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Optimal waveform estimation for classical and quantum systems via time-symmetric smoothing.
I1. Applications to atomic magnetometry and Hardy’s paradox
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The time-symmetric quantum smoothing theory [Tsang, Phys. Rev. Lett. 102, 250403 (2009); Phys. Rev. A
80, 033840 (2009)] is extended to account for discrete jumps in the classical random process to be estimated,
discrete variables in the quantum system, such as spin, angular momentum, and photon number, and Poisson
measurements, such as photon counting. The extended theory is used to model atomic magnetometers and study

Hardy’s paradox in phase space.
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I. INTRODUCTION

In previous papers [1-3], I have proposed a quantum
smoothing theory, which is a generalization of the time-
symmetric approach to quantum mechanics pioneered by
Aharonov et al. [4] and Barnett et al. [5] and can be used
to optimally estimate classical signals coupled to quantum
sensors under continuous measurements, such as gravitational
wave detectors and atomic magnetometers. Smoothing can
be significantly more accurate than current quantum filtering
methods [6-14] when the classical signal is a stochastic
process and delay is permitted in the estimation. The ac-
curacy improvement due to smoothing for quantum optical
phase estimation via phase-locked loops has recently been
experimentally demonstrated by Wheatley et al. [15].

While Refs. [1-3] focus on diffusive classical random pro-
cesses, quantum systems with continuous degrees of freedom,
and Gaussian measurements, the aim of this paper is to extend
the theory to account for discrete variables in the systems
and the measurements. In particular, I shall consider discrete
jumps in the classical random process, discrete variables in the
quantum system, such as spin, angular momentum, and photon
number, and Poisson measurements, such as photon counting.
Such extensions are especially important for the modeling of
atomic magnetometry [11-14,16-18].

In the case of atomic magnetometry, the importance of
estimation delay was discovered by Petersen and Mglmer [18],
who found that the estimation of a fluctuating magnetic field
modeled as an Ornstein-Uhlenbeck process becomes more
accurate when the estimation is delayed and observations
at later times are taken into account. I shall generalize their
results using the quantum smoothing theory, derive the optimal
strategy of delayed estimation for atomic magnetometry, and
discuss practical methods of implementing the strategy.

A different kind of estimation problem comes up in Hardy’s
paradox [19], in which one tries to estimate the positions of
an electron and a positron in two overlapping interferometers
based on the initial conditions and measurement outcomes.
While this kind of retrodictive estimation is not allowed in
conventional predictive quantum theory, it can be regarded
as a smoothing problem from the perspective of estimation
theory, and I shall demonstrate that the salient features of the
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paradox can be reproduced mathematically using the quantum
smoothing theory in discrete phase space. It is shown that
the negativity of the predictive Wigner distribution can be
regarded as the culprit for the disagreement between classical
reasoning and quantum mechanics. This phase-space approach
is somewhat different from Aharonov et al.’s weak value
approach [4,20], but more similar to Feynman’s attempt to
formulate quantum mechanics in terms of negative probabil-
ities [21]. Whether the two can be reconciled remains to be
seen.

This paper is organized as follows. Section II reviews the
classical filtering and smoothing equations when the system
process has jumps and the observations have Poisson statistics,
as derived by Snyder [22,23] and Pardoux [24]. Section III
generalizes such equations to the quantum regime for smooth-
ing of classical random processes coupled to quantum systems.
Sec. IV converts the quantum equations to equivalent phase-
space equations for discrete Wigner distributions. Sec. V
studies the application of the theory to atomic magnetometry.
Sec. VI studies Hardy’s paradox using quantum smoothing in
discrete phase space.

II. CLASSICAL FILTERING AND SMOOTHING FOR
POISSON OBSERVATIONS

Define x, as the classical system random process, the
a priori probability density of which satisfies the differential
Chapman-Kolmogorov equation [25]

0P (x,t)
ot

a
LoP, ==} ——[AuPE, 1]
w n

= LcP(x, 1), 2.1)

1 92
— B, P(x,t
+2;8xﬂaxv[ o P(x, 1]

+ /dx’[](xlx’, HPX, 1)

—J(X|x, ) P(x, 1)], (2.2)

where J(x|x’, t) is the probability density per unit time that x,
will jump from x” to x. For an observation with Poisson noise,
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the observation probability density is

[y (e, 1)821°20

P(SAm|x,) = SA
w!

exp [—Au(x, 1)8t].  (2.3)

The a posteriori density given an observation 6 A, is then
determined by the Bayes theorem:

P(5Aut |x) P (x;)

P(x;|6A ) = ————. 2.4
(X104 ) [ dx,(numerator) @4
In the continuous-time limit,
dAit =dA,, (2.5)
PdA, =0lx) =1 — Au(x, 1) dt, (2.6)
P(dAy = 1x) = Ayu(xe, 1) dt. 2.7

Defining the observation record in the time interval fp < ¢t < ¢
as

Ay ={dA; 190 <t <1}, (2.8)

and the filtering probability density as the probability density
of x, conditioned upon past observations, given by

