error X; and gauge-qubit operation



Xg. In a similar way we find that X3 acts on the basis
|¢;) as X7 with additional exchange |¢1) <> |¢3) and
|p2) <> |¢p4), therefore acting on the state (39) as X
with exchange « <+ 8. Thus, effect of error X3 is the
same as for the error X; and logical-qubit X-operation,
which we denote as Xp,. Similarly, we find that X, is
equivalent to X; with additional operations Xq Xy, on
both gauge and logical qubits.

Similarly, we can find the effect of the errors Z; com-
paring them with Z;, and effect of the errors Y; in com-
parison with Y;. The result is the following correspon-
dence:

Xo & X1 x Xg, X3 X1 x X, X4 X1 x XeXi,
To 43 71 % T, Zs 43 71 X Za, Za 43 71 X Za L,
Yo Y1 x (—XGZ1), Ys & Vi x (—ZaXL),

Yy o Y x (~XaZaXLZ1).  (65)

This mapping is illustrated in Fig. 4. Note that if a
state of the direct-product form (57) is returned from
an error subspace to Qy by another single-qubit error,
then the same correspondence applies, as can be easily
shown using relations X; = X1 X; X1, YV; = V1Y;Y7, and
VAW AVAVAR

F. Logical two-qubit errors
1. Uncorrelated Markovian errors

We can now discuss the mechanism of logical errors,
using the model of uncorrelated Markovian single-qubit
errors introduced in Sec. IID 1. As an example, let us
assume that the first single-qubit error in the procedure
is X7 and it occurs at time ¢; (this error is indicated by
the upper solid-line arrow in Fig. 4). The state evolution
between ¢ = 0 (preparation of the state |z+)) and #; is
evolution of the gauge qubit (illustrated by the thick-line
circle in Fig. 4), without change of the logical qubit state.
The error X; moves the state from 9y to Qx without
change of the logical and gauge qubit states, and after
that the gauge qubit continues to evolve (not affecting
the logical qubit). Monitoring of time-integrated correla-
tors constructed from the output signals I (t) (discussed
later) is supposed to report that the error has occurred;
however, it takes some time to find this out, so that the
error is reported (on average) at time ¢t = ¢t + Tgr, where
the average response time Twr will be calculated later.
If another single-qubit error, for example X3, occurs at
time to within the interval [t1,%; + Tr] and moves the
state back to Qp, then the error will (most likely) not be
reported, since after t5 the correlators are normal again.
The state is returned to Qg, but it is not returned to the
proper 2-dimensional subspace (see Fig. 4) because X3
error applied X, operation to the logical qubit, as fol-
lows from Eq. (65) (two X errors cancel out each other,
and there is also an unimportant gauge qubit evolution
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between ¢; and t5). Thus a logical X-error is produced
[note the X; X3 combination in Eq. (16)].

To analyze the effect of different combinations of
single-qubit errors, we can use the correspondence rela-
tions (65). The X; error moves the legitimate state to one
of two subspaces in Qx, either with or without Xy, opera-
tion (see two circles in the second column in Fig. 4), while
possible application of X¢ is not important. Similarly,
Z; error moves the legitimate state to Qz either with or
without Zy, (two circles in Fig. 4) while possible X op-
eration is not important. The errors Y; move the state
from Qg to four different subspaces [see Eq. (65) and Fig.
4]. If the second error (occurring at t2) does not bring the
state to Qp, then an error will be detected; therefore, we
are interested only in error combinations returning the
state back to Qp. There are harmless combinations (i.e.,
X1X1, X1Xo, etc.), which do not produce logical errors,
and there are combinations producing three types of log-
ical errors (see four circles in the left column in Fig. 4).
The logical errors illustrated in Fig. 4 are X-error due
to X7 and X3 (solid-line arrows) and also Z-error due
to Zy and Z; (dashed-line arrows). Since the evolution
of the gauge qubit due to single-qubit errors and due to
measurement between t; and to is not important for us,
the logical error combinations obtained from Eq. (65) are
the same as those discussed in Sec. IIC. Note that the
combinations of two errors occurring in the same qubit
are either harmless or detectable.

The rates of logical X, Y, and Z errors can be obtained
by calculating the probability of the second error occur-
ring within the response time Tgr after the first error,
and summing over the error combinations. It is impor-
tant that in our discussed later construction of averaged
correlators, the response time TR is the same for detect-
ing states in all error subspaces (Qx, Qy, Qz). In this
case the calculation of logical error rates (assuming no
detected errors) gives

e = 20 | (7 4 1) + 1Y)

0T O] (66)
v =21y [1{7T0) 4+ 1801 (67)

77 = 2Tx (07 + 1)) + 117

0T M) (6s)

where FZ(-X), FEY), FEZ) are the rates of single-qubit er-
rors (see Sec. IID1) and the factor of 2 is due to dif-
ferent sequences of the two errors. In general, the re-
sponse times may be different for different error sub-
spaces (Tr,x, Tr,y, Tr.z); in this case each product of
error rates in Egs. (66)—(68) should be multiplied by the
corresponding response time.

In particular, for the depolarizing channel with FEX) =



I‘Z(.Y) = I’Z(-Z) =Tq/3 we have
4
3

4

vx =7z = =TTk, W =
so that the total logical error rate (with no detected er-
rors) is
28
=% T3k (70)
Note that Egs. (66)—(70) are similar to the results (24)—
(29) for projective measurements if the half-cycle time At
is replaced with the response time Tg. The similarity is
not exact because of different “effective response times”
for Y; errors compared with X; and Z; errors in the pro-
jective case, while in the continuous case all response
times are the same.

2.  Pure dephasing

Following the logic used in Sec. IID 2, we can apply
Egs. (66)—(68) to the case of pure dephasing of physical
qubits with rates I',, ; by using the correspondence FE—Z) =
I',;/2. This gives the logical error rates

X = 07 Ty = Oa (71)
vz =1Rr (F%l + 1—‘%3)(1"%2 + Fw,4)/27 (72)

in the case when no errors are detected by the procedure.
For equal dephasing in all qubits, I', ; = I'y,, we have

W=7z = 20 Tx, (73)

which corresponds to Eq. (33) with At replaced with Tg.

3. Energy relazation

Following the logic of Sec. IID 3, let us analyze the
effect of energy relaxation in the physical qubits at zero
temperature (amplitude damping) with rates p; = 1/T1 ;.
The “no-jump” evolution with the Kraus operator 1 —
Yoi(pidt/2)oy ;o0 ; =1 -0ty pui(1—Z;)/4 for a short
duration 0t produces detectable Z; errors with the rate
on the order of u? /Ty, where I'y, is the dephasing due to
measurement. These errors can be neglected in compari-
son with “jump” errors, since we assume p; < I'y,. With
no detected Z;-errors, measurement process self-corrects
the state disturbed by the “no-jump” evolution. There-
fore, in the leading order we can completely neglect the
“no-jump” evolution (see discussion in Sec. IID 3).

The “jumps” (energy relaxation events) due to opera-
tors o_ ; = (X; +1Y;)/2 with rates p;Tr(o4 ;0_ ;p) lead
to detectable errors, unless the second energy relaxation
event occurs within the response time Ty, leading to a
logical error. The state evolution between the jumps
can be described by general equation (50), but it can-
not be easily described by Egs. (52)—(54) because these
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equations assume a direct product of gauge and logic
qubits within only one error subspace, while the operator
(X;+1Y;)/2 produces a superposition between subspaces
Ox and Qy. Most importantly, since measurement dis-
tinguishes between these subspaces, the state will be
gradually collapsed into one of them within the timescale
comparable to 7,. Therefore, coherence between the two
subspaces necessarily decays with a time constant compa-
rable to 7, (one more reason for the decay of ensemble-
averaged coherence is the difference between the gauge
qubit evolutions within the two subspaces for the same
output signal). Since the time difference between the two
relaxation events is typically comparable to Ty and since
in our case (as will be discussed later) Tk is an order
of magnitude larger than 7,,,, we can neglect coherence
between the subspaces.

After neglecting coherence between the subspaces, the
calculation of the logical error rates is simple: the logical
errors are due to independent two-qubit errors X; X; and
Y;Y;, occurring within Tr. Using the probability rate
wi/2 of the first jump in ith qubit, probability p;Tg/2
of the second jump in jth qubit within time Tg, and
probability 1/4 each for the combinations X; X; and Y;Y;,
we obtain the logical error rates

T3

X = 8R (i + p2) (3 + paa) + prpis + pzpea] , (74)
T

Yy = §R (,Ul,u4 + ,UQ,UB)a (75)
T

Yz = 2 [pape + pspal | (76)

where the error combinations come from Eqs. (16)—(18)
or from Eq. (65). Note that in Eq. (74) we show the
products pips and pspg twice to emphasize similarity
with Eq. (66).

