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We consider the information flow on a system observable X corresponding to a positive-operator-valued
measure under a quantum measurement process Y described by a completely positive instrument from the
viewpoint of the relative entropy. We establish a sufficient condition for the relative-entropy conservation law
which states that the average decrease in the relative entropy of the system observable X equals the relative
entropy of the measurement outcome of Y, i.e., the information gain due to measurement. This sufficient
condition is interpreted as an assumption of classicality in the sense that there exists a sufficient statistic
in a joint successive measurement of Y followed by X such that the probability distribution of the statistic
coincides with that of a single measurement of X for the premeasurement state. We show that in the case
when X is a discrete projection-valued measure and Y is discrete, the classicality condition is equivalent to
the relative-entropy conservation for arbitrary states. The general theory on the relative-entropy conservation
is applied to typical quantum measurement models, namely, quantum nondemolition measurement, destructive
sharp measurements on two-level systems, a photon counting, a quantum counting, homodyne and heterodyne
measurements. These examples except for the nondemolition and photon-counting measurements do not satisfy
the known Shannon-entropy conservation law proposed by Ban [M. Ban, J. Phys. A: Math. Gen. 32, 1643
(1999)], implying that our approach based on the relative entropy is applicable to a wider class of quantum

measurements.
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I. INTRODUCTION

In spite of the inevitable state change by a quantum
measurement process, some quantum measurement models are
known to conserve the information about a system observable.
Examples of such measurements in optical systems include
the quantum nondemolition (QND) measurement [1] and the
destructive photon-counting measurement [2—4] on a single-
mode photon number. In the QND measurement, the number of
photons is not destructed and the classical Bayes rule holds for
the photon-number distributions of premeasurement and post-
measurement states. On the other hand, the photon-counting
measurement is a destructive measurement on the system
photon number, but we can still construct the photon-number
distribution of the premeasurement state from the number
of counts and the photon number of the postmeasurement
state.

This kind of information-conserving quantum measure-
ment was discussed by Ban [5-8] quantitatively in terms of
the mutual information /(X : Y) between a system observable
X described by a positive-operator-valued measure (POVM)
and the measurement outcome of a completely positive (CP)
instrument Y [9-12]. Ban established a condition for X and Y
under which the following Shannon-entropy [13] conservation
law holds:

I;(X 1Y) = Hy(X) — Es[Hp, (X)), 1)

where p is the premeasurement state, p, is the postmeasure-
ment state conditioned on the measurement outcome y, Ej]. . .]
denotes the ensemble average over the measurement outcome
y for given p, and H;(X) is the Shannon entropy computed
from the distribution of X for state p. The left-hand side of
Eq. (1) is the information gain about the system observable
X which is obtained from the measurement outcome Y,
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while the right-hand side is a decrease in the uncertainty
about the distribution of X due to the state change of the
measurement. The physical meaning of the condition for the
Shannon-entropy conservation (1) due to Ban is, however, not
clear. There are also measurement models with continuous
outcomes in which information about a system observable is
conserved, but the Shannon-entropy conservation (1) does not
hold due to a strong dependence of the continuous Shannon
entropy, or differential entropy, on a reference measure of the
probability measure. In this sense, it is difficult to regard Eq. (1)
as the quantitative expression of the information conservation
about X.

In this paper, we investigate the information flows of the
measured observable based on the relative entropies [14] of the
measurement process Y and the observable X. Operationally,
the consideration of the relative entropies corresponds to
the situation when the premeasurement state is assumed
to be prepared in one of the two candidate states p or &, and the
observer infers from the measurement outcome Y which state
is actually prepared. This kind of information is quantified as
relative entropy of Y between g and 6. The same consideration
applies to X and we can define the relative entropy of X for
candidate states ¢ and & in a similar manner. Thus, we can
compare these relative entropies as Ban did to the Shannon
entropy and mutual information [6,7].