F(x,t) = P(x; = x|dApy.n), (2.9)

the Ito stochastic differential equation for F(x,?) can be
derived by evolving F(x,t) according to the Chapman-
Kolmogorov equation given by Eq. (2.1) in discrete time,
applying the Bayes theorem given by Eq. (2.4), and then taking
the continuous limit. The result is called the Snyder equation
and is given by [22,23]

_ _ )‘l‘ _
dF = dtLcF + ) (dAu — (k) pdt) <<M>F 1) F,

i

(2.10)
(Au)r = /dx)»ﬂ(x,t)F(x,t). @2.11)

To derive a linear stochastic equation for an unnormalized
F(x, t), rewrite the observation density in Eq. (2.3) as

. A\ 20
P((SA/Ltlxt) = P(BA;/.t) <a_ﬂ) €xXp [_()\//_ - au) (St]

”w
i A
= PEA)| 1+ 6A, (22 —1
oy
— 810 — ) + 0(8[):|, (2.12)
~ 8t)3 0
P(6A ) = M exp (—a,d1), (2.13)
5A !

where «,, is an arbitrary positive parameter and o(8t) are
terms asymptotically smaller than §¢z. When this form of the
observation density is used in the Bayes theorem given by
Eq. (2.4), 15(8A,L,) appears in both the numerator and the
denominator and cancels itself, so it can be neglected in the
filtering dynamics. If one does not insist on the normalization
of the a posteriori density, the denominator of Eq. (2.4),
which does not depend on x;, can also be neglected. The
resulting stochastic equation for f(x, ) o< P(x; = x, d Apy,y.r))
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is given by [24]

df =dtLef + Y (dAy — apdt) (2-" — 1) £ (2.14)
"

j2

f(x,1)is relatgd to the joint probability density P(x;, d Ays,.r))
by factors of P(dA,,). The filtering density is thus

Sx, 1)
[dxf(x, 1)

For the optimal estimation of x; at time 7, one should also
take into account the observations after time 7 and perform
smoothing. To perform smoothing in the time-symmetric form
[24], first solve for an unnormalized retrodictive likelihood
function P(d Ay, 7)|lx; = x) < g(x,t) using the adjoint of
Eq. (2.14),

F(x,1)= (2.15)

3
—dg =dtLig+ Y (dAy — a,dt) (a—“ - 1) g, (2.16)
" n

to be solved backward in time with final condition g(x, T) o< 1.
Similar to f(x, t), g(x, t) is related to P(d A 1)|x;) by factors
of P(dA ;). The smoothing probability density at time 7 given
the observation record d A, ) in the time interval fo < v < T
is then

g, 1) f(x, 1)

Pl =xldhnnm) = et 0 fen o

2.17)

III. HYBRID CLASSICAL-QUANTUM FILTERING AND
SMOOTHING FOR POISSON OBSERVATIONS

Using the same approach as Refs. [2,3], it is not difficult
to generalize the above classical equations to the quantum
regime for hybrid classical-quantum filtering and smoothing.
I shall first consider the problem in discrete time before taking
the appropriate continuous limit. Define x; as the classical
system process that one wishes to estimate, which is coupled
to a quantum system under measurements. As before, the
quantum backaction from the quantum system to the classical
one is assumed to be negligible. Define the hybrid density
operator that describes the joint statistics of the classical
and quantum systems [26] as p(x,t), so that the marginal
probability distribution of x; is tr[0(x, ¢)] and the quantum
density operator is [ dxp(x,t). The a priori evolution of
0(x;, t) is governed by

8’3(8);’ D _ o). G.1)
Lox, )= Lop(x, 1)+ Li(x)p(x, 1)+ Lepx, 1), (3.2)

where L is the superoperator that governs the evolution of
the quantum system, £; is the superoperator that describes the
coupling of the classical system to the quantum system, via an
interaction Hamiltonian for example, and L is the Chapman-
Kolmogorov operator defined by Eq. (2.2). The measurement,
on the other hand, is described by the quantum Bayes theorem

M (SNt 1x) )M S A e x,)

0(x;|0A ;) =
PxlOA ) /[ dx;tr(numerator)

. (33
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where the measurement operator with Poisson statistics is

(L, (x;, £)/811% D
VAL,

M =

(StAT -
exp —EL“(xt,t)Lu(xt,t) .