The corresponding total logical error rate (with no de-
tected errors) is

Tr
=g 200+ p2) (s + pa) + papz + pspua] . (77)

G. Cross-correlators

We have found the rate of logical errors for a given
response time Tg, but we have not calculated Tgr yet.
We have also not calculated the termination rate. More-
over, we have not yet discussed quantitatively how we
can monitor the error syndrome.

As discussed in Sec. IIT A, the general idea is that in
the subspace Qp and for the direct-product state (57),
the operators G; = X152 and G5 = X34 both measure X-
component of the gauge qubit; therefore the correspond-
ing noisy outputs I (¢) and Iy(¢) should be positively
correlated. Similarly, for a state within Qg the outputs
I3(t) = Iz13(t) and I4(t) = Iz24(t) are also positively
correlated. However, for a direct-product state within
subspace Qx, the operator G3 = Z13 measures the gauge



qubit along axis —Z, while G4 = Z54 measures it along
Z-axis; therefore, the noisy outputs I3(¢) and I4(t) should
be negatively correlated. Similarly, within Q7 the out-
puts I1(t) and I5(t) should be negatively correlated, while
within Qy both pairs of the output signals should be neg-
atively correlated. By monitoring the cross-correlations,
we can determine the subspace, i.e. obtain the error syn-
drome. [The condition (57) is actually not necessary for
distinguishing these subspaces.]

It is important to note that even though within Qg
the output signals I; and I are given by Eq. (55)
with the common term x4, their same-time correlator
is (I1(t) Io(t +0)) = 1 [68], and not the naively expected
value :vg. This is because the output noise & affects the
state due to quantum backaction [the first term in Eq.
(52)], leading to (/71 &1(t) z4(t 4 0)) = 1 — x2(t) [68], so
that sum of the two terms in the correlator is always 1.
Similarly, all positive correlators (at the same time t) are
+1 and all negative correlators are —1. For non-equal
times, the correlators (I (¢1) Iy (t2)) for the correspond-
ing pairs decrease with increasing |t; — t2| exponentially
with the timescale of the gauge qubit evolution. In par-
ticular, in the uniform case (58), from Egs. (59)—(61) and
(55)—(56) we find

(I1(t1) I2(t2)) = (I3(t1) 14(t2)) = exp(=2Twm|t1 — t2f).
(78)
This formula can be easily derived in the same way as
in Ref. [68] by noticing from Eqs. (59)—(61) that the
ensemble-averaged evolution of the gauge qubit is

iy = =2y, g = —4ATmyg, 29 = —2Tmzg,  (79)

so that the X-correlator (I;(t1)I2(t2)) and the Z-
correlator (I5(t1) I4(t2)) should both decay in time with
the rate 2I',,.

In the error subspaces the positive cross-correlators
have the same value exp(—2Ty,|t1 — t2|), while the neg-
ative cross-correlators are —exp(—2I'y|t1 — t2]). The
cross-correlators for signals measuring orthogonal com-
ponents of the gauge qubit vanish in all the subspaces,
(Ii(th) I3(t2)) = (Ii(ta) Lu(t2)) = (L(t1) I3(t2)) =
(I2(t1) I4(t2)) = 0.

The correlators in Eq. (78) assume ensemble averaging,
while we need to monitor the error syndrome in real time
from a single realization. The main problem is that the
product of noisy outputs is very noisy, so we necessarily
need to smoothen out the monitored correlators by time-
averaging. For that we use a double-integration with the
bilinear form

Cpr(t) = //_t K(t—t1,t—t2) In(t1)I5(t2) dt1dta, (80)

where notation kk means the channel pairs 12 or 34 and
the integration kernel K is symmetric. Instead of the
general form (80), it is better to think in terms of integra-
tion over the time difference |t — ¢1| and the mean time
(t1+t2)/2. Obviously, the integral over |t —t1| should be
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limited to the range |ty —t1| < T'y,t, where the correlator
(78) is still significant (so that we do not pick up un-
necessary noise). The integration over (¢; 4 t2)/2 should
be sufficiently long so that the result is not too noisy,
but on the other hand a very long integration makes the
response time Tg too long.

We have considered two such constructions for the
monitored time-integrated correlators,

r 1 ! S

Cir(t) = 7/ Crr(t) dt, (81)
. Lot bty /T

Cer(t) = ?/ Cop(t) e /T ar, (82)

() = - / T I(t) + Tu(#) I (1)

27 J_

x e~ =)/ e gy (83)

so that the first (inner) integration (83) is always expo-
nential with the time constant 7. (comparable to I';;t),
while the second (outer) integration is either with the
rectangular kernel of duration T} or exponential with the
time constant T° (the time constants T.° are at least an
order of magnitude longer than I'-!). As will be seen
later, the integration with exponential weight (82) pro-
vides a better operation of the code than integration with
the rectangular weight (81) for typical parameters; how-
ever, asymptotically the rectangular integration is better.

From now on, we always assume the case without phase
backaction and with equal parameters (7, I'y) for all
four measurement channels, Eq. (58), while the quan-
tum efficiency n = (20,7m) ! is arbitrary. (It is still
rather simple to consider different measurement parame-
ters though formulas become much longer; however, tak-
ing into account phase backaction significantly compli-
cates the analysis.) Using Eq. (78), it is easy to find

average values for C}z(t) in the subspace Qp,

(C12(t)) = (C3a(t)) = (Cp(t)) = 15l (84)

In the error subspaces this result for cross-correlators is
replaced with +1/(1+2T",7.), depending on the subspace
and pair correlation in the same way as discussed above.
The average values for Cp;(t) and Cy;(t) are the same

as for Cyz(t).
To calculate the noise of C; 7 (t), we first calculate the

time-correlation function for C,z(t). Using the two-time
correlators as in Eq. (78), four-time correlators [74]

(Tult1) T5(12) () Tglta)) = 2T 2Pmitat
(85
for t1 < ta < t3 < t4, and singularities (Ij(t) I (t')) =



Tt — ') at t ~
(Crr(t1) C

t', after some algebra we obtain

— (G (1))?

( 67(2Fm+1/7'c)|t17t2|
{ 2Fm7'C Tm . Tm 1 ]

142T,7)?  47e  27¢ 14+ 2T

Tm 1
-‘r 5 = 0(ty — ta) (2 + HQFmC) . (86)

We see that this correlator decays exponentially with the
time constant (2, + 1/7.)~!. If the second integra-
tion in Egs. (81) and (82) is over a much longer period,
T5¢ > (2I',) 1, then the fluctuating part of Cyz(t) can
be approximately replaced with white noise, which has
the same spectral density as the low-frequency spectral
density of Cyz(t). Therefore, we can use approximation

Cii(t) = (Crp) + A &), (87)
where the white noise () satisfies Eq. (48) and

2= [ (1Cul0) Cunlo) — Gt (39)
2 27, (1 + The 4T, 72
~ Ty P D) e . (89)
47, (14 2T y7)? (14 2T y7)3
This approximation significantly simplifies analysis of
noise properties of the monitored integrated correlators

C, 2 (t). Note, however, that we neglected possible non-

Gaussian contribution to the noise of Cyz. As will be dis-
cussed in Sec. III 1, numerical simulation shows that the
non-Gaussian contribution to the noise slightly changes
the obtained below results for the false alarm rate.
Within the approximation (87)—(89), we see that inde-
pendently of the integration kernel of C7*, we can opti-

kk®
mize the signal-to-noise ratio of Ckk by minimizing the
ratio A?/(Cyz)? over 7.. This leads to the following equa-
tion for the optimal value 7¢ pt:

8ns3(5+2)+4s2(145)%+nH(sT+25%—25—1) = 0, (90)

where s = 21"\, Tc opt. Substituting this optimal value into
Eqs. (84) and (89), we find the optimized (Cyz) and A
in Eq. (87).

In particular, in the case of ideal detectors, n = 1, the
optimal value is 7¢ opy = 0.342/2T,, = 0.342 7y, corre-
sponding to the average signal <ékE> = 0.745 and noise
power A% = 2.137,. In the case when n = 0.5, we ob-
tain 7¢ opy = 0.494/2I',, = 0.247 1, (Chz) = 0.670, and
A% =2.207,.

