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Error-disturbance uncertainty relations in Faraday measurements
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We examine error-disturbance relations in the quantum measurement of spin systems using an atom-light
interface scheme. We model a single spin-1/2 system that interacts with a polarized light meter via a Faraday
interaction. We formulate the error and disturbance of the model and examine the uncertainty relations. We
find that, for the coherent light meter in pure polarization, both the error and disturbance behave like the cyclic
oscillations due to the Faraday rotation in both the light and spin polarizations. We also examine a class of
polarization-squeezed light meter, where we apply the phase-space approximation and characterize the role of
squeezing. We derive the error-disturbance relations for these cases and find that the Heisenberg-Arthurs-Kelly
uncertainty is violated while the tight Branciard-Ozawa uncertainty always holds. We note that, in the limit of
weak interaction strength, the error and disturbance come to obey the unbiasedness condition and hence the
Heisenberg-Arthurs-Kelly relation holds. The work contributes to our understanding of the quantum measure-
ment of spin systems under the atom-light interface framework and may hold potential applications in quantum

metrology, quantum state estimation, and control.
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I. INTRODUCTION

Quantum measurements play a crucial role in charac-
terizing physical systems, which elucidate hidden quantum
properties to the classical world [1]. Moreover, many mea-
surements come with more than just one observable that does
not commute, and thus have an enormous impact from the
fundamental verification such as the Bell nonlocality and en-
tanglement [2—4], quantum steering [5], quantum metrology
[6,7] to quantum information technologies including quantum
key distribution [8], quantum dense coding [9-12], quan-
tum cryptography [9,13], and nonlocal quantum measurement
[14-16].

An important intrinsic property of quantum measurements
is the uncertainty relation in which it is unfeasible to mea-
sure incompatible observables with arbitrary precision. This
is the fundamental restriction in the attainable precision of
quantum measurements. In the early stage of quantum me-
chanics, Heisenberg [17] first formulated such an uncertainty
relation between the position measurement and the distur-
bance of the momentum that satisfies €;n, ~ /i/2, where
€, and n, represent the root-mean-square error and root-
mean-square disturbance, respectively. The study then was
paraphrased under the form of the standard deviations by Ken-
nard [18], Weyl [19], and later Robertson [20], for a general
pair of operators A and B, which reads o405 > C4 p, Where
Cap = |(VI[A,Bl|¥)|/2 and 65, = +/(A?) — (A)? represents
the standard deviation of A, with (A) = (Y|A|¥) as the ex-
pectation value for a pure quantum state |¢/), and A = A or
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B. However, this mathematical relation in the form of stan-
dard derivation has no direct connection to the limitation on
measurements and thus could not cover Heisenberg’s interpre-
tation uncertainty. Preferably, Arthurs and Kelly [21] provided
an error-disturbance relation, which was then generalized to
[22,23]

€ans = Cap, (D

which states that if the measurement of an observable A with
an error €4 then it also disturbs an observable B with a dis-
turbance np, satisfying such a relation. So far, it is known
that this relation is not universally valid (see, for example,
Ref. [24].) Hereafter, we call Eq. (1) the Heisenberg-Arthurs-
Kelly uncertainty.

Ozawa theoretically derived a universal error-disturbance
relation [25,26] through an indirect measurement following
the von Neumann paradigms [27]. The measurement consists
of an interaction between a quantum system and a meter. A
measurement of A in the system was done indirectly via a
measurement of M in the meter. At the same time, this process
reflects back to the system, and thus it disturbs the subsequent
measurement of observable B in the system. According to
Ozawa, the error-disturbance relation for any input state )
is expressed by [25,26]

€ang + €40 + npoa > Ca B (2)
This relation was experimentally confirmed recently by us-
ing a state-preparation method [28-32], weak probe method
[33-36], continuous-variable entangled states [37,38], and
others [39,40].
Subsequently, Branciard [41,42] and Ozawa [43] consid-
ered a rigorous relation that reads

G303 + 03 + 2eamn[oih — Cip > Gp )
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which claimed to be tighter than relation (2) and was exper-
imentally verified [31,36-38]. Hereafter, we call Eq. (3) the
Branciard-Ozawa uncertainty. Recently, numerous alternative
approaches were used to revisit the uncertainty relation theo-
retically and experimentally [39,44—67].

Recently, the Faraday measurements of spin based on an
atom-light interface framework were actively studied [68—78].
This has contributed to our understating of quantum measure-
ment and has various applications in the quantum metrology
of atomic ensemble [79], quantum information processing
[80], strongly correlated systems [81], and many-body sys-
tems [82]. The Faraday effect causes the rotation of polarized
light via the interaction with the spin system and thus allows
indirect measurement of the spin system through the polar-
ized light meter. Such a measurement contains fundamental
limits in the sensitivity caused by the quantum nature of light.
Likewise, the back-action of the polarized light meter perturbs
the spin state, which causes a disturbance on the subsequent
measurements of the spin system.

Recently, the uncertainty relation in the Faraday mea-
surementwas studied by examining the relation between
preparation (prediction) and postselection (retrodiction) [75],
where the authors considered the Kennard-Weyl-Robertson
relation for the approximate canonical position and momen-
tum of the spin of atoms. However, the obtained relation
cannot be considered as the error-disturbance relation. Also,
the approximate canonical observables used there are only
applicable in the case of weak interaction and unbiased mea-
surements. Thus, a more precise and appropriate analysis of
the error-disturbance uncertainty relation in the Faraday mea-
surement is necessary.

In this paper, we formulate an atom-light interface scheme
in the Faraday measurement and evaluate the error, distur-
bance, and their uncertainty relations. We consider an atom
as a single spin-1/2 particle interacting with a polarized light
meter. We first consider a classical coherent polarized light
as the light meter. Without approximation, we derive the er-
ror and disturbance and their trade-off relation as functions
of the interaction strength. Next, we investigate the case of
polarization-squeezed light using the canonical phase-space
approximation for the light meter, where the squeezing pa-
rameter is regarded as one of the parameters that defines
the measurement strength. We also examine the case of
weak interaction strength, where the error and disturbance
satisfy the joint unbiasedness, i.e., the condition in which
the Heisenberg-Arthurs-Kelly uncertainty holds. We further
formulate the error-disturbance relations in these cases and
provide that the Heisenberg-Arthurs-Kelly uncertainty [21]
can be violated while the tight Branciard-Ozawa uncertainty
for the qubit system [41] always holds. Our analysis would
contribute to the understanding of the effect of error and dis-
turbance as well as their uncertainty relations in the quantum
measurement under the atom-light interface framework.

This paper is organized as follows. We introduce the
concept of the atom-light interface in Sec. II. In Sec. III,
we derive the error and disturbance under the atom-light
interface framework for classical coherent light meter and
polarization-squeezed light meter. The error-disturbance rela-
tions are provided in Sec. IV. We give a brief summary and
outlook in Sec. V.