34

I:M(x,, t) is a hybrid operator, an annihilation operator for
example, and can also depend on x;. In the continuous-time
limit, the stochastic differential equation for the filtering hybrid

density operator, defined as
Fx, 1) = plx = x|d Ayy.), (3.5)

is given by [8,27]

where
(LI L= fdx twr[Lf (e, L, (e, DF(x, D). (3.7)

Equation (3.6) is a quantum generalization of the Snyder
equation [Eq. (2.10)]. To derive a linear version of Eq. (3.6)
for an unnormalized filtering operator, analogous to Eq. (2.14),
rewrite M as

~

S A
. - L, 8t P
M =,/ P(A) exp _E(LMLM —ay)

S

VBT an (L 1) Yt
= + oA _aﬂ_ —?( pLp —oaw)

+ O(SI)]. (3.8)

Similar to the classical case, the a posteriori state calculated
using Eq. (3.3) does not depend on P(§A ut), as it appears in
both the numerator and denominator of Eq. (3.3) and cancels
itself. The denominator of Eq. (3.3) can also be omitted if one
does not insist on normalization. The resulting equation in the
continuous limit is [27]

df =dicf+dry (ﬁ,ﬁ; -
n
+ Y dAy —audt)(a, 'L, fLY — ).
m
R fex,0)
Fan=——21%0
S ]

The classical incoherent limit of Eq. (3.9) is obviously
Eq. (2.14) and Eq. (3.9) can be verified against Eq. (3.6)
by normalizing the former using Ito calculus. The derivation
of Eq. (3.9) can be made more rigorous using the reference
probability approach [27].

To perform optimal estimation of x; at time 7, one also
needs to solve for the unnormalized hybrid effect operator

(3.10)
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E(dA[,,T)pcr = x) « g(x, t) using the adjoint of Eq. (3.9)
and observations after time t [2,3]:

—dg =diL*g+dty <LL§I:M -
"
+ > (@AM — eudt) (e, L1 GL, — ).

j2a

P Py
gL L, - ELLLMg)

@3.11)

where the final condition is g(x,7T) o1 and the adjoint
is defined with respect to the hybrid Hilbert-Schmidt inner
product

@wmﬂmms/wuwmﬁmm,en>
(8(x, 1), LFCx, 1)) = (L78(x, 1), f(x,1). (3.13)
The smoothing probability density is then

g (x, ) f(x, 7)]
[dx t[g(x, ) f(x, )]
(3.14)

h(x,t) = P(x; = x|dAy, 1)) =

Incorporating the Gaussian measurements considered in
Refs. [2,3] into the equations above is straightforward. This is
useful, for example, when both photon counting and homodyne
detection are performed in a quantum optics experiment [28].
With Poisson observations dA; and Gaussian observations dy;,
the resulting filtering equation for F(x, 1) is

. . N YO IR
dF =dtLF +dty <LMFLL —SLLLF - EFLLL,L)
"
dt 4 At A An AR A
+3 (2CTR'FCT - CTR™'CF — FCTR™'C)
R L,FLY
+Z(dAﬂ;—<LLLM)I:~dl‘)( L _F>
M ML;L>F
Lo, o .
+31C - (CY))" R Ydn, F +Hel, (3.15)
dt .
dn = dy = = (C+CN)p, (3.16)

where ¢ = C (x, t) is a vector of hybrid operators, R = R(t) is
a positive-definite matrix, dn, is a vectoral Wiener increment
with covariance matrix R(t)dt, and H.c. denotes Hermitian
conjugate.

The equation for f (x,t)i1s

+ Z(dAut — audt)(aglﬁufﬁL — f)

nw

1 . .
+ E(CTR‘ldef +H.c.), (3.17)
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and for g(x, 1),
R o N P T T
—dg =dtL*g+dty (L2l - S8LLE, — Ll L2
n
at AT p=156 _ 60T R-IE _ AT R-1E 5
+ 5 @CTR™RC —gCTTRTIC — CTTR™ICY)

+ Y (dAy —apdt) (o, L 2L, — 8)
"

IR
+ 5(gcTzrldy, +H.c). (3.18)

IV. QUANTUM SMOOTHING IN PHASE SPACE

One method of solving Egs. (3.14), (3.17), and (3.18) for
hybrid smoothing is to use Wigner distributions [2,3]. For a
quantum system with discrete degrees of freedom, such as spin,
angular momentum, or an N-level system, one may define the
discrete Wigner distribution, according to Feynman [21] and
Wootters [29], as

1 A N
f(q’ P,x,t)Eﬁtr[f(xat)W(% p)]v (41)
qef{0,1,...,N—1}, (4.2)
pef0,1,...,N —1}. (4.3)
The operator W(g, p) for prime N is
W(g. p)
SI(=116, + (=176, + (=1)7P6, + 1], N=2;
0 S20aa exp [ p(@1—a2)] lg1) (@2l N > 2.
4.4

6x, Gy, and 6, are Pauli matrices, |¢;) and |g,) are eigenstates
of ¢, and modular arithmetic with modulus N is implicitly
assumed. For a nonprime N, the system can be decomposed
into subsystems with prime N’s and the Wigner distribution
can be defined using W(q, p) for each subsystem [29].