H. False alarm rate and response time

Having optimized 7, let us now discuss the behavior of
the monitored integrated cross-correlators C’Zg(t) Their
average values within the subspace Qg do not depend on
the integration time T7}-°,

(Chr) =

(Crr) = (Chr), (91)
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while after a single-qubit error moves the state to an error
subspace, the average value for one or both monitored
pairs (12 and 34) flips its sign. This error can be detected
by observing that the value of a cross-correlator becomes
smaller than normal. The most natural criterion for the
error detection is crossing of a certain threshold,

ore(t) < (1

The symmetric threshold corresponds to © = 1; however,
in principle any value within the range 0 < © < 2 can be
used for the threshold.

Even without the actual error, the monitored cor-
relator C,7(t) can become smaller than the threshold

(1 — ©)(Cyz) due to a big fluctuation. This will be in-
terpreted as an error, and the algorithm will terminate.
This will increase the termination rate ~ierm by the rate
~¢.a1. Of such “false alarms” in each monitored correlator;
for example in the model of independent single-qubit er-
rors (Sec. ITTF 1) the termination rate will be

Yterm = 27f al. Z [ X) +F(Y +F( ) (93)

where the second term is the rate of actual single-qubit
errors and the false alarm rate is doubled because of two
monitored correlators with equal and independent noises.
Let us now calculate the false alarm rate ¢, for one
monitored correlator.

Tt is easy to find the probability distribution P(C) for
the correlators C, 7 (t) (within Qo) using the white-noise
approximation (87),

P(C) _ 1 6—(C—<C>)2/2D£’e (94)
2 DY° ’
A? A?
Dl=—, 6 D¢=
C TCr ’ C 2Tce ) (95)

where for brevity we omitted unnecessary subscripts and
superscripts and used (C) = (C'). The variance D or D¢
of the Gaussian distribution has been calculated as the in-
tegral of the variances within the shapes (81) or (82). The
false alarm rate should be proportional to the probability
of being beyond the threshold, (C) — C' > ©(C); how-
ever, finding the correct prefactor (“attempt frequency”)
is not too easy. For that we use the “first-passage” ap-
proach [75, 76] and analyze the Fokker-Planck equation
for the quasi-stationary first-passage probability distribu-
tion Pr, (C), which has a condition that the threshold
has not yet been past and therefore
Prp [(1-0){C)] = 0. (96)
The first-passage calculations for exponential integra-
tion (82) are relatively easy because the stochastic pro-
cess C°(t) is Markovian. It can be characterized by the
drift velocity ((C) — C®°)/T¢ and effective diffusion coef-
ficient (1/2)(A/T¢)%. By equating constant probability



current (flux) with the first-passage rate ¢ .., we write
differential equation

) —c
TE

1 dP;, (C
Prp (C) - 5(A/T§)2%() = —.a. (97)
and solve it approximately in the vicinity of the thresh-
old, C = (1 — ©)(C), using the boundary condition (96)
and also the condition that P, (C') should become prac-
tically equal to P(C') from Eq. (94) away from the thresh-
old. In this way we find the result

_ 8@ ,
'Vf.al.—A\/ﬂ_—TCe

for the false alarm rate in the case of exponentially-
integrated monitored correlator (82).

The case (81) of the rectangular integration of the cor-
relator is more complicated because the stochastic pro-
cess C*(t) is not Markovian. However, neglecting non-
Markovian effects, for the quasi-stationary distribution
Prp (C) we can still introduce effective drift velocity
((C) —C")/TF and effective diffusion coefficient (A/TF)?,
assuming a big fluctuation, (C) — C* > /DE. Then in
the same way as above we obtain the false alarm rate

_ 60
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Since we had to neglect non-Markovian effects in the
derivation, we are not fully sure that the prefactor in
Eq. (99) is correct; however, numerical simulation con-
firmed it with the accuracy better than 20%. Note that
using the results of the previous section for the optimiza-
tion over 7., for n = 1 we find (C)?/A? = 0.2617,;' and
for n = 0.5 we have (C)?/A4% = 0.203 7, 1.

In a good quantum error detecting code, the rate vt 5.
of false alarms should be less than the rate of actual er-
rors, so that the termination rate (93) is not significantly
increased. (In a quantum error correcting code, ¢ ..
should be even less than the rate of logical errors since it
contributes to logical errors.) Therefore, the exponent in
Egs. (98) and (99) should be rather large, very crudely

0%(C)* T /A? ~ ©*(C)°TF J2A? ~ 10-20.  (100)

-0%(C)*Ts /A? (98)

€—®2<c>2T;/2A2. (99)

Increase of the integration time T)¢ (or T) decreases the
false alarm rate; however, this increases the response time
Tr (and therefore the rate of logical errors), creating a
trade-off between these characteristics of the code oper-
ation.

Let us find T in the simplest way, neglecting the noise.
Then, we simply assume that in Egs. (81) and (82) a non-
stochastic signal C(t) switches from the constant value
(C) to —(C) at a time moment t; due to a single-qubit
error. By finding the time at which C*°(t) crosses the
threshold (1 — ©)(C) and equating it to t; + Tk, we find
Tr. Thus obtained response times for the rectangular
and the exponential integrations are, respectively:

(C]

T§:§ crv

Tg = T¢ In (101)

2-0°
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Since we neglected the noise in finding Tg, this re-
sult becomes inaccurate when © is close to 0 or 2 by
< 3V D /{(C) [so that the randomness in the distribu-
tion (94) becomes important).

Rectangular vs exponential integration

Let us compare performance of the rectangular and
exponential integrations for the monitored correlator to
find out which one is better. As seen from Eqgs. (98) and
(99), the false alarm rates in both cases (for the same
threshold) are practically equal if T} = 2T (a factor of 2
difference in the prefactor is not very important). Using
this relation in Eq. (101), we obtain

2

e T 1
TR%TRélnm

(102)
for the same 7t ). As we see, for the symmetric threshold,
© =1, the response time for the exponential integration
is shorter, T, = 0.69 1§ . Therefore, exponential integra-
tion in the monitored correlator is better than the rect-
angular integration, providing 31% smaller logical error
rate for the same false alarm rate. However, the rect-
angular integration becomes better than the exponential
one for higher thresholds, © > 1.6; in this case T} < T§.
Even though the symmetric threshold, © = 1, seems
most natural, the choice of © is rather arbitrary. Let
us consider first the integration (82) with exponen-
tial kernel and vary ©, while simultaneously chang-
ing the integration timescale T to keep the response
time T}; constant. Substituting the corresponding value
[Eq. (101)] T = T5/In[2/(2 — ©)] into Eq. (98),
we find that the false alarm rate ;... is proportional
to exp{—0O?T5(C)2A~2/In[2/(2 — ©)]}. Neglecting O-
dependence in the prefactor, we see that the minimal
V.a1. is achieved when In[2/(2 — ©)] = 0/[2(2 — 9)], i.e.,
at O3, = 1.43. Thus, the optimal threshold is not sym-
metric, and at this optimal © the false alarm rate is

0.90 (C) ¢~ 163 TR(C)?/A% O%, = 1.43.

Yf.al. = A\/YTE

In particular, in the cases n = 1 and n = 0.5 this gives

(103)

Yot = 046 (Thr) /2 e 0Ty =1,

Ve.al = 0.41 (TﬁTm)—l/Q 0331 TR /T 0=

(104)
0.5. (105)

As an example, for a desired false alarm rate ¢, =
10757, we need response time T = 21.77, for n =1
and 1§ = 27.2 1y for n = 0.5.

However, if the symmetric threshold is chosen, then
by using T¢ = T§/In2 for the exponential-kernel inte-
gration, from Eq. (98) we obtain

(C)/A

VYal. = W

e~ (OP/ANTR/ 2 g =1 (106)



For n =1 and n = 0.5 this gives

Vear = 0.24 (T 7m) /270370 TR/™0 -y =1, (107)
Veat, = 0.21 (T 7) /2 e 029810/ -y = 0.5. (108)

Then the desired rate ¢ ;. = 107°7,; corresponds to the
response time T§ = 22.6 7, for n = 1 and T§ = 28.3 1,
for n = 0.5. As we see, the difference in the response time
compared with the above case of optimal ©, is rather
minor.