The primary finding of this paper is Theorem 1 which
states that a kind of classicality condition for X and Y implies
the relative-entropy conservation law which states that the
relative entropy of the measurement outcome Y is equal to
the ensemble-averaged decrease in the relative entropy of the
system with respect to the POVM X. The classicality condition
for X and Y assumed in Theorem 1 can be interpreted as the
existence of a sufficient statistic [14,15] in a joint successive
measurement of Y followed by X such that the distribution of
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the statistic coincides with that of X for the premeasurement
state. This condition permits a classical interpretation of the
measurement process Y in the sense that there exists a classical
model that simulates the conditional change of the probability
distribution of X in the measurement process Y computed
from the system’s density operator. It is also shown that
the conservation of the relative entropy (8) holds in a wider
range of quantum measurements than the Shannon-entropy
conservation law (1) since the relative entropy is free from
the dependence on the reference measure as in the Shannon
entropy.

This paper is organized as follows. In Sec. II, we show the
relative-entropy conservation law as Theorem 1 under a clas-
sicality condition for a system POVM X and a measurement
process Y. A special case in which X is projection valued is
formulated in Theorem 2. By further assuming the discreteness
of both the projection-valued measure X and the measurement
outcome of Y, we establish in Theorem 3 the equivalence
between the relative-entropy conservation law for arbitrary
candidate states and the classicality condition assumed in The-
orem 2, i.e., the classicality condition is a necessary and suffi-
cient condition for the relative-entropy conservation law in this
case. In Sec. III, we show that typical quantum measurements
satisfy the classicality condition, which are quantum nonde-
molition measurements, destructive sharp measurements on
two-level systems, photon-counting measurement, quantum-
counter measurement, balanced homodyne measurement, and
heterodyne measurement. In these examples, except for the
quantum nondemolition and photon-counting measurements,
we show that the Shannon-entropy conservation law (1) does
not hold. In Sec. IV, we summarize the main results of this

paper.

II. RELATIVE-ENTROPY CONSERVATION LAW

In this section, we consider a quantum system described
by a Hilbert space H, a system’s POVM X, and measurement
process Y described by a CP instrument. Here, we assume
that X is described by a density {Ef }reqy Oof POVM with
respect to a reference measure vo(dx) and that Y is described
by a density of CP instrument {Syy }yeq, with respect to a
reference measure po(dy). The probability densities for the
measurement outcomes for X and Y for a given density
operator p are given by

Py () =t [pEY]
and
py(y) =t [E)(p)] =t [pE]]. 2)

respectively, where E T = E}YT(IA ) is the density of the POVM
for the measurement outcome y, [ is the identity operator, and
the adjoint £ of a superoperator £ is defined by tr[ )€ (A)] :=
tr[E(P)A] for arbitrary p and A. The postmeasurement

state for a given measurement outcome y of Y is given
by

£l ()

= 3
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The densities of POVMs EX and E] satisfy the following
completeness conditions:

f no(dy)E} =1, (4)

/Uo(dx)EAf =1. 5)

As the information content of the measurement outcome, we
consider the relative entropies of the measurement outcomes
for X and Y given by

Dx(pl16) := D(pj||p3)

X
= [ wanpieom [p ’ (x)} ©)

P (x)

and

pi(y)
D(p}||pk) = / to(dy)ph(y)In Lf; (y)} .,

respectively. The relative entropies in Egs. (6) and (7) are in-
formation contents obtained from the measurement outcomes
as to which state g or & is initially prepared.

The main goal of this work is to establish a condition for X
and Y such that the relative-entropy conservation law

D(pillp) = D(pjl|pY) — Es[D(p)|IP5)]  ®

holds. Before discussing the condition for X and Y we rewrite
Eq. (8) in a more tractable form as in the following lemma.

Lemma 1. Let {E X} ca, be adensity of POVM with respect
to a reference measure vo(dx) and let {S{ }yeq, be a density
of CP instrument with respect to a reference measure po(dy).
Then, the relative-entropy conservation law (8) is equivalent
to

D(py"||p5") = D(py || P5), )

where pXY (x,y) is the probability distribution for a successive
joint measurement of Y followed by X.