An alternative definition in a 2N x 2N phase space, first
suggested by Hannay and Berry [30], is

_ 1 R .
flg, p,x, 1) = ﬁtr[f(x, Hw(g, p)l

qE{Ol N—l}
’2""’ 2 K
1 1
p € {0,5,...,]\7—5},
. 4mipu
w(%p)EZCXP( v )|q+u><q—u|,
u e {—E—i-l,—ﬁ—{—l,...,ﬁ}, 4.5)
2 2 2 2

where the matrix elements with noninteger indices are assumed
to be zero. One may also use either Wigner function to describe
the energy level n and phase ¢ of a harmonic oscillator by
letting n = q, ¢ = 2wp/N, and taking the N — oo limit at
the end of a calculation [31,32].
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Both definitions have a particularly desirable property for
the purpose of smoothing, namely,

(20, fx, D1 =N glq, p,x,0f(g, p, x, 1),

q,p
=2N Y 3q.p.x.0)f(g. p.x.1). (4.6)

q.p

so the smoothing probability density can be written in terms
of the Wigner distributions as

>0 8@, p.x, (g, p,x,7)

h s =
o) [dxY, ,8(q. p.x.T)f(q. p.x.T)

4.7

or

>y, 8@, p.x, 0 f(g, p,x,7)
[dxY, ,&4q.p.x, 1) f(q. p.x,T)

Equations (4.7) and (4.8) become equivalent to the classical
smoothing density given by Eq. (2.17), with the quantum
degrees of freedom marginalized, if f and g or f and g
are non-negative and can be regarded as classical probability
densities. The hybrid smoothing problem can then be solved
using classical filtering and smoothing techniques.

If one would like to apply smoothing to quantum degrees
of freedom, Eqgs. (4.7) and (4.8) also motivate the definition of
a quantum smoothing quasiprobability distribution as

h(x,7) = (4.8)

glg,p,x,0)f(q, p,x,T)

b= 4.9
(¢, p,x,7) [dxY, e, p.x,0)f(q, p,x,T) (4.9)
or
h(g, p,x,7) = 3. p.x, 0@, px 1)
L A A fdx Zq,pg(qﬂ P, x,T)f(q’ p’x’z—)
(4.10)

From the perspective of estimation theory, these definitions
of quantum smoothing distributions are arguably the most
natural, for they both give the correct classical smooth-
ing distribution when the quantum degrees of freedom are
marginalized, are equivalent to the smoothing distributions in
classical smoothing theory when f and g or f and g are
nonnegative, and are explicitly normalized.

There are many other qualified definitions of the Wigner
distribution in discrete or periodic phase space [33]. Choosing
which definition to use depends on the application. The
Feynman-Wootters distribution is defined only on the eigen-
values of § and p, so it appears more physical, but the
Hannay-Berry definition is easier to calculate analytically for
arbitrary N and, as shown in the Appendix, naturally arises
from the statistics of weak measurements.

V. ATOMIC MAGNETOMETRY

A. Optimal smoothing

An important application of quantum estimation theory
is atomic magnetometry [11-14,16—18]. Consider the setup
described in Refs. [12—14,16] and depicted in Fig. 1. An atomic
spin ensemble is initially prepared in a coherent state with the
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FIG. 1. (Color online) Left: basic setup of atomic magnetometer
as considered in Refs. [12-14,16]. Right: the spherical phase space
for spin.

mean collective spin vector along the x axis. Let the magnetic

field be polarized along y axis and given by
b, = xy, (3.1

a component of the classical system process to be estimated.

The magnetic field introduces Larmor precession to the spin

via the interaction Hamiltonian

—be’ ,

LiG)P(x, 1) = ——[H1<x> Pt = % [8,. F1, (5.3)

where S , is the y component of the spin vector operator and y is
the gyromagnetic ratio. Under continuous optical polarimetry
measurements, the stochastic equation for the filtering density
operator F (x, t) has been derived by Bouten et al. [14] and is
given by

dF = dt{ﬁcﬁ + % bL8,., F1+ |a*[cos(kim) F cos(kri)

+ sin(ksi) F sin(icrit) — F]}

. L,FLY .
+ Y (A —(LLL)pdn) (% - F) :
n=+,— (LML”>ﬁ
(5.4)
which is in the form of Eq. (3.6), with
=3 f.= % [cos(kri) & sin(k)], (5.5

k is the light-spin coupling parameter and a is the normal-
ized optical envelope. The linear predictive and retrodictive
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equations for f (x,1) and g(x, t) become

df = dt{ﬁcf + —b f 1+ |a|*[cos(km) f cos(krit)
+ sin(ki) f sin(kriv) — f]}

|la)? 2 & sy A
+ Y A = Z-di | s LufLl = f).
p=+.—

(5.6)

—dg = d;i Lig — %b[ﬁ’y, 81+ lal?[cos(k)g cos(krit)

+ sin(k )@ sin(kmi) — g]}

|a|2 2 e
+ Z dA'ut— —dt WLMgLV’_g .
p=t.—

(5.7)

After solving Eq. (5.6) forward in time for f(x, v)and Eq.(5.7)
backward in time for g(x, t), the smoothing probability
distribution is given by

rgx, 1) f(x, 7]
[dx tr[g(x, ) f(x, )]
which can be used to produce the optimal estimate and

the associated error of the system process x;, including the
magnetic field b, = x;.