II. MEASUREMENT PROCESS

We consider a measurement model in which a spin-
1/2 system interacts with a polarized light meter based on
the Faraday interaction under the standard von Neumann
paradigm [27]. The spin system is a single-particle character-
ized by Pauli matrices a;, with i = x, y, z, while the polarized
light meter is given by the Stokes operators S; [83]. For light
propagating along the z direction, we explicitly have

So = aLaH +a;av =ny + ny, @)
S, =aay —ajay = ny —ny, 4)
S, =aj,ay +ayal, (6)

S, = —i(a,ay — ayal), (7

where H and V stand for the light modes of horizontal and
vertical linear polarizations, respectively, ay,y (aL.V) are the
annihilation (creation) operators in the corresponding polar-
ization modes, and n = a’a the photon number operator. The
Stokes operators obey the angular momentum commutation
relation [S,, §y] = 2iS, and cyclic permutations.

The unitary evolution of the Faraday interaction is given by

Ur = e 95, (®)

where g = fOT g(t) dt is the interaction strength over the time
interval T. Here A is the observable being measured in the
system. Under such an atom-light interface, the polarization
state of the light meter rotates through the Faraday effect by
an amount proportional to A, and thus allows the indirect
measurement of A. Likewise, under the back-action effect,
the system state is rotated around the z axis by an amount
proportional to S;, and thus disturbs the system.

Assume that the spin system is prepared in state |y) and
the light meter state is |£). They are initially uncorrelated,
so that |W) = |) ® |&). The unitary operator U7 in Eq. (8)
describes the time evolution of the joint system meter during
the interaction time. After the interaction, the joint state is
given by |W’) = U7|W¥), and the measuring expectation value
of an observable M in the meter will be

(TRM)) = (V'|d ® M)|¥V')
= (V|ULUI @ M)U7|¥). 9)

Let us choose M = S, and in the Heisenberg picture, we
consider I ® Sy)r =U ;(I ® 8,)oUr is the time-dependent
operator after the interaction. Particularly, forA? = I, asin the
Pauli operators, using the Baker-Campbell-Hausdorff (BCH)
formula [84], we obtain (see Appendix A)

I ®S8y)r =T ®S8y)cos(2g) + (A ® S,)g sin(2g). (10)

The subscripts T and O stand for the time dependent on the
times 7 and 0, respectively. Equation (10) means that the
Stokes operators rotate about the z axis with the angle 2g,
i.e., the Faraday rotation. The rotation direction is determined
by the sign of A; note that the eigenvalues of A are I
since A2 = I. Then, we measure the expectation value of the
meter ((I ® S,)r) that provides the information of an indirect

052228-2



ERROR-DISTURBANCE UNCERTAINTY RELATIONS IN ...

PHYSICAL REVIEW A 105, 052228 (2022)

measurement performed on the system. In our model, the
expectation value gives

(I ®S8))r) = (8y)s cos(28) + (A)y (Sx)z sin(2g). (1)

Here and hereafter, the bra-ket symbol (---) means
(Wl |W) = (g [(§]---1¥)|§) whereas (--)y stands for
(Yl---1¥) and (---)g for (§|---|&). We omit the subscript
0 in the right-hand side (R.H.S.) without confusion. Here,
the mean value of the meter’s observable will shift from the
initial value by an amount proportional to the mean value
of the system’s observable (A),. Without loss of general-
ity, we can choose the initial mean of the meter is zero,
ie., (Sy)e =0. We thus can indirectly measure the value
of the system operator A via a calibrated meter operator
My =T ®S,)7/(Sy)e sin(2g). The calibration is designed
so that M is unbiased, i.e., (M7 — (A ® I')y) = 0 irrespec-
tive of [), given that (S,) =0. The calibration factor
1/{Sx)e sin(2g) can be determined independently in practical
experiments.

In this scenario, to measure A of the system before the
interaction, we measure S, of the meter after the interaction.
If these two observables are perfectly correlated in any given
system state |i), the measurement is said to be accurate
[33,85]. However, in general, they would not be perfectly
correlated and thus become inaccurate because of the possible
noise and error in the measurement process. Moreover, when
another observable B in the system is measured after the
measurement of A, it would be disturbed by the back-action
effect caused by the prior interaction in the A measurement.
In the following, we will consider the error and disturbance in
our measurement model.

III. ERROR AND DISTURBANCE

A. Exact solution for classical coherent light meter

In the following, we will consider the measurements of
A = 0, and B = 0, in a single spin system. In the joint space,
we denote

Ao = (0, ®1I), and By = (0 ®I)o, 12)

for the operators at the time 0. We denote the measurement
operators at time T as

I ®Sy)r
(Sx)e sin(2g)’
We get [see Egs. (B1) and (B8) in Appendix B]

_ (I ®S8y)cot(2g) (0. S8x)o
B (Sx)e (Soe

By = [0, ® cos(2gS.)] — [0, ®sin(2gS)l).  (15)

The error can be evaluated by the error operator N, , and

the disturbance is defined through the disturbance operator
D, as follows:

NG: =MT _A(), andD,,x =BT —Bo. (16)

MT= andBT=(0x®I)T. (13)

My (14)

Then, the square error and the square disturbance are given by
[25,26,86],

€. =[N3, andng = (D3 ). (17)

w

error, disturbance
N

—— -
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FIG. 1. The plot of the square error and square disturbance as
functions of interaction strength g for some values of amplitude
lee]* as shown in the figure. The square error is large for small
g and reaches the minimum when g = 7 /4 and increases again
for g increases to 7 /2. The procedure is repeated when continu-
ously increasing g. Similarly, the square disturbance increases along
with g and reaches the maximum of 2, then it reduces to 0 as g
increases to 7.

0.25 1.00

In the following, we choose the initial system state |{) =
\/%(IO) +i|1)), an eigenstate of o, that maximize the R.H.S.
of the error-disturbance relations, Egs. (1), (2), and (3). We
also choose the light-meter state to be a coherent state in the
horizontal linear polarization

1€) = la)u|0)y = exp(aaj; — a*an)|0)u|0)y, (18)

where |«) is the coherent state with the coherent amplitude
o and |0) is the vacuum state of light. For this meter state,
(Sy)e = |ee|? and (Sy)e = (S;)e = 0. Wereadily find (N, ) =
0 and thus (N,,) = 0 irrespective of |1/}, i.e., M is unbiased
as mentioned earlier. For the disturbance, however, (D; )¢ #
0 in general, since (cos(2gS;))¢ # I even though (S;): =0
and (sin(2gS;))s = 0. The nonzero means that the disturbance
comes from the noise (fluctuation) in S;, which randomly
rotates the spin system about the z axis and effectively reduces
the x component of the spin. This behavior is the imprint of
the back-action effect on the spin system caused by the light
meter, which disturbs (rotates) the spin system on its Bloch
sphere.