Now let us consider optimization of © in the case
of rectangular integration (81). Substituting 7 from
Eq. (101) into Eq. (99), we see that the false alarm
rate ¢, is proportional to exp(—OTg(C)?/A?%), so that
it is beneficial to increase © to its maximum possible
value of © = 2. In this case the exponential factor
exp(—2T% (C)?/A?) is significantly smaller than in Eq.
(103) for the exponential integration for the same re-
sponse time. Thus, it seems that for the rectangular
integration the optimal threshold is © = 2, and the per-
formance is better than with the exponential integration.

However, Eq. (101) for T}, is significantly inaccurate for
© = 2. The reason is the fluctuations of C(t), which are
on the order of +,/D% = +A/,/T¥ [see Eq. (94)]. For the
negative fluctuation, the crossing of the threshold occurs
earlier by ~ /D:/(2(C)/T?), while for the positive fluc-
tuation the crossing occurs later by ~ T7, which is much
longer (crudely by the factor /T /7). This asymmetry
significantly increases the average response time T§.

To avoid this problem, let us shift the threshold by 2
standard deviations (so that we can neglect the fluctua-
tions), then © = 2 — 2,/Dr/(C). In this case from Eqgs.
(99) and (101) we obtain approximately

_V2(0) . 2(0)Ty N 20)VTx .
,‘Yf.al. ~ Aﬂ p A2 A
(109)

For the desired false alarm rate ~¢ .. = 10*57};1, this
gives the response time T} = 25.17, for n = 1 and
T = 31.6 1, for n = 0.5. Somewhat surprisingly, this
response time is longer than even for the exponential in-
tegration with symmetric threshold, Eq. (106), in spite of
faster decaying main exponential term in Eq. (109). The
reason is that our shift of the threshold by two standard
deviations is quite significant for these parameters, lead-
ing to a significant positive term within the exponent of
Eq. (109).

Therefore, even though asymptotically the rectangu-
lar integration (81) for the monitored correlator (with
the threshold © approaching 2) is better than the expo-
nential integration (82), for our typical parameters the
exponential integration is better. Moreover, since for the
exponential integration there is no big difference between
the results for the optimal © [Eq. (103)] and for the sym-
metric threshold [Eq. (106)], and since choosing the sym-
metric threshold avoids possible problems with © being
too close to 2, we conclude that the symmetric threshold,
© =1, is a good choice.
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Note that besides the definition (83) for the signal
Cri(t) (which is then integrated to give the monitored
correlators), we also considered the definition

I, (t/) ef(tft’)/‘rcdt/’

(110)
which still leads to a bilinear form (80) after applying
integration (81) or (82). The definition (110) is more
natural for an experimental realization. It can also be
naturally generalized to the nine-qubit Bacon-Shor code
with continuous measurement, which will be able to oper-
ate as a quantum error correcting code (not only detect-
ing). Even though Eq. (110) formally contains two inte-
grations in contrast to the single integration in Eq. (83),
the important integration is only over the time difference
between the two channels, while the integration over the
running time is anyway repeated in forming C,z(¢). As a
result, the integrated correlator Cyz(t) in Eq. (81) is prac-
tically the same when either Eq. (83) or (110) is used for
Cyr if T! > 7. (the difference is only near the edges of
the integration, with the relative difference on the order
of 7./TF). For the exponential integration in Eq. (82),
the relative difference for Cyj(¢) is similarly on the order
of 7./T¢. Therefore, we can still use Egs. (84) and (89)
for the signal and low-frequency noise of Cyz(t) defined
via Eq. (110), and thus all results derived in this section
remain (approximately) valid.

Chon(t) = Tn(t) (), Tu(t) = l/

Te J—0o

I. Monte Carlo simulation results

To check the developed above (approximate) theory
for the termination and logical error rates, we have per-
formed quantum trajectory simulations for the full den-
sity matrix p(t) of the four-qubit system. For each time
step dt, the density matrix p(t+ 6t) is obtained from p(t)
by consecutively applying the random quantum Bayesian
updates, corresponding to measurements of the gauge op-
erators Gy, [70]. Then, to the resulting density matrix we
apply an extra evolution to account for the environmen-
tal decoherence within the same timestep; for that we
use the Lindblad equation [see Eqgs. (20)—(21)], obtaining
p(t + 0t) up to second order in 6t. In the simulations
we use the orthonormal basis, introduced in section IT A,
neglect the phase backaction, and assume ideal measure-
ments of equal strength T'y, = 1/27, for all gauge oper-
ators. The time step is 0t = 5- 1073 L.

The time-integrated correlators Ci2(t) and Cs4(t) are
computed using Egs. (81)—(83) for each of 10*-105 tra-
jectories. For a given duration T of the process, “good”
(no-detected-error) trajectories are selected by the con-
dition that the correlators for both channels are above
the threshold (1 — ©)(C) for the whole duration T.
The results presented below are for the symmetric case,
© = 1. The relative number of no-detected-error tra-
jectories gives (approximately) the success probability
Piiccess(T); by fitting this numerical dependence to the
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FIG. 5: (Color online) The false alarm rate ¢ 1. as a function
of the response time TR (normalization involves the collapse
time 7m). Numerical results for the rectangular and expo-
nential correlator integrations are shown by red squares and
blue crosses, respectively. The (upper) red and (lower) blue
dashed lines represent the analytics, Egs. (99) and (98). The
solid lines include correction factors in the analytical formulas
(see main text). The inset shows the termination rate Yeerm
as a function of TR (the same horizontal axis as in the main
panel) for the case when qubits 1 and 2 are subject to pure
dephasing with 'y 1 =Ty 2 = 1073w (no decoherence in the
main panel); the horizontal dashed line corresponds to single-
qubit errors, Yierm = (Fp,1 + Tp2)/2. Weused ©® =1, n=1
and T = Tc,opt-

exponential decay of Eq. (23), we obtain the termination
rate Yierm. In particular, in the absence of decoherence,
Yterm 18 twice the false alarm rate 7t per channel.

Figure 5 shows thus calculated false alarm rate ¢ ).
as a function of the response time TR° [obtained from
the actual integration time 7¢ via Eq. (101)] for mon-
itoring the time-integrated correlators with rectangular
(red squares) and exponential (blue crosses) kernels. The
red and blue dashed lines show the analytical formulas
(99) and (98), respectively. The numerical results indi-
cate that the analytical formulas slightly underestimate
the coefficients in the exponents. We have found that
this discrepancy between numerics and analytics is due
to non-Gaussian fluctuations of C)7(¢) [which were as-
sumed to be Gaussian in the analytical derivation be-
cause of the approximation (87) for Cz(¢)]. In partic-
ular, for 7. = Tcopt and n = 1, we numerically calcu-
lated the third cumulant k3 = (C3) — 3(C?)(C) + 2(C)?
for O (t) and C§; (t), obtaining s3 ~ 1.05/(T'y, T¥)* and
k3 ~ 0.34/(T 1, T2)? for the cases of rectangular and expo-
nential integrations, respectively (k3 = 0 for a Gaussian
process). The non-zero third cumulant leads to the cor-
rection factor 1 + (C)r3/3k3 in the exponent for ¢ .
in Egs. (99) and (98), where the second cumulant is
Ky = A%/TF and Ky = A%/2T¢ for these two cases. This
gives the correction factors of 1.23 and 1.30 to the expo-
nents of Egs. (99) and (98), respectively (for 7, = 7 opt
and 7 = 1). The red and blue solid lines in Fig. 5 show the
analytical results with account of these corrections, which
agree well with the numerical results. Note that the main
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figure shows the false alarm rate ~¢ 5. calculated in the
absence of decoherence, while the inset shows the termi-
nation rate in the presence of dephasing in qubits 1 and
2 with the rates 'y 1 =Ty 2 = 1073 T,,. In this case, for
small response times the termination rate is dominated
by false alarms, but for large response times the termi-
nation rate converges to the rate of single-qubit errors
(horizontal dashed line) — see Eq. (93).