hix,7) =

(5.8)

B. Smoothing in phase space

The usual strategy of solving the quantum estimation
problem is to take the Sy > §,, Sy > S, limit, assume S y and
S are continuous, and approximate the conditional quantum
state as a Gaussian state [11-13,16,18]. This is akin to
approximating the spherical phase space with a flat one near
S = (84, 0, 0). While the Gaussian approximation is probably
the most practical, in order to illustrate the discrete phase-space
formalism proposed in Sec. IV, I shall first attempt to convert
Eqgs. (5.6) and (5.7) to stochastic equations for discrete Wigner
distributions in the 2N x 2N phase space before making
further approximations.

Let
m=q-— N =2s+1, (5.9
where s is the total spin number. Then
~  2mp
= 5.10
¢=— (5.10)

is the operator for the azimuthal angle of the spin vector. I shall
use m and ¢ as the phase-space variables instead of ¢ and p,
and let

N N
f(m,¢)=f<q=m+s,p=—¢>- (5.11)

2
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First consider the measurement-induced decoherence term in
Eq. (5.6), which can be rewritten as

AAAAA

Luf= - 7. (5.12)

Using the discrete Wigner function in 2N x 2N phase space

given by Egs. (4.5) and % to denote the transform to the
2N x 2N phase space, it can be shown that

Luf 5 Xy I — ) fm, ¢ x, 1) — fm, d,x. 1),

(5.13)
where
sin[N(¢ — ¢’ — «)]
1=y { tan[(¢ — ¢’ — «)/2]
sin[N(¢ — ¢ + k)] } (5.14)
tan[(¢p — ¢’ +«)/2] ) ’

While Eq. (5.13) has the appearance of the jump term in the
Chapman-Kolmogorov equation [Eq. (2.2)], J(¢ — ¢’), which
plays the role of a jump probability density, can become
negative. In the special case of k = wu/N, where u is an
integer, however, J(¢ — ¢') is simplified to
J@ = ¢) = 5Gp—¢ i +8p-¢'.—); (5.15)
and the measurement-induced decoherence introduces random
azimuthal jumps in steps of « to the spin vector around the
z axis. In the limit of N — oo, ¢ becomes approximately
continuous, k =~ mw /N, and Eq. (5.13) can be rewritten as

wf B¢+ kX, )+ fom, ¢ — ko x, 1)]

— f(m.$.x.0). (5.16)

The N — oo limit is akin to approximating the spin system
as a harmonic oscillator [31] and the spherical phase space as
a cylindrical one. If ¥ <« (A$*)'/2, we can further make the
diffusive approximation:

282

2 0¢?

A

Luf> f(m, ¢, x,1). (5.17)

Next, consider the Larmor precession term (i y /h)b[S’y, f 1.
In terms of 7 and ¢,

N h .2 =
Sy = Z[exp(—up)\/s(s + 1) —m@m+1)

—exp (id)y/s(s + 1) — m(i — D).

(5.18)

With this form, it is difficult to convert the Larmor pre-
cession term to the phase-space picture analytically, so we
again make the cylindrical phase-space approximation with
s> (M), (Am?)!/2, so that the spin vector distribution is
concentrated near the equator. This approximation is valid
when the magnetic field is small and fluctuating around zero,
or a control, such as an applied magnetic field [11-13] or an
adjustable direction of the optical beam, is present to realign
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the spin vector with respect to the optical beam propagation
direction. Then

S, ~ —hssin @, (5.19)
Lif 2 —ybscosg [f (m+1. ¢, x,1)
—f (m—3.0,x,1)]. (5.20)

Although this looks like the jump term in Eq. (2.2), the
apparent jump probability density is again negative. To make
the classical connection, assume that m is continuous and
approximate the difference as a derivative:

cif3 —ybscosq&aif(m,d),x,t), (5.21)
m

which becomes equivalent to the drift term in Eq. (2.2) with
A, = ybscos .

Finally, let us consider the terms Ly fi; in Eq. (5.6). Itis
not difficult to show that, in the continuous ¢ limit,
] |a|2

{ [f(m, ¢ +x,x.0)+ f(m, ¢ —«,x,1)]

+ sin(2em) f(m, ¢, x, t)}. (5.22)

These terms do not have exact analogs in the corresponding
clasAsical equation [Eq. (2.14)], unless we make the « <«
(A@?)'/? approximation, which gives

2

2 3¢?