Then the square error and disturbance read (see the detailed
calculation in Appendix B)

2 1
€ = ———,
O Jafsin?(2g)
ny, = 2(1 — e, (20)

19)

Note that, for the polarized coherent state of light, the root-
mean-square noise in S, (and also in S, and S;) is |o|. This
noise is imprinted in M7 as |a|/(Sy)¢ sin(2g) = 1/|a| sin(2g),
and thus results in the square error €2 in Eq. (19). Also, as
mentioned above, the noise in S, contributes to the disturbance
in o, with a bias and thus results in the square disturbance ngX
given in Eq. (20).

052228-3



LE BIN HO AND KEIICHI EDAMATSU

PHYSICAL REVIEW A 105, 052228 (2022)

In Fig. 1, we show the square error €2 and square dis-

turbance r}ﬁx as functions of the interaction strength g for
several coherent amplitudes |«|>. When g = nm /2 where n
is an integer number, €2 diverges because no shift of Sy is
expected in the meter. With increasing g, due to the rotation of
the light polarization that causes a certain amount of shift of
S, in the meter depending on ¢ in the system, the square error
gradually decreases as eiz ~ g 2. Wheng = /4 +nn/2, eg.
reaches its minimum value 1/ loe|?, i.e., the minimum square
error that can be achieved by the coherent light meter. Like-
wise, the square disturbance nﬁx exhibits periodic behavior
as a function of g. When g = n, the square disturbance n?,x
vanishes because the spin system is rotated by integer multi-
ples of 27 for any integer values of S; and thus returns to its
original state. This phenomenon can be regarded as a kind of
quantum revival, which essentially reflects the discrete nature
of the observable, i.e., S,. When g = /2 + nm, 77(2“ reaches
its maximum 2(1 — e’2|“|2) ~ 2 for large |«/|. In this case, the
spin system is rotated about the z axis by O or 7w at almost
even probabilities depending on the even or odd numbers
of S, so that the square disturbance becomes approximately
(2% + 0%)/2 = 2. This analysis provides us a complete and
accurate insight on the quantum measurement of spin systems
via the Faraday interaction.

B. Phase-space approximation (canonical approximation)
for polarization-squeezed light meter

To further investigate the error and disturbance in various
light meter states, we apply the phase-space approximation
(PSA) for the light system. We introduce two canonical oper-
ators as ¢ = S,/+/1(Sx)| and p = S.//|(S,)| for a finite (S,)
[68,75]. These operators approximately obey the canonical
communicator relation [g, p] = 2i K*Sg—tn ~~ 2i. This approxima-
tion is valid when S, can be regarded as a classical positive
constant that does not change during the measurement pro-
cess. Practically, under the PSA the evolution of ¢ in the BCH
formula [Eq. (A2) in Appendix A] is approximated up to its
first order (first and second terms).

Here, we discuss the error and disturbance using the impact
of a class of the polarization-squeezed state in the light meter
space, which is given by

L \VA [ 2
6= (553) [ ¢+ larda @

where o represents the squeezing parameter. For o = 1, it is
a coherent state, the cases 0 < 1 and o > 1 correspond to an
amplitude-squeezed state and a phase-squeezed state, respec-
tively [87] (see Appendix C for details). Here, ¢ and |g) are
the eigenvalue and eigenstate of the position operator ¢, such
that q|q) = glq). We illustrate such a polarization-squeezed
state in a Poincaré sphere in Fig. 2.
The interaction evolution (8) is recast as

Ur = e—ig\a\0z®1" (22)

where we set +/|(Sy)| = |&|. Under the PSA as mentioned
above and using the BCH formula, we have

I®q)r =T g+ 2gla|(o: @ o (23)

S

%ﬂpltitute-squeezed

L Phase-squeezed

FIG. 2. Illustration of the class of polarization-squeezed light in
the Poincaré sphere.

Using the calibrated meter operator (I ® ¢q)r/2g|c|, we ob-
tain the corresponding information of (o, ® I'), in the system.
Thus, the error operator is given by

No. = U Q@ q)r /28l — (0. Q@I)g = I @ q)o/28lar|. (24)

As a result, the square error is appropriate to the variance of
the meter, i.e., (q2)$/4g2|a|2 when (g)¢ = 0 . Similarly, the
square disturbance operator is given by 2(1 — (cos(2gla|p))¢)
(see Appendix C). Straightforward calculating gives

1 2
€ =—, andn? =2(1 —e 1), (25)
z 4X2 x

where x = gla|/o represents the measurement strength.

In Fig. 3, we show the square error (solid curve) and
disturbance (short-dashed curve) for PSA as functions of .
When gla| is fixed (not required to be small), hence, the
squeezing parameter o plays the role of the measurement
strength: for large o (or small x) the measurement is weak,
likewise, for small o (or large x) the measurement is strong.
It is natural that for weak measurement, the square error is
large and gradually reduces when increasing the measurement
strength (solid curve). Inversely, the square disturbance is
small for weak measurement and gradually increases when in-
creasing the measurement strength and reaches the maximum
of 2 (short-dashed curve). These results can be explained by
the “squeezed” of the meter state: larger o means a broader
Gaussian shape in the class of the polarization-squeezed state,
which is equivalent to “weak measurement,” while small
o refers to the narrow Gaussian shape, which results in a
strong measurement. Thus, using the class of the polarization-
squeezed state will be more convenient in some particular
cases, such as using squeezed states instead of the large
photon-number coherence states.
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FIG. 3. Phase-space approximation (PSA): The plot of square
error (solid curve) and square disturbance (short-dashed curve) in
the class of squeezed coherent state in the meter as functions of the
measurement strength x = gla|/o. For a fixed of g|«/|, then o plays
the role of the measurement strength: for large o the measurement
is weak, for small o the measurement is strong. Correspondingly,
small (large) x implies weak (strong) measurement. Weak interac-
tion approximation (WIA): The plot of square error (solid curve) and
square disturbance (long-dashed curve) in the WIA as functions of
the measurement strength x .

C. Weak interaction approximation

In many realistic models, the Faraday interaction is used
in the far off-resonant light to avoid completely absorbing the
classical field [68]. For adaptability with such models, a weak
interaction in the atom-light can be made (see, for example,
Ref. [70]).