The logical error rates have been calculated numer-
ically in the following way. First, to extract the logi-
cal qubit state (for no-detected-error trajectories) from
the four-qubit density matrix p at each time T', we ap-
ply the transformation p(T) — p(T) = 44 p(T)4 4 +
II__p(T)I__, where II; 1 = (1 + G3)(1 + G4)/4 and
II__ = (1 — G3)(1 — G4)/4 are projection operators.
This transformation corresponds to applying projective
measurements of G3 and G4 at time T in the decoding
procedure and selecting only outcomes with the same re-
sults. Then the logical qubit state is extracted from the
4 x 4 block of p(T), corresponding to the code space Qp,
by tracing out the gauge qubit. The resulting Bloch co-
ordinates of the logical qubit are given by the equations

(P13 + paa) (P13 + P2a)
o, = 2Re B TP2) o BT P24 gy
(Tr p) (Tr p) (1)
(P11 + P22 — P33 — Paa)
o, = ! , 112
(T 7) (112)

where the indices correspond to the basis (3)—(6) and av-
eraging is over trajectories with no detected errors. From
{z1(T), yL(T), z.,(T)} for four initial logical states, we
calculate the quantum process matrix x(7") for the log-
ical qubit state evolution [4, 60]. Then the logical error
rates vx, vy, and vz are extracted from the linear de-
pendence on time T of the diagonal elements xx x, Xvy,
and xzz. Note that we normalize the process matrix,
X — x/Tr(x) after checking that the success probability
does not depend on the initial logical state.

We have checked our analytical formulas for the logical
error rates (Sec. IITF) against the numerical results for
the cases of pure dephasing and energy relaxation (am-
plitude damping). For pure dephasing, we have found
that Eqs. (71)—(72) agree well with the numerical results
for the logical error rates. As an example, Fig. 6 shows
dependence of the logical Z-error rate vz on the response
time T [obtained from the exponential integration time
T¢ via Eq. (101)] for the case when the qubits 1 and 2 are
subject to dephasing with I'y; = Ty 2 = 1073Ty,. We
see that the agreement between the numerics (crosses)
and analytics (line) is quite good. The inset in Fig. 6
shows time-dependence of all three diagonal elements of
the process matrix xy. We see that even though numeri-
cal values of xxx and xyy are not exactly zero (as they
should be analytically), they do not grow with the time
T'; their non-zero values are due to statistical noise in the
Monte Carlo simulations. The numerical off-diagonal el-
ements of the yx-matrix are zero (not shown). Similar
results are obtained when other pairs of qubits are sub-
ject to pure dephasing.
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FIG. 6: (Color online) The rate vz of the logical Z-error as
a function of the response time Tg for the case when qubits
1 and 2 are subject to pure dephasing with I'p,y = I'p2 =
1073'm. The crosses show numerical results, the solid line is
the analytical result, Eq. (72). The inset shows the diagonal
elements of the process matrix (xxx, xXvv, and xzz) as func-
tions of time T for TR = 20.87m. The rate vz is calculated
from the slope of xzz(T). Weused © =1, n =1, 7c = T¢,0pt,
and the exponential kernel for the correlators.

Numerical results for the case of energy relaxation in
physical qubits also agree with analytical results (74)-
(76); however, there are minor deviations discussed be-
low. Let us first assume that only qubits 1 and 3 are
subject to energy relaxation. For this case we expect
only logical X-errors — see Eqgs. (74)—(76). Indeed, our
numerical results shown in Fig. 7(a) indicate that out of
the diagonal elements of x(T"), only xxx exhibits lin-
ear scaling with time T (non-zero values of yyy and
Xzz are due to inaccuracy of Monte Carlo simulations),
and the off-diagonal elements are zero (not shown). The
extracted logical error rate vyx is shown by crosses in
Fig. 7(b) as a function of the response time 75 (the ex-
ponential integration of the correlators is used for all
panels of Fig. 7). The agreement with the analytical
formula (74) [solid line in Fig. 7(b)] is good. However,
the agreement is not so good for the case of energy re-
laxation in the qubits 1 and 2, presented in Figs. 7(c)
and 7(d). Figure 7(c) indicates that even though ele-
ments xxx and xyy are much smaller than the main
element xzz, they still increase with time, in contrast
to what is expected from Egs. (74)—(76). We have also
found several small but non-zero off-diagonal elements,
linearly increasing with time 7'; numerical results can be
fitted well by formulas x1z(T) = xz1(T) = Tuipt2/8m
and xxy(T) = —xvx(T) = —iTu1ps/8, (other off-
diagonal elements are practically zero). Note that these
small elements are not proportional to the response time,
in contrast to the main element xzz = TTgpipe/8.
Figure 7(d) shows the numerical logical error rate vz
(crosses) extracted from the linear dependence xzz(T).
The analytical result given by Eq. (76) is shown by the
solid line. There is apparently a shift between the nu-
merical and analytical results. We do not know what
is exactly the reason for this discrepancy. For exam-

20

20 %107 (a) A %107 (b)
Tr = 207, p1 = p3 =1073Ty,
XX Ha = Hg4 = 0 3
10 g g
Xyy| =
0 Xzz
0
0 1000 2000 0 20 40 60
T/tm TR /Tm
5 X 10 (c) o X 10 (d)
Tr = 307, X2z 1 = pz = 1073Ty,
0 3 =us =0
eyl “E *
N 3 &
Q (Lot Xrv N
0 1000 2000 0 20 40 60
T/tm T}g/Tm

FIG. 7: (Color online) The x-matrix elements and logical er-
ror rate for the case of qubit energy relaxation (amplitude
damping). In panels (a) and (b) the energy relaxation af-
fects only qubits 1 and 3, g1 = pz = 107 3T'y; in panels (c)
and (d) it affects only qubits 1 and 2, pu1 = p2 = 1073,
Panels (a) and (c) show numerically calculated components
of the x-matrix as functions of time T'; the diagonal elements
are depicted by solid lines. The only non-zero off-diagonal
elements are xrz (real) and xxy (imaginary) in panel (c),
shown by (almost coinciding) dashed green lines. Panels (b)
and (d) show, respectively, the logical error rates yx and vz
as functions of the response time T{. The crosses represent
numerical results and the solid lines represent analytical for-
mulas, Eqgs. (74) and (76). We used © = 1, n = 1, 7c = T¢,0pt,
and the exponential kernel for the correlators.

ple, it can be because an error can be detected due to
correlator noise even after the second single-qubit error
occurred. It can also be related to no-jump evolution,
which was neglected in the analytical derivation in Sec.
IITF 3, which included only the effects scaling linearly
with Tg. The numerical results for the energy relaxation
in qubit 1 and 4 are similar to the results presented in
Fig. 7, with dependence yx (Tf) agreeing well with an-
alytics similar to Fig. 7(b) and vy (T};) showing a shift
from analytics similar to Fig. 7(d). In spite of the minor
deviations, we conclude that numerical results agree with
the (approximate) analytics (74)—(76).

Note that our analytical derivation is based on the pic-
ture of abrupt jumps between the code space and error
subspaces because of single-qubit errors, while in the nu-
merical simulations we use the Lindblad equation to de-
scribe continuous evolution due to decoherence. Never-



theless, in the simulations we clearly see almost abrupt
state transitions between the subspaces, which are caused
by the interplay between the decoherence, which mixes
the subspaces, and measurement, which gradually col-
lapses the state into only one subspace. The timescale
of the transitions is much shorter than the response time
needed for correlators to report the transition.

J. Comparison with projective measurement case

For a quantum error detecting code, there are two main
characteristics of performance: success probability (prob-
ability that no errors have been detected) and probability
of a logical error (assuming that no errors have been de-
tected). Since in our case the probability of a detected
error and probability of a logical error both linearly de-
pend on time (for a sufficiently short time), it is more
convenient to use the termination rate [see Eq. (23)] and
the logical error rate.

To compare operations of the 4-qubit Bacon-Shor code
with projective and continuous measurements, let us
use the model of uncorrelated Markovian errors. The
rates of logical X, Y, and Z errors for the projective-
measurement case are given by Egs. (24)—(26), while
for the continuous-measurement case they are given by
Egs. (66)—(68). In general, the formulas in the two
cases are similar to each other, with the projective-
measurement half-cycle time At (or At/2) replaced
with the response time Ty for the continuous measure-
ment. (Some difference in the formulas is because in
the continuous-measurement mode, the response time
Tr is the same for any single-qubit error, while in the
projective-measurement mode, Y;-errors are detected on
average twice sooner than X; or Z; errors.) Since the for-
mulas are slightly different, let us assume equal rates for
errors of all types in all qubits (depolarizing channel), as
in Egs. (29) and (70). Then we see that the ratio of the
total logical error rates 7, for the projective and contin-
uous measurements is Y, cont/ Vo, proj = (14/11) Tr/At.
In particular, for the continuous-measurement correlator
integration (82) with exponential weight and symmetric
threshold, © = 1, this ratio of the logical error rates is

cont 142 T® Te
Mcont 222 Le gl (113)
’YL,proj 11 At At

where T7 is the correlator integration time.