A

i fil

w

la?
{f(m¢xt)+ f(m¢xt)

+ sin(2km) f(m, ¢, x, t)} (5.23)

[1 £ sin(cm)] f(m, ¢, x, 1). (5.24)

~ la
2
Summarizing, a classical model of atomic magnetometry can
be obtained if we approximate the spherical phase space as a
cylindrical one near the equator, assume m is continuous, and
let k K (A(f)z)l/z. The resulting equations for f(m, ¢, x,t)
and g(m, ¢, x, t) are

3 2,2 52
df = dt (ch — VbSCOS¢—f + |a|2K aT,s]:)

la|? )(m )

dA, ——d — =1 f 5.25

+ Z ( e f. (5.5
|a|2 282g
2 aT>2>

Sa) ()
dAL——d — =1 , 5.26
ps ( : ap )& 029

||2

—dg = dt (E*Cg + ybs cosd)—

Ay = — [1 £ sin(2km)] . 5.27)
The equivalent system equation for m;, is then
dm, = dtyb,s cos ¢y, (5.28)

where ¢, is a Wiener process with d¢? = |a|*«dt. Unlike the
Gaussian model [12,13,18], this slightly more general model
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shows that the z component of the spin is coupled to ¢,
via Larmor precession, as one would expect from classical
dynamics, since S, & fis cos ¢ when s > m. The diffusion of
¢ would therefore reduce the estimation accuracy in the long
run.

To make the Gaussian approximation, let (br), (A(ﬁtz) 12 «
1, so that cos¢, ~ 1, and let x, be a Gaussian random
process, such as the Ornstein-Uhlenbeck process [13,18]. If
k(M), k (Am*)1/2 « 1, and the effective noise covariances
are (Ay) &~ |a|2/2, one can use the linear Mayne-Fraser-
Potter smoother [1,3,34], which combines the estimates and
covariances from a predictive Kalman filter and a retrodictive
Kalman filter, to produce the optimal estimate of x,. Other
equivalent linear smoothers may also be used [1].

VI. HARDY’S PARADOX IN PHASE SPACE

In this section, I shall study Hardy’s paradox [19] in
phase space using the quantum smoothing quasiprobability
distribution defined by Eq. (4.9), which allows one to estimate
quantum degrees of freedom given past and future observations
in a way closely resembling classical estimation theory. The
more physical and intuitive Feynman-Wootters distribution is
used, since its elements all correspond to actual paths in the
setup.

As a brief review of the paradox, consider two Mach-
Zehnder interferometers, one for a positron and one for
an electron, depicted in Fig. 2. If the interferometers are
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physically separate, then the setup can be configured so
that the particles always arrive at the C* and C~ detectors,
respectively. Now let us make one arm of an interferometer to
overlap with an arm of the other. After the first pair of beam
splitters, the two particles may meet in the overlapping arms,
in which case they annihilate each other with probability 1.
With this overlapping setup, there is a 1/16 probability that
the particles will arrive at D* and D™, respectively, according
to quantum theory.

The paradox arises when one tries to use classical reasoning
to estimate which arms the particles went through. If D™
detects a positron, then the electron must have been in the
overlapping arm to somehow influence the positron to go to
DT instead of C*. The same reasoning can be applied when
D~ detects an electron, which should mean that the positron
was in the overlapping arm. But if both particles went through
the overlapping arms, they should have annihilated each other
and would not have been detected.

Denote the position of a particle in one arm as 0 and that
in the other arm as 1, as shown in Fig. 2. At the time instant
labeled O,

[W)o = 10,0), (6.1)

where the first number in the ket denotes the position of the
positron, the second number denotes that of the electron, and
the subscript is the time label. The corresponding two-particle
Wigner distribution using Egs. (4.1) and (4.4) is

fO(O, 07 O’ O) fO(O, 07 O’ 1) fO(()’ 07 1’ O) fO(()’ 07 1’ 1)
_ _ f0(0,1,0,0)  f0(0,1,0,1)  fo(0,1,1,0) fo(0,1,1,1)
folg® g7 pTp) = (6.2)
fo(l’ 07 O’ 0) f()(l’ 07 Oa 1) f()(l’ 07 1’ 0) f()(l» 07 1’ 1)
fo(1,1,0,0)  fo(1,1,0,1)  fo(1,1,1,0) fo(1,1,1,1)
1 1 1 1
110 0 0 O 63)
410 0 0 0 )
0O 0 0 O
[
After the first pair of beam splitters, quantum state is
1
[W)2 = —=(]0,0) +10, 1) +[1,0)), (6.6)
1 V3
I‘I’)1=§(|0,0)+|0,1)+|1,0)+|1,1>), (6.4) 4 0 0 0
_ _ 112 0 2 0
10 00 At g, ptp) = — (6.7)
fl(q,q,p,p)—zlooo (6.5) 1 -1 -1 1
1 0 0 O

There is a 1/4 chance that an annihilation of the particles
occurs. If the annihilation does not occur, the a posteriori

The Wigner distribution has negative elements and can no
longer be regarded as a classical phase-space probability
distribution. The negative elements, as one shall see later,
can be regarded as the culprits that cause the paradox.
The predictive marginal distributions are still non-negative,
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FIG. 2. (Color online) Setup of Hardy’s paradox.