In this subsection, to investigate the impact of the error and
disturbance in such a far off-resonant region, we consider a
weak interaction approximation (WIA), i.e., x < 1. In this
approximation, we have

63: ~ # and n; ~ 42, (26)
where x = gla| (see Appendix D). Noting that, in the
coherent-state case, 0 = 1. We show Fig. 3 for the square er-
ror (solid curve) and square disturbance (long-dashed curve),
denoted by “WIA.” While the square error is the same as in
the PSA case, the square disturbance gradually increases from
zero when increasing x. This square disturbance is different
from that of the PSA case because the WIA is applied to
both the spin system and the light meter (we can neglect the
higher-order terms of g in both the spin system and the light
meter). It thus provides us with the impact of weak Faraday
interaction on the error and disturbance in spin measurements.
We also confirm that the joint unbiasedness condition is satis-
fied, i.e., (No,) = (Dg,) = 0 irrespective of the initial system
state |) (see Appendix D), which is sufficient for holding the
Heisenberg-Arthurs-Kelly uncertainty [25], i.e., €2 '7¢2n- =L

IV. ERROR-DISTURBANCE RELATIONS

This section examines the error-disturbance relations for
the measurement of a single spin system with two cases
of the meter state: the exact solution of the classical

4 1 K4
| /
1 /
1 /
[ e
Ly mmmmees HAK and WIA
X - BOt
3 r 7/ \ b
’ | exact case
\
K “ phase-space approximation
I (PSA)
y \
} A
1
A

O

FIG. 4. The error-disturbance tradeofts. The short-dashed curve
is the Heisenberg-Arthurs-Kelly bound given in Eq. (27) and denoted
by HAK. The left region is the forbidden region where the HAK
relation is violated. Similarly, the long-dashed curve is the tight
Branciard-Ozawa bound given in Eq. (29) and denoted by BOt. The
solid curves show the error-disturbance tradeoff obtained from the
atom-light interface in this work for two cases of exact solution and
PSA. For the WIA it follows the HAK bound.

coherent light [Eq. (18)] and PSA of the polarization-squeezed
light [Eq. (21)]. We consider the Heisenberg-Arthurs-Kelly
relation [the left-hand side (L.H.S.) of Eq. (1)] and the
Brainciard-Ozawa relation [the L.H.S. of Eq. (3)], which are
denoted as HAK and BO, respectively. With our choice of the
spin system, we have 05, =1,0,, =1, and C,_,, = 1. We
straightforwardly rewrite these relations as

Gi"i > 1 for HAK relation, (27)

€s +mn; =1 for BO relation, (28)

We also consider a tighter Brainciard-Ozawa relation (BOt),
where the condition of B> =1 is satisfied, here B = o,.
Following the authors of Ref. [41], we replace 54 by

NeyJ 1 — % in Eq. (28) and recast it as

€2 + '73X<1 _ —‘) > 1. (29)

‘We examine an error-disturbance tradeoff, which shows the
dependence of the disturbance on the error and vice versa.
The result is shown in Fig. 4. It can be seen that the error-
disturbance tradeoff in the exact case behaves the same as the
dependence on the Faraday and spin rotations: for small g,
the error is large and the disturbance is small, then increas-
ing g results in reducing of the error and increasing of the
disturbance. After the error reaches the minimum, the distur-
bance grows towards 2, while the error gradually increases
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and results in a straight line in the tradeoff. Here, we show the
result for |a|> = 6. For large ||?, the tradeoff asymptotically
reaches that of the PSA. Moreover, the tradeoff can reach the
BOt relation in the PSA, while the HAK relation is violated.
Concretely, it can be seen that for large square error (small ),
the error-disturbance tradeoff reaches the HAK bound, while
for small square error (large y ), the error-disturbance tradeoff
reaches the maximum of 2, the BOt bound.

Finally, let us briefly discuss the comparison between our
work and the work by Bao et al. [75]. Our work discusses
the error-disturbance relations in a single measurement, while
the work of the authors of Ref. [75] considers the uncertainty
relation between the standard deviation of observables, i.e.,
the Kennard-Weyl-Robertson (KWR) relation, in the presence
of prediction (preparation) and retrodiction (postselection)
measurements. Because the two works are conceptually dif-
ferent they cannot be directly compared with each other.
Nevertheless, it is interesting to compare the origins of the
violation of the standard HAK or KWR relation. The violation
of the HAK relation in our work originates from the fact
that the unbiasedness condition is broken except for the case
of WIA. In fact, the disturbance (back-action) onto the spin
system is biased, as was pointed out earlier. In the case of
Ref. [75], the postselection is the origin of the violation of
the standard KWR relation, which becomes irrelevant in the
presence of conditional postprocesses such as postselection.
It may be regarded, in some sense, as the relation between the
accuracies of state preparation (prediction) and the estimation
(retrodiction), where the standard uncertainly relations are
not applicable. It is also suggested that the error-disturbance
relations could also be violated in such a situation [75].

V. CONCLUSION

We discussed the error, disturbance, and their uncertainly
relations in Faraday measurements. For a single spin interact-
ing with coherent polarization of the light meter, we derived
the exact behaviors of error and disturbance without approx-
imation. Under the Faraday rotation of the coherent light
polarization and its back-action to the spin system, the error
and disturbance behave as cyclic oscillations. In these cases of
the polarization-squeezed light meter, to which we apply the
canonical phase-space approximation, the squeezing parame-
ter acts as a factor that modifies the measurement strength. In
this approximation, the square error monotonically decreases
to 0 while the square disturbance monotonically increases
and approaches to 2 with increasing measurement strength. In
the cases above, the Heisenberg-Arthurs-Kelly uncertainty is
violated while the tight Branciard-Ozawa uncertainty always
holds. It is worth mentioning that, under the weak interac-
tion approximation, the Heisenberg-Arthurs-Kelly uncertainty
holds because the error and disturbance both satisfy the unbi-
asedness.

Our analysis contributes to the deeper understanding of
error, disturbance, and uncertainty relations in quantum mea-
surements under the atom-light interface and provides an
insight into quantum metrology [88,89], quantum sensing
[90], and quantum state estimation [91]. This analytical work
is also a testbed for further experimental studies.
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APPENDIX A: HEISENBERG EQUATION OF MOTIONS

1. Heisenberg equation for S,

In the Heisenberg picture, the meter’s operator S, evolves
with time according to

A®S)r =UrI®S,)Ur, (A)
where U = ¢~ /849®5:,
Using the Baker-Campbell-Hausdorff formula [84]
1
eEFe_E=F+[E,F]+5[E,[E,F]]+m, (A2)
forE =igA®S.and F =1® S, we have
F =1RS,,
[E.F] = ig[A® S, I1®S,]
= igA ®I[S;, Sy]
=28A®S,,
1 (297,
1 2¢g)°
L e e = -2 A s,
3! 3!
Then Eq. (A2) is recast as
“Fe® =[cos(2g4) ® S,], + [sin(2g4) ® S]y.  (A3)

Submitting Eq. (A3) into the R.H.S. of Eq. (A1), we have

(I ®8y)r =[cos(2gA) ® S, ], + [sin(2gA) ® S, ]p. (A4)
In the case of A2 = I, as in the Pauli operators, we obtain

I ®Sy)r = I ®Sy)ocos(2g) + (A ® Sy)osin(2g), (AS)

which is given in Eq. (10) in the main text.