Besides the logical error rates 7, we need to com-
pare the termination rates 7ierm. For the projective-
measurement case, Yierm is (almost) the sum of single-

qubit rates, so for the depolarizing channel with FZ(-X) =

FZ(-Y) = FZ(-Z) =T4q/3 it iS Yterm = 4T'q. In the continuous-
measurement case, Yierm 1S increased by the false alarm
rate for each of two monitored correlators, so using Eq.
(98) for the exponential integration of the correlator with
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FIG. 8: (Color online) Trade-off between the logical error rate
and termination rate for the Bacon-Shor code with continuous
measurements. Thick red line: ratio i cont/YVL,proj Of the
logical error rates for continuous and projective measurements
[Eq. (113)], as a function of the correlator integration time T
normalized by the projective-measurement half-cycle time At.
Thin blue lines: ratio Yterm,cont/Yterm,proj Of the termination
rates for the continuous and projective measurements [Eq.
(114)] for several values of the collapse (“measurement”) time
Tm: Tm/At = 1, 0.3, 0.1, and 0.03 (from right to left) and
quantum efficiency n = 1 (solid lines) or n = 0.5 (dashed
lines). We assume T'q = 107*/At and © = 1.

© =1, we obtain the ratio
(C)/A
ATy /7Te

where, as discussed above, (C)?/A? = 0.26 7,;! for ideal
detectors, n = 1, and (C)?/A? = 0.207,,! for detectors
with efficiency n = 0.5. Note that as discussed in the
previous section, the exponential suppression of the false
alarm rate is actually about 30% stronger due to non-
Gaussian effects (which improves the operation); how-
ever, for simplicity we neglect this correction here.

Figure 8 shows the ratios of the logical error and ter-
mination rates, Egs. (113) and (114), as functions of the
correlator integration time Ty for several values of the
collapse (“measurement”) time 7, for each detector, as-
suming 'y = 107*/At and 7 = 1 (thin solid lines) or
7 = 0.5 (thin dashed lines). We see that if 7, = At,
then in order to keep Yierm,cont/Vterm,proj S 3, we need to
choose T /At 2 20, and correspondingly the logical error
rate is also a factor of 20 larger than in the projective-
measurement case. However, if 7, = 0.03At, then
"Yterm,cont/’yterm,proj ~3 COYT@SPOHdS to '7L,COnt/'YL,proj ~
1.

We see that for comparable operations of the code
in the continuous and projective measurement cases,
we need a quite strong continuous measurement, Ty, ~
At/30 (the non-Gaussian corrections increase this esti-
mate to ~ At/20). Even though this may seem as a dis-
advantage of using continuous measurement, actually the
same problem is hidden in the assumption of an instanta-
neous projective measurement. Since any measurement
in circuit QED architecture for superconducting qubits

Jtermocont _ 4 4 e IO (114)

VYterm,proj



is physically continuous, for a “projective” measurement
with infidelity of ~ 1075 we need duration ~ 57,. In the
conventional code with projective measurements, this du-
ration is assumed to be much shorter than the half-cycle
At. Therefore, our result of At ~ 207y, is not surpris-
ing, and the same or larger ratio is implicitly assumed
in the conventional code with projective measurements.
(Note that the logical qubit is not protected during ex-
perimental “projective” measurement of two-qubit oper-
ators, which includes quantum gates between the code
qubits and ancillary qubits.)

IV. CONCLUSIONS

In this paper we have analyzed the operation of a
four-qubit Bacon-Shor code, in which projective mea-
surements of two-qubit operators are replaced with their
continuous measurements. Since these operators do not
commute with each other (except specific pairs of them),
there is a non-trivial question if the code can or can-
not operate with simultaneous continuous measurements.
We have shown that such operation is possible. An ad-
vantage of the continuous-measurement operation is that
it requires only a passive steady-state monitoring of error
syndromes, in contrast to repeated sequences of quantum
gates between the code qubits and ancillary qubits (fol-
lowed by measurement of ancillas) to implement projec-
tive measurements.

Simultaneous measurement of non-commuting qubit
operators [49] is a physically interesting beyond-textbook
process, which became an experimental reality only re-
cently [50]. Our work shows that it has relevance not
only to foundations of quantum mechanics, but can also
be useful for practical purposes, in this case for quantum
error detection and correction.

The four-qubit Bacon-Shor code encodes one logical
qubit, and the conventional operation involves random
discrete evolution of an additional degree of freedom,
the gauge qubit, due to sequential non-commuting pro-
jective measurements. In the continuous-measurement
mode, the evolution of the gauge qubit becomes contin-
uous, while transitions between the code space and error
subspaces due to single-qubit errors remain similar to the
projective-measurement case. As a result, the descrip-
tion of logical errors due to two close-in-time single-qubit
errors remains somewhat similar in the continuous and
projective measurement modes.

In the conventional Bacon-Shor code operation, the er-
ror syndrome is based on products (parity) of projective
measurement results. In the continuous-measurement
mode this is replaced by positive or negative signs of
the cross-correlators between the noisy output signals;
therefore the analysis relies on properties of correlators
in continuous qubit measurements [68, 69, 74]. Since the
cross-correlators of noisy signals are very noisy, we need
to construct time-averaged correlators; moreover, this av-
eraging should involve at least two integrations over time.
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For the (inner) integration over the time difference in
the two measurement channels, we used exponentially-
decaying kernel and optimized over its time constant. For
the second (outer) integration over the running time, we
considered two options: rectangular kernel and exponen-
tial kernel. Our results have shown that even though
asymptotically the rectangular kernel is better, in the
moderate range of parameters the exponential kernel is
more natural.

The time constant T¢. of the second integration is pro-
portional to the response time Tgr: the delay between
actual single-qubit error and obtaining an evidence that
the error has occurred (crossing of a certain threshold
by the time-averaged correlator). Since the logical error
rate is proportional to Tg, we would wish to decrease Tt.
However, this increases the rate of false alarms, when the
error is mistakenly reported because of a large fluctua-
tion of the time-averaged correlator. Therefore, there is
a trade-off in the choice of T, (Fig. 8).

A comparison between the code operations with pro-
jective and continuous measurements shows that they
are comparable when the half-cycle duration At of the
projective-measurement mode is about 207, where
the strength of continuous measurement is character-
ized by the “collapse” (“measurement”) timescale 7y,.
Even though this may seem to indicate that projective-
measurement mode is easier to realize (allowing longer
time scales), a comparable (if not larger) ratio At/
is implicitly assumed in the conventional operation
with “instantaneous” projective measurements (when
formally 7, = 0). As mentioned above, the advantage
of the operation with continuous measurements is the
absence of any time-dependent protocol (constantly re-
peated sequence of gates, ramping up and down measure-
ment pulses, etc.).

Since the four-qubit Bacon-Shor code cannot perform
quantum error correction and provides only quantum er-
ror detection, our results in this paper are formally appli-
cable only to the quantum error detection with continu-
ous measurement of non-commuting operators. We antic-
ipate that results for the nine-qubit Bacon-Shor code [8—
10] (which is an error correcting code) should in general
be similar to the results in this paper; most importantly,
we expect that its operation with continuous measure-
ment is indeed possible. The analysis can be based on
evolution equation (50) with 12 measured gauge oper-
ators and four monitored time-averaged correlators con-
structed as three-signal products via Eq. (110). However,
we did not do any calculations for the nine-qubit code,
and this analysis should be done in a separate paper.

While a simultaneous continuous measurement of
non-commuting single-qubit operators has been already
demonstrated [50], simultaneous measurement of non-
commuting two-qubit operators has not been demon-
strated, and so far there is no clear theoretical proposal
for such a measurement. However, continuous quantum
measurement of superconducting qubits is a rapidly de-
veloping field [35, 36, 50, 52, 53, 77, 78], and we hope that



the four-qubit Bacon-Shor code with continuous mea-
surements analyzed in this paper can be realized experi-
mentally reasonably soon.
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Appendix A: Error classification in the conventional
case

In this appendix we discuss in more detail the error
classification considered in Sec. II C.

a. Single-qubit errors

There are 12 possible single-qubit errors: X;, Y;, and
Z;, with i =1-4 labeling physical qubits. All these 12
types of errors are detectable by the code. It is easy to
see that operator X; (with any ¢) applied to a state within
the subspace Qq, moves it to the subspace Qx, since this
flips the sign of the eigenvalue of Z,); (because {X;, Z;} =
0 and therefore {X;, Z,;} = 0) and does not affect the
eigenvalue of X,y (because [X;, Xan] = 0). Similarly, the
error Z; (with any ) moves a state from Qg to Qz, since
this flips X, and does not change Z,;. The errors Y;
move a state from Qg to Qy by flipping both X, and
Zal.