Proof. The joint distribution p*Y(x,y) and the conditional
probability distribution ﬁg‘y(ﬂ y) of X under given measure-
ment outcome y are given by

PX (x.y) = w[ELPEX] = w[pE (ED)]
and

ey
i RS, , 10
pg » 75, {10

respectively. In deriving Eq. (10), we used the fact that the
marginal distribution of Y is given by Eq. (2) and the definition
of the postmeasurement state in Eq. (3). From the chain rule
for the classical relative entropy (e.g., Chap. 2 of Ref. [16]),
we have

ﬁg'Y(XIy) =

D(pXY| YY) = D(py||pY) + Es[DGBS" 19|52 ¢1y))]

=D(p}lIpY) + Es[D(py|PY)]. (D

where we used Eq. (10) in deriving the second equality. Here,

D( ﬁ;‘y(~| | ﬁgly(- |y)) denotes the relative entropy between
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the conditional probabilities (10) under a given measurement
outcome y. The equivalence between Egs. (8) and (9) is now
evident from Eq. (11). |

Equation (9) indicates that the information about X con-
tained in the original states ¢ and 6 is equal to the information
obtained from the joint successive measurement of ¥ followed
by X.

Now, our first main result is the following theorem on the
relative-entropy conservation law:

Theorem 1. Let X be a density of POVM {ﬁf}xegx
with respect to a reference measure vy(dx) and let Y be a
density of an instrument {Syy }yeq, With respect to a reference
measure o(dy). Suppose that X and Y satisfy the following
conditions.

(1) POVM of Y is the coarse graining of X, i.e., there exists
a conditional probability p(y|x) > 0 such that

EY = / vo(dx)p(ylx) EX (12)
with the normalization condition
[Mo(dy)p(yIX) =1 (13)

(2) There exist functions X(x; y) and ¢g(x; y) > 0 such that

ENEY) = qxs W EX

X(x3y)

(14)

for any x and y.
(3) For any y and any smooth function F(x),

/VO(dX)CI(X;y)F(i(x;y))=/VO(dX)p(yIX)F(X)- 15)

Then, the relative-entropy conservation law (8) or (9) holds.
Proof. We prove Eq. (9). By taking a quantum expectation
of Eq. (14) with respect to g, we obtain

AT (x.y) = q(x: y)p) (E(x: y)). (16)

Equation (16) implies that, from the factorization theorem for
the sufficient statistic [15], the stochastic variable X(x; y) is
a sufficient statistic of the joint successive measurement of
Y followed by X. Let us denote the probability distribution
function of X(x; y) with respect to the reference measure v as
pj (x). From the definition of pJ(x) and the condition (15),
for any function F(x) we have

/ vo(dx)pf () F (1)
- / wo(dx) / o) PXY (6, ) F((x; )
- / Ho(dy) f w0(d) P PE O F (1)

- / vo(dx)pX () F (x),

which implies that the probability distribution of ¥(x;y)
coincides with that of the single measurement of X. Thus,
the condition (15) ensures

Py() = py ). (17)
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From Egs. (16) and (17), we have

D(p3"||75") = D(p;[IP3) = D(P} || P7),

where in deriving the first equality, we used the relative entropy
conservation for the sufficient statistic due to Kullback and
Leibler [14]. |

The physical meaning of the conditions (14) and (15) is
clear from Eqgs. (16) and (17); the condition (14) implies
that ¥(x;y) is a sufficient statistic for the joint successive
measurement of Y followed by X and the condition (15)
ensures that the distribution of ¥(x;y) is equivalent to that
of X for the premeasurement state.

The assumptions 1, 2, 3 in Theorem 1 are interpreted as
a kind of classicality condition as the proof uses only the
classical probabilities. In fact, a statistical model

ﬁ(xin’})axout) = Sxin,f(xou[;y)Q(xout; Y)pg((xin)

with its sample space Qy x Qy x Qx reproduces all the
probabilities that appear in the proof, where x;, and x,, are the
system’s values of X before and after the measurement of Y,
respectively, and y is the outcome of Y. Here, we assumed the
discreteness of Q2x for simplicity, but the same construction
still applies to the continuous case.