2. Heisenberg equation for o,

Next, we consider the particular case where A = ¢, and
B = 0., and calculate the Heisenberg equation of motion for
o, in the spin system. We consider

(0.®Dr =Uj (o, @1)Ur, (A6)

where Uy = ¢7%%:®5: Using the BCH formula for E =
igo,®S;and F = o, ® I, we have

F =o0,%1,
[E,F] = iglo,®S;,0, 1]
= iglo,, 0,]®S;
= —2g0,®S;,

(g
2!

1
E[Ea[EaF]] = ax@S?,
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Then Eq. (A6) gives
(0. @Dy = [0, ® cos(2gS;)]o — [0, ® sin(2gS;)]o. (A7)

APPENDIX B: ERROR AND DISTURBANCE
In this section, we provide a detailed calculation root-

mean-square (rms) error €, and rms disturbance 7, .

1. Error

We first consider the M operator as follows:

1
M = m([ ®Sy)T
_ (I ®Sy)0 COt(zg) (Gz ® Sx)O’ (Bl)
(SX>E (Sx>§

where we used A = o, in Eq. (A5). Then, the noise operator
is given by

N, = a ®S(_\S)i)>f;0t(28) (Gzéi)ix)o (.®D)%. (B
Then, we obtain
2
) I ®S8y)cot(2g) (0, ®S:)o
Moo= s NPl
Y X
(B3)

Now, we calculate the average (V, iz) over the initial joint state
|Y¥) ® |&). We have

7). cot’(2g) s?
e = Bk CoCCo ')is T A= is ii;<z2> =1,
*E *rE

(YX) = (XY) =0, (YZ) = (ZY) = 0,
(XZ) = (ZX) = 1.

Explicitly, we express the meter-coherent state |£) into two
modes as |£) = |ay, Oy). We have

(S)e = {an, Ov|(a,any — ahay)lay, Ov) = |a>,  (B4)

(S3); = (an, Ovl(ayay + anal) lan, Ov)
= (ay, Oy |(aLava,:av + aLavaHaT/
+ aHaf,aLav + aHa"I',aHaC )y, Oy)
= laf?, (BS)
and
(%) = (e, Ovl(@la, — aja,)’|an, Oy)
= laf + |al. (B6)
Then, we obtain the square error:
e =(N2)= #[cotz(Zg) +1]
1

T laf?sin?(2g)° ®D

2. Disturbance

Next, we calculate the rms disturbance, starting from the
B7 operator in Eq. (A7),

Br = (0. ®Dr
=[0:® COS(ZgSz)]O - [Gy by Sin(ZgSz)]()- (B3)
The disturbance operator reads
Dy, = (0. QD1 — (0, . (B9)

Substituting Eq. (B8) into Eq. (B9) and taking the square of
both sides, we have

D2 = | (o, ®[cos(2gS,) — ) — [0, @ sin(2gS.)],

X Y

(B10)

Now, we calculate the average (D‘z,x) over the initial joint
state |) ® |£). We have

(X?) = ([cos(2¢S.) —IT°)e,
(Y?) = (sin*(2¢S.))e,
(XY) = (¥YX) =0.

Finally, we have
(D2 ) =2[1 — (cos(2gS.))¢]- (B11)

For |§) = |an, Oy) and using the operator ordering relation
[92-94], such as @@ =: ¢(¢~a'a . e have

(cos(2gS.))e = e 21l sin’s (B12)
Finally, we obtain the square disturbance:
ng, = (D3) = 2(1 — e ss), (B13)

as shown in Eq. (20) in the main text.

APPENDIX C: PHASE-SPACE APPROXIMATION
AND POLARIZATION-SQUEEZED LIGHT METER

In this Appendix, we examine a class of the polarization-
squeezed coherent meter states using the phase-space approx-
imation. Let us consider a class of the squeezed coherent state
of the two polarization modes as

&) = la, 2) = D(@)S(2)[0)4|0)v, (ChH

where D(a) = exp[(xaL — o*ay] is the displacement operator
with @ = |a|e’® in the polar form and the two-mode squeez-
ing operator is chosen to be S(z) = explz*aLag — zaZa;]
with z = re’”, and ayz) = (ay * iay)/+/2. This squeezing
operator is equivalent to S(z) = Sy (2)Sy (z) where Sy (z) =
expliz*a}, — Lz(a};)*] and Sy (2) = exp[iz*al — Lz(a ).

It is known that when r > 0, ¢ — ¥ /2 = 0 results in the
amplitude-squeezed coherent state, while the phase-squeezed
coherent state will happen when ¢ — ¢/2 = £ /2 [95]. In
the following, we choose ¢ — ¥/2 = 0.
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The mean photon numbers in the two modes are

(ny) = (ajan)
=u(0S}; (D' (@)ajanD(@)SH(2)|0)n
= |a|* + sinh?r, (C2)
(ny) = (al,ay) = sinh’r, (C3)
and the variances are

Ufﬁ = |a|?¢™>" + 2 cosh? rsinh? r

= |a|’e™* + 1 sinh®2r, (C4)
0, = 1sinh®2r. (C5)

The expectation values of the Stokes operators give
(So) = ||* + 2sinh’r, (C6)

(S+) = la)?, and (S,) = (S.) = 0. (C7)

The variances give

2 2

o5, =05 = a = |a|*e™*" + sinh®2r (C8)

oS{ = |a|?e¥. (C9)

For |a| > %, we can ignore the term sinh?2r and read

2 2 2 2 -2
o5, = 05, =05 = |a|"e "

(C10)
og = laf’e”. (C11)

Thus, for r > 0, we observe squeezing in oszo, Uszx’ and oszv,

. . . . 2
while antisqueezing appears in og .

We introduce the canonical operators

S:
[(Sx)

which is proportional to the polarized Stokes operators
S, and S, respectively. The commutation relation [g, p] =
2iS,/1(Sy)| ~ 2i indicates that ¢ and p can be regarded as a
pair of canonical operators when S, can be approximated by
a classical positive constant such as [(S,)| so that [S,, S,] ~ 0
and [S,, S;] >~ 0. It means that the third and higher terms in
Eq. (A2) can be ignored as in the case where g < 1, and
that the Stokes operators, which essentially hold the discrete
nature of the photon number, are replaced by the canonical
continuous variable operators. Again, this approximation is
valid only when g < 1 so that the change in S, /|(S,)|, which
is in the order of g2, is sufficiently small.
Then, the variances in ¢ and p read

Sy
= —F——> andp =

, C12
[(82)] (12

(C13)

We can define the wave function for the polarization-squeezed

coherent state as
1 /4 2
V@ =(5==) e (C14)
2wo?

where o0 = /aq2 = e~ " represents a squeezing parameter:

oc<1l1—->r>0:
c=1—-r=0:
o>1—->r<0:

amplitude-squeezed,
no squeezed,
phase-squeezed,

Then, the meter light state |§) can be defined as

/W(q)lq
1/4 2
= (ZM ) /e’mlq)dq,

which we name as the polarization-squeezed coherent state.