however. In particular,

Hlata= )Y hat.a.ptp)  (638)
pt.p”
£2(0,0) 1
S0, 1) 1]1
a0 | 31|’ 69
H1,1) 0

which correctly predicts the a posteriori position probability
distribution if one measures the positions of the particles at
that instant using strong measurements. Most importantly,
f2(1,1) =0, and the probability that one measures both
particles in the overlapping arms with strong measurements
is zero. After the second pair of beam splitters, the quantum
ket is

1
V)3 = —=(-10,0)+10, 1) +[1,0) + 3|1, 1)),

23 (6.10)
and the Wigner distribution becomes
0 0 0 1
J‘s(q*,fziﬂ,if):1—12 8 (2) 2 ] @1
4 2 2 1
1
+ - L1
5347, q ):E e (6.12)
9

which again correctly predicts the probability distribution of
detection outcomes, conditioned upon the observation that
annihilation did not occur.

Now let us perform retrodiction and calculate the retro-
dictive Wigner distribution conditioned upon the detection
outcomes. Given that D' and D~ click, it can be shown that

00 01
1 0 0
t g ,.pt.p)== . (6.13
gz(qqpp)40001 (6.13)
00 01
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which estimates that the particles had definite momenta
(pt,p7)=(1,1) at time instant 2. Combining prediction
and retrodiction, the smoothing quasiprobability distribution
at time instant 2 becomes

ha(q" q . ptop) x gt g pT Pt g, P pT)
0 0

, (6.14)

S © O O

0
0 0 0
0 0 0
0 0 1

ha(q".q7) = (6.15)

- o O O

Hence, given that the annihilation did not occur and D™
and D~ click, the particles must both have been in the
overlapping arms according to quantum smoothing. This result
contradicts with the fact that annihilation did not occur and
the particles could not have met, but is consistent with the
classical reasoning that leads one to the same paradoxical
conclusion. Mathematically, the paradox arises because the
predictive estimation according to f>(¢ ™, ¢~) contradicts the
smoothing estimation according to h,(¢ ™, ¢ ), with the former
ascertaining that the particles cannot both be in the overlapping
arms, while the latter insisting the opposite.

To see why this cannot happen in classical estimation
theory, assume for the time being that fo(g*,q~, p*, p7)
is nonnegative and therefore a qualified joint probability
distribution for (¢*, ¢~, p*, p7). Then

LA D= AU, 1 pH p)=0 (6.16)
pt.p-
if and only if
HA, 1, pt,p)=0 forall (p*,p7). (6.17)

If f>(1,1, p*, p7) is zero, the smoothing probability
h,(1,1, p*, p~) must also be zero,

(1,1, p*, p7) o fo(1, 1, p*, pT)ga(1, 1, pt, p7) =0,
(6.18)

hy(1,1) = Y k(1 1, p*. p7) =0, (6.19)

pt.p~

and smoothing would also conclude that the particles could
not have both been in the overlapping arms. In other words,
in classical estimation, if the predictive theory estimates
with certainty that the two particles cannot both be in the
overlapping arms, then no amount of measurements afterwards
can alter the certainty of this fact.

Quantum smoothing, on the other hand, contradicts
with quantum prediction because some elements of
fo(1,1, p*, p7) are negative. This way f>(1,1) can still
be zero with nonzero f>(1,1, p*, p~) elements, and
ho(1,1, p~, p*) and hy(1, 1), conditioned upon the detection
outcomes, can become nonzero. The negative elements of
f2(qgT,q™, pt, p7) thus cause prediction and smoothing to
produce contradictory trajectories.
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If the detection outcomes are different, say, C™ and D~
click, then

01 0 0
., . 1floroo
gz(q,q,p,p)=zr o1 0 0l (6.20)
01 0 0
0O 0 0 0
B B 0 0 0
ha(gt.q . pT,p) = o 2 0 ol (6.21)
0 -1 0 O
0
L 0
ha(g™,q7) = > | (6.22)
—1

and we have a negative “probability.” Leaving aside the
question of interpreting a negative probability [21], h2(g™, g7)
still suggests that the most likely positions are (g*,¢~) =
(1, 0), which are consistent with classical reasoning. Similarly,
when C* and C~ click, the most likely (g™, ¢ ™) according to
ha(g~, qg™) is (0, 0), which is again what one would expect
from a classical argument. In this example at least, the most
likely positions suggested by quantum smoothing therefore
coincide with the ones obtained by qualitative classical
reasoning, as depicted in Fig. 3.

c* c*
D* D*
D~ D~
c c”
—— —
c* c*
D+
D
o

FIG. 3. (Color online) The most likely paths undertaken by
the particles indicated by quantum smoothing given the detection
outcomes, provided that annihilation did not occur. These paths
coincide with those suggested by qualitative classical reasoning.
When D" and D~ click, the estimated paths, as shown in the
bottom-right figure, contradict with the fact that annihilation did not
occur and the two particles could not have both been in the overlapping
arms.
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To summarize, the quantum phase-space smoothing ap-
proach is able to reproduce the salient features of Hardy’s
paradox and identify the negativity of fo(g*,q~, p*, p7)
as the culprit that makes the classical phase-space picture
and quantum theory incompatible. f2(¢™, ¢~, p*, p~) should
be measurable experimentally, as it is simply the expected
value of the operator W (g™, p*)W(g~, p~)/4 for the quantum
state |W),. In light of the paradox, one might be tempted to
dismiss the quantum smoothing distribution as meaningless,
but its usefulness for sensing applications and correspondence
with classical reasoning suggests that it is still a valuable
computational and conceptual tool for quantum information
processing applications and offers an alternative view of the
quantum reality.