In Ref. [7], Ban proves the conservation for the Shannon
entropy (1) by assuming Egs. (12), (13), (15), and

EMNEY) = prli(xs y)EL,,,
for all x and y. The condition (18) is stronger than our condition
(14) since g(x;y) is, in general, different from p(x|%(x;y)).
In some examples discussed in the next section, we will
show that condition (18) together with the Shannon-entropy
conservation law (1) does not hold, whereas our condition for
the relative-entropy conservation law (8) does. This implies
that our condition can be applicable to a wider range of
quantum measurements. Furthermore, for the case in which
X is a projection-valued measure and labels x and y are both
discrete, we can show that condition (18) is equivalent to the
condition that the postmeasurement state is one of eigenstates
of X if the premeasurement state is also one of them (see
Appendix A for detail).

Now, we consider the case in which the reference POVM
is a projection-valued measure (PVM) E X which satisfies the
following orthonormal completeness condition:

(18)

EXEY =68, vEY, Y EFf=1 fordiscretex;

XEQX

19)

EXEX =s(x —x)EY, / dxEX = [ forcontinuous x,
R
(20)

where §, , is the Kronecker delta and §(x — x’) is the Dirac
delta function. If £ is written as |x) (x|, the X -relative entropy

A (x]plx)
erszx (x[plx) In (é\gé)) J
[ dx{x|plx) In (g“g;;;)
is called the diagonal-relative entropy. For this reference PVM,

the condition for the relative-entropy conservation law is
relaxed as shown in the following theorem.

Ddiag(ﬁ||6) =
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Theorem 2. Let {53’ }yeq, be a density of an instrument

with respect to a reference measure po(dy) and E f be aPVM
with the completeness condition (19) or (20). Suppose that
X and Y satisfy the condition (14) in Theorem 1. Then there
exists a unique positive function p(y|x) satisfying Eqgs. (12)
and (13). Furthermore, the relative-entropy conservation law
in Eq. (8) holds.

Proof. For simplicity, we only consider the case in which
the label x for the PVM is discrete. The following proof can
easily be generalized to continuous X by replacing the sum
Y. ... with the integral [ dx ... and the Kronecker delta 8,
with the Dirac delta function §(x — x’).

The summation of Eq. (14) with respect to x gives

Y . X
E, = Z 4 V) Exey)

xXeQyx
- Z |:Z ‘Sx/,f(x;y)CI(x;y)] EX. 1)
x'eQy LxeQy
Therefore,
pOYIx) = Z Sx s (x5 y) (22)
x'eQy

satisfies Eq. (12). The uniqueness and the normalization
condition (13) for p(y|x) follow from Eq. (21) and the
completeness condition (4) for EY noting that {£X},cq, is
linearly independent.

Next, we show the relative-entropy conservation law (8).
From Theorem 1, it is sufficient to show the condition (15).
For an arbitrary function F(x) we have

PR ICINIACEINES [Z 5x',i(x;y)CI(x;)’):| F(x')

x€Qy x'eQy LxeQy
=Y pOIF),
xXeRy

where we used Eq. (22) in the second equality. Then, the
condition (15) holds. |

Next, we consider the case in which X is a discrete PVM
{Ef}xegx with the discrete complete orthonormal condition
(19) and Y is a discrete measurement on a sample space Qy
described by a set of CP maps {EX },cq, with the completeness
condition ’

Soerldy=1. (23)

YEQy

In this case, we can show the equivalence between the
established condition (14) in Theorem 2 and the relative-
entropy conservation law (8).

Theorem 3. Let X be a discrete PVM {EX},cq, with a
discrete complete orthonormal condition (19) and let Y be a
quantum measurement corresponding to a CP instrument on
a discrete sample space 2y described by a set of CP maps
{85,‘ }yeq, with the completeness condition (23). Then, the
following two conditions are equivalent:

(i) The condition (14) holds for all x and y.