(C15)

1. Error

The interaction evolution is defined by

Uy = e sllo:®p, (C16)
Using the BCH formula, we have
IQq)r = el8lelo:-®p I ® q)o e~ iglelo-®p
=T ®¢q)o + 2gla|(o: @ Io. (C17)

Therefore, if we measure the calibrated meter operator (I ®
q)r/2gla|, we will obtain the corresponding information of
(0, ® I)j in the system.

We first calculate the error e (N2 e = 2)5/4gz|ot|2.

f e i lq) dg, we have

s 1 \A [ 2 s
Wi=(5m) [ aag [ gianaids
1 \IA4 [ _ &
x (27”,2) /e “?|q2)dqa
2L, 2
(271’0' ) [q e ZU’dq
1 1/21
() 3
2mo?
U

Then, we obtain the square error

2
2 (q7)¢ 1
=—" = — C19
€o. 4¢2|a|?  4x2 (C19)

where in the last equality we have set y = gla|/o.

Particularly, for |£) =

(C18)

2. Disturbance

In a similar manner as in Appendix B, we obtain

(D2 ) = 2[1 — (cos(2gla|p)):] (C20)

Using the Fourier transformation, we recast the me-
ter state |£) in the momentum representation as |§) =
202 1/4

fe_04p

)} dp. Then, we obtain

n, = (D) =201 - ), €21

as shown in Eq. (25) in the main text.
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APPENDIX D: WEAK INTERACTION APPROXIMATION

Under the WIA, we assume g < | and gla| < 1. From
Eqgs. (B7) and (B13), we obtain

2

€ ~—— and n2 ~4&al|’. D1
o~ 12lal? N, ~ 48" || (DD

From Egs. (C19) and (C21), we obtain for x <« 1,
633 ~ m, and 77.2” ~ 42, (D2)

which are equivalent to Eq. (D1) when ¢ = 1. Note that, in
Eq. (C19), we already assumed that g < 1 in the phase-space
approximation. In Egs. (D1) and (D2), we observe ei 7](2,x =
1 and thus the Heisenberg-Arthurs-Kelly uncertainty is valid
with minimal uncertainty.

We also show that, under the WIA, both the noise and
disturbance are unbiased. As described in the main text, the
noise operator (B2) is already unbiased, i.e., (N, )¢ = 0 and

thus (N, ) = O irrespective of |y), provided that (S,)e = 0.

ObViousfy, it is also true in the case of WIA. For the distur-
bance operator, from Eqs. (B8) and (B9), we get

D;, = (0 ® [cos(2gS;) — I])o — [0 ® sin(2gS;)]o (D3)
and
(Dyg,)e = 0x[{cos(2gS,))e — 1] — 0, (sin(2gS,)):
= ax(e_z‘“‘zsng —1). (D4)

Here, we use Eq. (B12) and (sin(2gS;)): = 0. Thus, (Dg )¢ ~
0 when g < 1 and g|a| < 1. Consequently, for our initial
meter state under the WIA, both the noise and disturbance
operators are unbiased, i.e., (N, ) = (D, ) = 0 irrespective
of the initial system state |v). This joint-unbiassedness con-
dition is sufficient for holding the Heisenberg-Arthurs-Kelly
uncertainty [25].

[1] J. A. Wheeler and W. H. Zurek, Quantum Theory and Measure-
ment (Princeton University Press, Princeton, NJ, 2014).

[2] N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, and S.
Wehner, Rev. Mod. Phys. 86, 419 (2014).

[3] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Rev. Mod. Phys. 81, 865 (2009).

[4] C. Weedbrook, S. Pirandola, R. Garcia-Patrén, N. J. Cerf, T. C.
Ralph, J. H. Shapiro, and S. Lloyd, Rev. Mod. Phys. 84, 621
(2012).

[5] R. Uola, A. C. S. Costa, H. C. Nguyen, and O. Giihne, Rev.
Mod. Phys. 92, 015001 (2020).

[6] M. G. Genoni, M. G. A. Paris, G. Adesso, H. Nha, P. L. Knight,
and M. S. Kim, Phys. Rev. A 87, 012107 (2013).

[7] S. Steinlechner, J. Bauchrowitz, M. Meinders, H. Miiller-
Ebhardt, K. Danzmann, and R. Schnabel, Nat. Photonics 7, 626
(2013).

[8] R. Bedington, J. M. Arrazola, and A. Ling, npj Quantum Inf. 3,
30 (2017).

[9] D. Bouwmeester, A. K. Ekert, and A. Zeilinger, The Physics of
Quantum Information: Quantum Cryptography, Quantum Tele-
portation, Quantum Computation (Springer, New York, 2011).

[10] Y. Guo, B.-H. Liu, C.-F. Li, and G.-C. Guo, Adv. Quantum
Technol. 2, 1900011 (2019).

[11] C. H. Bennett and S. J. Wiesner, Phys. Rev. Lett. 69, 2881
(1992).

[12] X. Li, Q. Pan, J. Jing, J. Zhang, C. Xie, and K. Peng, Phys. Rev.
Lett. 88, 047904 (2002).

[13] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Rev. Mod.
Phys. 74, 145 (2002).

[14] L. Vaidman, Phys. Rev. Lett. 90, 010402 (2003).

[15] A.Brodutch and E. Cohen, Phys. Rev. Lett. 116, 070404 (2016).

[16] P. Vidil and K. Edamatsu, New J. Phys. 23, 043004 (2021).

[17] W. Heisenberg, Z. Phys. 43, 172 (1927).

[18] E. H. Kennard, Z. Phys. 44, 326 (1927).

[19] H. Weyl, Gruppentheorie und Quantenmechanik [Translated by
Robertson, H.P. (1931) The Theory of Groups and Quantum
Mechanics. Dover.] (Hirzel, Leipzig, 1928).

[20] H. P. Robertson, Phys. Rev. 34, 163 (1929).

[21] E. Arthurs and J. L. Kelly, Jr., Bell Syst. Tech. J. 44, 725 (1965).

[22] E. Arthurs and M. S. Goodman, Phys. Rev. Lett. 60, 2447
(1988).

[23] S. Ishikawa, Rep. Math. Phys. 29, 257 (1991).

[24] L. E. Ballentine, Rev. Mod. Phys. 42, 358 (1970).

[25] M. Ozawa, Phys. Rev. A 67, 042105 (2003).

[26] M. Ozawa, Ann. Phys. (NY) 311, 350 (2004).

[27] J. von Neumann, Mathematische Grundlagen der Quanten-
mechanik (Springer, Berlin, 1932; English translation Princeton
University Press, Princeton, NJ, 1955).

[28] J. Erhart, S. Sponar, G. Sulyok, G. Badurek, M. Ozawa, and Y.
Hasegawa, Nat. Phys. 8, 185 (2012).