Therefore, all single-qubit errors are detectable with
the following error syndromes:

e X, errors produce negative parity of outcomes
(“+=" or “—+7) at step-1 measurements (Z13 and
Zs4), while producing usual positive parity (“++”
or “——") at step-2 measurements (X1 and X34);

e 7; errors produce positive parity at step-1 measure-
ments and negative parity at step-2 measurements;

e Y, errors produce negative parities for both step-1
and step-2 measurements.

Recall that without errors both parities are positive.
Since there are only three different error syndromes
and 12 possible errors, the errors are not correctable,
and the procedure should terminate when at least one
parity of measured outcomes is negative. Therefore, the
termination rate (success probability decay rate) for this
code is the sum of rates for all single-qubit errors (these
errors are dominating, so we do not need to include two-
qubit and higher-order errors into the termination rate).
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From the point of view of the termination rate, the
considered quantum error detecting code is optimal (the
termination rate is approximately equal to actual error
rate). This is in contrast, for example, to the quan-
tum error detection procedure based on uncollapsing
[19, 79, 80], which experimentally demonstrated an in-
crease of the qubit lifetime by a factor of three [19],
but with a significantly smaller success rate than dic-
tated by actual errors. As discussed in Sec. III, the four-
qubit Bacon-Shor code with continuous measurements
may have a significant contribution to the termination
rate from “false alarms”; then the code becomes non-
optimal in this sense.

Note that any error operator X;, Y; or Z; applied to
a state in the subspace Qp, moves it to one of the error
subspaces (Qx, Qy or Q) and not to a superposition of
states from different subspaces. If another error operator
is applied after that, it also moves the state to one of the
subspaces. Therefore, for any sequence of single-qubit
error operators we never have a superposition of states
from different subspaces.

b. Two-qubit errors

There are (4 x 3/2) x 3% = 54 two-qubit error combi-
nations, which can be classified in the following way.

Harmless: X1X2, X3X47 Z1237 Z2Z4. (Al)

When these operators are applied to the legitimate states
(8)—(11), the state either does not change (up to an over-
all phase) or changes within the gauge qubit subspace.
Therefore, the effect is essentially unnoticeable and fully
disappears after the next measurement. Note that the
harmless combinations are the measured operators (1).

Logical X error: X7 X3, X71X4, XoX3, XoXy,

A2
Y1Ys, YoV, (A2)

For these combinations the state remains in the code
space Qq (and therefore, no error syndrome is pro-
duced); however, the logical qubit |, 81, transforms into
+|3, )1, (the overall phase =+ is not important). It is easy
to see that the state remains in Qy because the operators
(16) commute with X, and Z,; (since Pauli operators
either commute or anticommute with each other). The
transformation |a, 8)1, — =+|8, @), can be checked ex-
plicitly for the states |z£) and |z%) [Egs. (8)—(11)] by
using the following mapping: |¢1) > [da), |g2) > |da)
for X1X5 and X2X4; |¢1> <~ |¢4>, ‘¢2> <~ |¢3> for X1X4
and X2X3; ‘¢1> 4 —‘¢3>, |¢2> 4 |¢4> for Y1Y; and YY)
(these mappings may also exchange states |z+) < |z—)
and/or |xz+) <> |z—)). Note that the complementary
combinations of operators (X7 X3 and XXy, also X7 Xy
and X2X3, also Y1Y3; and Y2Y,) have exactly the same
action within Qp, and therefore it is sufficient to check a
property only for one of the two complementary combina-
tions. The equivalence can be easily proven by recalling



that any state within Qg is an eigenstate of Xay, Zai,
and Y, = Y1Y2Y3Y, with eigenvalues of +1; therefore
complements to X.n, Za.11, and Y,y are equivalent.

Logical Y error: Y1Yy, Y5Ys. (A3)
For these combinations the state remains in the code
space Qp, but the logical qubit |«, )1, transforms into
+|8, —a)r. This can be shown in the same way as for
the combinations (16), using the mapping |¢1) > —|d4),
|p2) <> |¢3). Note that the combinations Y1, and Y2Y3
are complementary to each other, so only one of them
needs to be checked.

Logical Z error: Z1Zs, Z3Zy, ZoZs, Z1Zy4,
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For these combinations the state remains in Qg, but the
logical qubit |, 8)1, transforms into +|a, —f8)1. This
can be shown via the mapping |¢1,2) ¢ |¢1,2), |@3.4) <>
—|p3,4) for Z1Zy and Z3Zy, |p14) < |P1,4), |d2,3) <
—|¢2’3> for 717, and 22237 and |¢1> <~ _|¢2>’ |¢3> 4
@) for ¥1Ys and Y3Vy.

The remaining 54— (44+6+42+6) = 36 two-qubit errors
involve different error types and map a state from Qg into
one of the error subspaces; therefore, these combinations
are detectable:

Detectable: X;Y;, X;Z;, YiZ;, i # j. (A5)

Note that we do not consider two-error combinations
for the same qubit because they are equivalent to single-

qubit operators and therefore are either harmless (X;X;,
Y.Y;, Z;Z;) or detectable (X;Y;, X;Z;, Y;Z;).

(A4)
Y1Ys, YsYa.
[1] P. W. Shor, Phys. Rev. A 52, R2493 (1995).
[2] A. M. Steane, Phys. Rev. Lett. 77, 793 (1996).
[3] D. Gottesman, Phys. Rev. A 54, 1862 (1996);

arXiv:quant-ph/9705052.

[4] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, 2000).

[5] S. B. Bravyiand A. Yu. Kitaev, arXiv:quant-ph/9811052.

[6] R. Raussendorf and J. Harrington, Phys. Rev. Lett. 98,
190504 (2007).

[7] A. G. Fowler, M. Mariantoni, J. M. Martinis, and A. N.
Cleland, Phys. Rev. A 86, 032324 (2012).

[8] D. Poulin, Phys. Rev. Lett. 95, 230504 (2005).

[9] D. Bacon, Phys. Rev. A 73, 012340 (2006).

[10] B. M. Terhal, Rev. Mod. Phys. 87, 307 (2015).

[11] N. M. Linke, M. Gutierrez, K. A. Landsman, C. Fig-
gatt, S. Debnath, K. R. Brown, and C. Monroe,
arXiv:1611.06946.

[12] D. G. Cory, M. D. Price, W. Maas, E. Knill, R. Laflamme,
W. H. Zurek, T. F. Havel, and S. S. Somaroo, Phys. Rev.
Lett. 81, 2152 (1998).

[13] J. Chiaverini, D. Leibfried, T. Schaetz, M. D. Barrett,
R. B. Blakestad, J. Britton, W. M. Itano, J. D. Jost, E.
Knill, C. Langer, R. Ozeri, and D. J. Wineland, Nature
(London) 432, 602 (2004).

[14] P. Schindler, J. T. Barreiro, T. Monz, V. Nebendahl, D.
Nigg, M. Chwalla, M. Hennrich, and R. Blatt, Science
332, 1059 (2011).

[15] D. Nigg, M. Miiller, E. Martinez, P. Schindler, M. Hen-
nrich, T. Monz, M. Martin-Delgado, and R. Blatt, Sci-
ence 345, 302 (2014).

[16] G. Waldherr, Y. Wang, S. Zaiser, M. Jamali, T. Schulte-
Herbriiggen, H. Abe, T. Ohshima, J. Isoya, J. F. Du, P.
Neumann, and J. Wrachtrup, Nature (London) 506, 204
(2014).

[17] J. Cramer, N. Kalb, M. A. Rol, B. Hensen, M. S. Blok,
M. Markham, D. J. Twitchen, R. Hanson, and T. H.
Taminiau, Nature Comm. 7, 11526 (2016).

[18] M. D. Reed, L. DiCarlo, S. E. Nigg, L. Sun, L. Frunzio, S.
M. Girvin, and R. J. Schoelkopf, Nature (London) 482,
382 (2012).

[19] Y. P. Zhong, Z. L. Wang, J. M. Martinis, A. N. Cleland,
A. N. Korotkov, and H. Wang, Nature Comm. 5, 3135
(2014).