VII. CONCLUSION

In conclusion, the time-symmetric smoothing theory is
extended to account for discrete variables in classical systems,
quantum systems, and observations. To illustrate the extended
theory, atomic magnetometry and Hardy’s paradox are stud-
ied using quantum phase-space smoothing. The generalized
smoothing theory outlined in this paper is expected to be
useful in future quantum sensing and information processing
applications.
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APPENDIX: OBTAINING THE QUANTUM SMOOTHING
DISTRIBUTION BY WEAK MEASUREMENTS

In the case of continuous variables, the quantum smoothing
distribution can be obtained from the statistics of weak position
and momentum measurements, conditioned upon past and
future observations [3]. One may also apply a similar method to
the discrete-variable case. Interestingly, the statistics of weak
measurements naturally lead to a 2N x 2N phase space.

Consider consecutive g and p measurements of a quantum
system. Let the measurement operators be

. = 2
M(yg) =Cy ) exp [% cos - - q)} la)ql. (A1)
q=0

. i, 2
My, =G, Y exp [%” cos < (yp = p)} 1P)(pl. (A2)
p=0

where C,,, are normalization constants and €, , parametrize
the measurement strengths and accuracies. The probability
distribution of y, and y,, conditioned upon past and future
observations, is

P(yq yp)
_ @M )M (yg) S M ()M ()]
(g f)
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_ CCp Z eXp|:27'”'(l’/51/—PCI)
Ntr(g f) N

2 - 2 —q
S cos —JT(y,, 9) + 1 cos —Jr(yq )
2 N 2 N

q.9'.p.p’

_I_

€ 2 € 2
+ ?” cos W(yp - p)+ 717 cos W(yp - P/)i|

x (p'181p) gl flq"). (A3)
Let

p= , v = :
’ 2
(A4)

Applying trigonometric identities, one obtains

P(yq, ¥p)
c,C 4i(vg + p
_ Y APA Z exp|: wi(vg + pu)
Nu@f) -~ N
2 -G 2 -5
ﬂ(y]qv q) + e, cos ﬂ(y;] p)
5 .
n(yq q) Sinzﬂ
N
5 e
7 (yp — P) sin? ﬂjl
N
x(p+vIg|p —v)(q —ulf|g + u). (A5)

Utilizing the periodic nature of the above expression, one can
change the sum in terms of (¢, ¢’) to a sum in terms of (g, u),

+ €, cos
— 2¢, cos

— 2€, cos

N—-1N-1

quéz, (A6)
q=0¢'= q.u
QG{O,l,...,N—l}, (A7)
2 2
ue{—ﬁ+l,ﬁ+l, E} (A8)
2 22 2

likewise for (p, p’) and (p, v), and the matrix elements
(p+v|flp—v)and (§ — u|g|g + u) are assumed to be zero
whenever p+v, p —v, § —u, or g + u is not an integer.
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Thus,
P(y(/7 yp)
NC,C 2 —g
=—2L2 % "exp |:eq cos s — 1)
(@ f) 75
27(p =P oo o m-
+ €, cos %}g(q, P f(G,p), (A9)
where

20y =) . o 7H

F@p == exp| -2
, = — €X —ZL€E, COS ———MM S1
q, D N g P q N N

4mipu A
XeXP( Np )(Ci—ulfléJru), (A10)
1 2 - D
8@q,p) = IN Xu:exp |:—2€[, cos w sin’ %}
4mivg .
xexp | — (p+vIglp —v) (AT1)

In the limit of infinitesimally weak measurements and
€. L 1,

< _NL 47ipu S A
f(q,p)~2N21}jexp( I )<q ul f1g +u), (A12)
N 4mivg \ , _ Als
g(q,p)~ﬁ;exp( v ><p+v|g|p v), (Al3)

which are precisely the discrete Wigner distributions in the
2N x 2N phase space. Equation (A9) becomes

2n(yy — q
P(y,, yp) =C,Cp Z exp [eq cos %
q.7
27 (yp — P)
N
and can be regarded, from the perspective of classical
probability theory, as the probability distribution for noisy
g and p measurements, when the system has a phase-space
distribution given by the quantum smoothing distribution
h(g, p). h(g, p) can therefore be obtained in an experiment
with small €, , by measuring P(y,, y,) for the same g and f
and deconvolving Eq. (A14).

+ €, cos :|fl(6?al3)7 (Al4)
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