[29] G. Sulyok, S. Sponar, J. Erhart, G. Badurek, M. Ozawa, and Y.
Hasegawa, Phys. Rev. A 88, 022110 (2013).

[30] S.-Y. Baek, F. Kaneda, M. Ozawa, and K. Edamatsu, Sci. Rep.
3, 2221 (2013).

[31] M. Ringbauer, D. N. Biggerstaff, M. A. Broome, A. Fedrizzi,
C. Branciard, and A. G. White, Phys. Rev. Lett. 112, 020401
(2014).

[32] K. Edamatsu, Phys. Scr. 91, 073001 (2016).

[33] M. Ozawa, Phys. Lett. A 335, 11 (2005).

[34] A. P. Lund and H. M. Wiseman, New J. Phys. 12, 093011
(2010).

[35] L. A. Rozema, A. Darabi, D. H. Mahler, A. Hayat, Y. Soudagar,
and A. M. Steinberg, Phys. Rev. Lett. 109, 100404 (2012).

[36] F. Kaneda, S.-Y. Baek, M. Ozawa, and K. Edamatsu, Phys. Rev.
Lett. 112, 020402 (2014).

[37] Y. Liu, Z. Ma, H. Kang, D. Han, M. Wang, Z. Qin, X. Su, and
K. Peng, npj Quantum Inf. 5, 68 (2019).

[38] Y. Liu, H. Kang, D. Han, X. Su, and K. Peng, Photon. Res. 7,
A56 (2019).

[39] G. Sulyok, S. Sponar, B. Demirel, F. Buscemi, M. J. W. Hall,
M. Ozawa, and Y. Hasegawa, Phys. Rev. Lett. 115, 030401
(2015).

[40] B. Demirel, S. Sponar, G. Sulyok, M. Ozawa, and Y. Hasegawa,
Phys. Rev. Lett. 117, 140402 (2016).

[41] C. Branciard, Proc. Natl. Acad. Sci. 110, 6742 (2013).

[42] C. Branciard, Phys. Rev. A 89, 022124 (2014).

052228-9


https://doi.org/10.1103/RevModPhys.86.419
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.92.015001
https://doi.org/10.1103/PhysRevA.87.012107
https://doi.org/10.1038/nphoton.2013.150
https://doi.org/10.1038/s41534-017-0031-5
https://doi.org/10.1002/qute.201900011
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.88.047904
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1103/PhysRevLett.90.010402
https://doi.org/10.1103/PhysRevLett.116.070404
https://doi.org/10.1088/1367-2630/abee3f
https://doi.org/10.1007/BF01397280
https://doi.org/10.1007/BF01391200
https://doi.org/10.1103/PhysRev.34.163
https://doi.org/10.1002/j.1538-7305.1965.tb01684.x
https://doi.org/10.1103/PhysRevLett.60.2447
https://doi.org/10.1016/0034-4877(91)90046-P
https://doi.org/10.1103/RevModPhys.42.358
https://doi.org/10.1103/PhysRevA.67.042105
https://doi.org/10.1016/j.aop.2003.12.012
https://doi.org/10.1038/nphys2194
https://doi.org/10.1103/PhysRevA.88.022110
https://doi.org/10.1038/srep02221
https://doi.org/10.1103/PhysRevLett.112.020401
https://doi.org/10.1088/0031-8949/91/7/073001
https://doi.org/10.1016/j.physleta.2004.12.003
https://doi.org/10.1088/1367-2630/12/9/093011
https://doi.org/10.1103/PhysRevLett.109.100404
https://doi.org/10.1103/PhysRevLett.112.020402
https://doi.org/10.1038/s41534-019-0183-6
https://doi.org/10.1364/PRJ.7.000A56
https://doi.org/10.1103/PhysRevLett.115.030401
https://doi.org/10.1103/PhysRevLett.117.140402
https://doi.org/10.1073/pnas.1219331110
https://doi.org/10.1103/PhysRevA.89.022124

LE BIN HO AND KEIICHI EDAMATSU

PHYSICAL REVIEW A 105, 052228 (2022)

[43] M. Ozawa, arXiv:1404.3388.

[44] X. Zheng, S.-Q. Ma, G.-F. Zhang, H. Fan, and W.-M. Liu, Sci.
Rep. 10, 150 (2020).

[45] X. Zheng and G.-F. Zhang, Quantum Inf. Process. 16, 167
(2017).

[46] J. Lee and 1. Tsutsui, arXiv:2004.06099.

[47] J. M. Renes, V. B. Scholz, and S. Huber, Quantum 1, 20 (2017).

[48] H. Tajima and H. Nagaoka, arXiv:1909.02904.

[49] F. Buscemi, M. J. W. Hall, M. Ozawa, and M. M. Wilde, Phys.
Rev. Lett. 112, 050401 (2014).

[50] A. A. Abbott and C. Branciard, Phys. Rev. A 94, 062110 (2016).

[51] Y. Yuan, Y. Xiao, Z. Hou, S.-M. Fei, G. Gour, G.-Y. Xiang, C.-F.
Li, and G.-C. Guo, arXiv:1901.00853.

[52] C. Bastos, A. E. Bernardini, O. Bertolami, N. Costa Dias, and
J. A. N. Prata, Phys. Rev. D 90, 045023 (2014).

[53] L. Maccone and A. K. Pati, Phys. Rev. Lett. 113, 260401
(2014).

[54] K. Wang, X. Zhan, Z. Bian, J. Li, Y. Zhang, and P. Xue, Phys.
Rev. A 93, 052108 (2016).

[55] S. Bagchi and A. K. Pati, Phys. Rev. A 94, 042104 (2016).

[56] Y. Inoue and M. Ozawa, Phys. Rev. A 102, 042226 (2020).

[57] H. F. Hofmann, Phys. Rev. A 67, 022106 (2003).

[58] J. Dressel and F. Nori, Phys. Rev. A 89, 022106 (2014).

[59] J. Dressel and A. N. Jordan, Phys. Rev. A 88, 022107 (2013).

[60] Y. Watanabe, T. Sagawa, and M. Ueda, Phys. Rev. A 84, 042121
(2011).

[61] P. Busch, P. Lahti, and R. F. Werner, Phys. Rev. Lett. 111,
160405 (2013).

[62] P. Busch, P. Lahti, and R. F. Werner, Rev. Mod. Phys. 86, 1261
(2014).

[63] P. Busch, P. Lahti, and R. F. Werner, Phys. Rev. A 89, 012129
(2014).

[64] W. Ma, Z. Ma, H. Wang, Z. Chen, Y. Liu, F. Kong, Z. Li, X.
Peng, M. Shi, F. Shi, S.-M. Fei, and J. Du, Phys. Rev. Lett. 116,
160405 (2016).

[65] Y.-Y. Zhao, P. Kurzyniski, G.-Y. Xiang, C.-F. Li, and G.-C. Guo,
Phys. Rev. A 95, 040101(R) (2017).