[20] J. Kelly, R. Barends, A. G. Fowler, A. Megrant, E. Jef-
frey, T. C. White, D. Sank, J. Y. Mutus, B. Campbell,
Y. Chen, Z. Chen, B. Chiaro, A. Dunsworth, I.-C. Hoi,
C. Neill, P. J. J. O’Malley, C. Quintana, P. Roushan, A.
Vainsencher, J. Wenner, A. N. Cleland, and J. M. Mar-
tinis, Nature (London) 519, 66 (2015).

[21] A. Corcoles, E. Magesan, S. J. Srinivasan, A. W. Cross,
M. Steffen, J. M. Gambetta, and J. M. Chow, Nature
Comm. 6, 6979 (2015).

[22] D. Riste, S. Poletto, M.-Z. Huang, A. Bruno, V. Vesteri-
nen, O.-P. Saira, and L. DiCarlo, Nature Comm. 6, 6983
(2015).

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

[24] C. Ahn, A. C. Doherty, and A. J. Landahl, Phys. Rev. A
65, 042301 (2002).

[25] C. Ahn, H. M. Wiseman, and G. J. Milburn, Phys. Rev.
A 67, 052310 (2003).

[26] C. Ahn, H. M. Wiseman, and K. Jacobs, Phys. Rev. A
70, 024302 (2004).

[27] M. Sarovar, C. Ahn, K. Jacobs, and G. J. Milburn, Phys.
Rev. A 69, 052324 (2004).

[28] R. van Handel and H. Mabuchi, arXiv:quant-
ph/0511221; H. Mabuchi, New J. Phys. 11, 105044
(2009).

[29] M. Sarovar and G. J. Milburn, Phys. Rev. A 72, 012306
(2005).

[30] O. Oreshkov and T. A. Brun, Phys. Rev. A 76, 022318
(2007).

[31] B. A. Chase, A. J. Landahl, and J. M. Geremia, Phys.
Rev. A 77, 032304 (2008).

[32] K. C. Hsu and T. A. Brun, Phys. Rev. A 93, 022321
(2016).

[33] H. M. Wiseman and G. J. Milburn, Phys. Rev. Lett. 70,
548 (1993).

[34] R. Ruskov and A. N. Korotkov, Phys. Rev. B 66, 041401



(2002).

[35] R. Vijay, C. Macklin, D. H. Slichter, S. J. Weber, K. W.
Murch, R. Naik, A. N. Korotkov, and I. Siddiqi, Nature
(London) 490, 77 (2012).

[36] G. de Lange, D. Risté, M. J. Tiggelman, C. Eichler, L.
Tornberg, G. Johansson, A. Wallraff, R. N. Schouten,
and L. DiCarlo, Phys. Rev. Lett. 112, 080501 (2014).

[37] E. Knill, Nature (London) 434, 39 (2005).

[38] G. Denhez, A. Blais, and D. Poulin, Phys. Rev. A 86,
032318 (2012).

[39] E. Arthurs and J. L. Kelly, Bell System Technical Journal
44, 725 (1965).

[40] C. Y. She and H. Heffner, Phys. Rev. 152, 1103 (1966).

[41] C. W. Helstrom and R. S. Kennedy, IEEE T. Inform.

Theory 20, 16 (1974).

H. P. Yuen, Phys. Lett. A 91, 101 (1982).

F. E. Schroeck, Found. Phys. 12, 479 (1982).

P. Busch, Int. J. Theor. Phys. 24, 63 (1985).

S. Stenholm, Ann. Phys. 218, 233 (1992)

M. Ozawa, Phys. Lett. A 320, 367 (2004).

A. N. Jordan and M. Biittiker, Phys. Rev. Lett. 95,

220401 (2005).

[48] H. Wei and Yu. V. Nazarov, Phys. Rev. B 78, 045308
(2008).

[49] R. Ruskov, A. N. Korotkov, and K. Mglmer, Phys. Rev.
Lett. 105, 100506 (2010).

[50] S. Hacohen-Gourgy, L. S. Martin, E. Flurin, V. V. Ra-
masesh, K. B. Whaley, and I. Siddiqi, Naure 538, 491
(2016).

[61] R. Ruskov and A. N. Korotkov, Phys. Rev. B 67, 241305
(2003).

[62] D. Risté, M. Dukalski, C. A. Watson, G. de Lange, M.
J. Tiggelman, Y. M. Blanter, K. W. Lehnert, R. N.
Schouten, and L. DiCarlo, Nature (London) 502, 350
(2013).

[63] N. Roch, M. E. Schwartz, F. Motzoi, C. Macklin, R. Vi-
jay, A. W. Eddins, A. N. Korotkov, K. B. Whaley, M.
Sarovar, and I. Siddiqi, Phys. Rev. Lett. 112, 170501
(2014).

[64] A. Chantasri, M. E. Kimchi-Schwartz, N. Roch, I. Sid-
diqi, and A. N. Jordan, Phys. Rev. X 6, 041052.

[65] J. Atalaya, S. Hacohen-Gourgy, L. S. Martin, I. Siddiqi,
and A. N. Korotkov, in preparation.

[56] J. Preskill, Lecture notes on Quantum Computation
(available online).

[57] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W.
K. Wootters, Phys. Rev. A 54, 3824 (1996).

[58] S. Haroche and J.-M. Raimond, Ezploring the quantum:

25

atoms, cavities, and photons (Oxford Univ. Press, New
York, 2006).

[59] A. N. Korotkov, arXiv:1309.6405.

[60] A. G. Kofman and A. N. Korotkov, Phys. Rev. A 80,
042103 (2009).

[61] G. Falci, A. D’Arrigo, A. Mastellone, and E. Paladino,
Phys. Rev. Lett. 94, 167002 (2005).

[62] A. N. Korotkov, Phys. Rev. B 60, 5737 (1999); Phys.
Rev. B 63, 115403 (2001).

[63] A. N. Korotkov, arXiv:cond-mat/0209629, in Quantum
Noise in Mesoscopic Physics, edited by Yu. V. Nazarov
(Kluwer, Netherlands, 2003), p. 205.

[64] A. N. Korotkov, arXiv:1111.4016; in Quantum machines,
Lecture notes of the Les Houches Summer School, July
2011, p. 533 (Oxford Univ. Press, 2014).

[65] H. M. Wiseman and G. J. Milburn, Phys. Rev. A 47, 642
(1993).

[66] H. J. Carmichael, An open system approach to quantum
optics (Springer, Berlin, 1993).

[67] H. M. Wiseman and G. J. Milburn, Quantum Measure-

ment and Control (Cambridge Univ. Press, 2009).

] A. N. Korotkov, Phys. Rev. B 63, 085312 (2001).

] A. N. Korotkov, Phys. Rev. B 83, 041406 (2011).

] A. N. Korotkov, Phys. Rev. A 65, 052304 (2002).

] J. Gambetta, A. Blais, M. Boissonneault, A. A. Houck,
D. I. Schuster, and S. M. Girvin, Phys. Rev. A 77, 012112
(2008).

[72] A. N. Korotkov, Phys. Rev. B 67, 235408 (2003).

[73] B. Oksendal, Stochastic differential equations (Springer,

Berlin, 1998).

[74] J. Atalaya and A. N. Korotkov, in preparation.

[75] H. Risken, The Fokker-Planck equation: methods of so-
lution and applications (Springer, Berlin, 1989).

[76] S. Redner, A guide to first-passage processes (Cambridge
University Press, New York, 2001).

[77] M. Hatridge, S. Shankar, M. Mirrahimi, F. Schackert, K.
Geerlings, T. Brecht, K. M. Sliwa, B. Abdo, L. Frun-
zio, S. M. Girvin, R. J. Schoelkopf, and M. H. Devoret,
Science 339, 178 (2013).

[78] K. W. Murch, S. J. Weber, C. Macklin, and I. Siddiqi,
Nature (London) 502, 211 (2013); S. J. Weber, A. Chan-
tasri, J. Dressel, A. N. Jordan, K. W. Murch, and I.
Siddiqi, Nature (London) 511, 570 (2014).

[79] A. N. Korotkov and K. Keane, Phys. Rev. A 81, 040103
(2010).

[80] Y.-S. Kim, J.-C. Lee, O. Kwon, and Y.-H Kim, Nat.
Phys. 8, 117 (2012).

[68
[69
[70
[71