[66] Y.-L. Mao, Z.-H. Ma, R.-B. Jin, Q.-C. Sun, S.-M. Fei, Q. Zhang,
J. Fan, and J.-W. Pan, Phys. Rev. Lett. 122, 090404 (2019).

[67] G. Sulyok and S. Sponar, Phys. Rev. A 96, 022137 (2017).

[68] K. Hammerer, A. S. Sgrensen, and E. S. Polzik, Rev. Mod.
Phys. 82, 1041 (2010).

[69] B. Julsgaard, J. Sherson, J. L. Sgrensen, and E. S. Polzik, J. Opt.
B: Quantum Semiclassical Opt. 6, 5 (2003).

[70] G. Colangelo, F. M. Ciurana, L. C. Bianchet, R. J. Sewell, and
M. W. Mitchell, Nature (London) 543, 525 (2017).

[71] M. Jasperse, M. J. Kewming, S. N. Fischer, P. Pakkiam,
R. P. Anderson, and L. D. Turner, Phys. Rev. A 96, 063402
(2017).

[72] M. Atatiire, J. Dreiser, A. Badolato, and A. Imamoglu, Nat.
Phys. 3, 101 (2007).

[73] D. V. Vasilyev, K. Hammerer, N. Korolev, and A. S. Sgrensen,
J. Phys. B: At. Mol. Opt. Phys. 45, 124007 (2012).

[74] J. L. Robb, Y. Chen, A. Timmons, K. C. Hall, O. B. Shchekin,
and D. G. Deppe, Appl. Phys. Lett. 90, 153118 (2007).

[75] H. Bao, S. Jin, J. Duan, S. Jia, K. Mglmer, H. Shen, and Y. Xiao,
Nat. Commun. 11, 5658 (2020).

[76] M. H. Mufloz-Arias, P. M. Poggi, P. S. Jessen, and 1. H. Deutsch,
Phys. Rev. Lett. 124, 110503 (2020).

[77] L. B. Madsen and K. Mglmer, Phys. Rev. A 70, 052324
(2004).

[78] Y. Liu, S. Jung, S. E. Maxwell, L. D. Turner, E. Tiesinga, and
P. D. Lett, Phys. Rev. Lett. 102, 125301 (2009).

[79] L. Pezze, A. Smerzi, M. K. Oberthaler, R. Schmied, and P.
Treutlein, Rev. Mod. Phys. 90, 035005 (2018).

[80] C. Monroe, Nature (London) 416, 238 (2002).

[81] M. Mehboudi, M. Moreno-Cardoner, G. D. Chiara, and A.
Sanpera, New J. Phys. 17, 055020 (2015).

[82] S.-W. Chen and R.-B. Liu, Sci. Rep. 4, 4695 (2014).

[83] E. Collett, Am. J. Phys. 38, 563 (1970).

[84] R. Achilles and A. Bonfiglioli, Arch. Hist. Exact Sci. 66, 295
(2012).

[85] M. Ozawa, Ann. Phys. (NY) 321, 744 (2006).

[86] M. Ozawa, J. Opt. B: Quantum Semiclassical Opt. 7, S672
(2005).

[87] G. Breitenbach, S. Schiller, and J. Mlynek, Nature (London)
387, 471 (1997).

[88] V. Giovannetti, S. Lloyd, and L. Maccone, Nat. Photonics 5,
222 (2011).

[89] O. S. Magana-Loaiza and R. W. Boyd, Rep. Prog. Phys. 82,
124401 (2019).

[90] C. L. Degen, F. Reinhard, and P. Cappellaro, Rev. Mod. Phys.
89, 035002 (2017).

[91] M. Paris and J. ehek, Quantum State Estimation (Springer, New
York, 2011).

[92] F. Hong-Yi, H. R. Zaidi, and J. R. Klauder, Phys. Rev. D 35,
1831 (1987).

[93] M. J. Collett, Phys. Rev. A 38, 2233 (1988).

[94] H. Yi Fan, J. Opt. B: Quantum Semiclassical Opt. 5, R147
(2003).

[95] C. C. Gerry and P. L. Knight, Introductory Quantum Optics
(Cambridge University Press, Cambridge, England, 2008).

052228-10


http://arxiv.org/abs/arXiv:1404.3388
https://doi.org/10.1038/s41598-019-56803-2
https://doi.org/10.1007/s11128-017-1619-6
http://arxiv.org/abs/arXiv:2004.06099
https://doi.org/10.22331/q-2017-07-25-20
http://arxiv.org/abs/arXiv:1909.02904
https://doi.org/10.1103/PhysRevLett.112.050401
https://doi.org/10.1103/PhysRevA.94.062110
http://arxiv.org/abs/arXiv:1901.00853
https://doi.org/10.1103/PhysRevD.90.045023
https://doi.org/10.1103/PhysRevLett.113.260401
https://doi.org/10.1103/PhysRevA.93.052108
https://doi.org/10.1103/PhysRevA.94.042104
https://doi.org/10.1103/PhysRevA.102.042226
https://doi.org/10.1103/PhysRevA.67.022106
https://doi.org/10.1103/PhysRevA.89.022106
https://doi.org/10.1103/PhysRevA.88.022107
https://doi.org/10.1103/PhysRevA.84.042121
https://doi.org/10.1103/PhysRevLett.111.160405
https://doi.org/10.1103/RevModPhys.86.1261
https://doi.org/10.1103/PhysRevA.89.012129
https://doi.org/10.1103/PhysRevLett.116.160405
https://doi.org/10.1103/PhysRevA.95.040101
https://doi.org/10.1103/PhysRevLett.122.090404
https://doi.org/10.1103/PhysRevA.96.022137
https://doi.org/10.1103/RevModPhys.82.1041
https://doi.org/10.1088/1464-4266/6/1/002
https://doi.org/10.1038/nature21434
https://doi.org/10.1103/PhysRevA.96.063402
https://doi.org/10.1038/nphys521
https://doi.org/10.1088/0953-4075/45/12/124007
https://doi.org/10.1063/1.2721380
https://doi.org/10.1038/s41467-020-19495-1
https://doi.org/10.1103/PhysRevLett.124.110503
https://doi.org/10.1103/PhysRevA.70.052324
https://doi.org/10.1103/PhysRevLett.102.125301
https://doi.org/10.1103/RevModPhys.90.035005
https://doi.org/10.1038/416238a
https://doi.org/10.1088/1367-2630/17/5/055020
https://doi.org/10.1038/srep04695
https://doi.org/10.1119/1.1976407
https://doi.org/10.1007/s00407-012-0095-8
https://doi.org/10.1016/j.aop.2005.08.007
https://doi.org/10.1088/1464-4266/7/12/033
https://doi.org/10.1038/387471a0
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1088/1361-6633/ab5005
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/PhysRevD.35.1831
https://doi.org/10.1103/PhysRevA.38.2233
https://doi.org/10.1088/1464-4266/5/4/201