(i1) The relative-entropy conservation law (8) or (9) holds
for arbitrary states p and 6.
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To show the theprem, we need the following lemma.
Lemma 2. Let {EX},cq, be aPVM with a discrete complete
orthonormal condition (19) and let {E ZZ }.eq, be a discrete

POVM. Suppose that
D(p;||p5) = D(p7|P7) (24)

holds for any states p and &, where pg( x) = tr[,@E;‘] and

HOE tr[pEZ]. Then, for each z € Q7 there exist a scalar
q(z) =2 0 and X(z) € Qx such that

E? =q()E},,. (25)
Proof of Lemma 2. Let U, be an arbitrary operator such that
U ; IL = Ijx U; = Ef, ie., Ux is an arbitrary unitary operator

on a closed subspace E X'H, where ‘H is the system’s Hilbert
space. Define a CP and trace-preserving map F by

Since EX er = Ex lA]XrU;/ lA]Xr = Ex Ex/ er = 0y v er, we have
P (x) = p¥,(x) for any state p. Therefore, from the assump-
tion (24) we have

D(pi||pFp) = D(p5||PF ) = O,
and hence we obtain
pg(z) = p%‘(ﬁ)(z)

for any p and any z € Qz, which is in the Heisenberg picture
represented as

E? = FI(EZ) = )" UIEZU.. (26)

E? = Z EXEZEX. (27)

From Egs. (26) and (27), an operator EXEZE¥ on EXH
commutes with an arbitrary unitary U, on E X'H, and therefore
EXEZEX is proportional to the projection £X. Thus, we can
rewrite Eq. (27) as
E? = Z k(z|)EY,
xeQy

where «(z|x) is a non-negative scalar that satisfies the
normalization condition Zzeﬂz k(z]x) = 1. Let us define a

POVM (£} )x eqyxa, bY
AXZ . £ X
ECS == k(z|x)E],
whose marginal POVMs are given by E£X and £Z, respectively.
Since the probability distribution for £XZ is given by
Py (x.2) =t [PEX] = k(zlx)p) (x), (28)

X is a sufficient statistic for a statistical model
{ pffz(x,z)},ses(m, where S(H) is the set of all the density
operators on H. Thus, from the sufficiency of X and the
assumption (24), we have

D(p;*||pi?) = D(p |

pi) = D(p;||pf).
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Since a statistic that does not decrease the relative entropy
is a sufficient statistic [14], Z is a sufficient statistic for
{ pgz(x,z)}ﬁeg(m. Therefore, there is a non-negative scalar
r(x|z) such that

piZ(x.2) = r(xl2)p(2),
or equivalently in the Heisenberg picture
K(ZI)EX = r(x|2)EZ. (29)

To prove (25), we have only to consider the case of EZ # 0.
For such z € Q, there exists x € Qy such that k (z|x)EX # 0.
Thus, from Eq. (29) we have £Z = "éz |‘x§ E¥ and the condition
(25) holds. |

Proof of Theorem 3. (i) = (ii) is evident from Theorem 2.
Conversely, (i) readily follows from (ii) and Lemma 2 by

identifying £Z with £ (EX). "

III. EXAMPLES OF RELATIVE-ENTROPY
CONSERVATION LAW

In this section, we apply the general theorem obtained in
the previous section to some typical quantum measurements,
namely, a quantum nondemolition measurement, a measure-
ment on two-level sytems, a photon-counting measurement, a
quantum-counter model, homodyne and heterodyne measure-
ments.

A. Quantum nondemolition measurement

We first consider a quantum nondemolition (QND) mea-
surement [17-19] of a system’s PVM |x)(x|. In the QND
measurement, the X distribution of the system is not disturbed
by the measurement backaction. This condition is mathemati-
cally expressed as

P () = pi(x) (30)

for all p, where

&' = / po(dy)Ey

is the completely positive (CP) and trace-preserving map
which describes the state change of the system in the
measurement of Y in which the measurement outcome is
completely discarded. The QND condition in Eq. (30) is also
expressed in the Heisenberg representation as

"y () = o al. €2y

Let Myz be the Kraus operator [10] of the CP map 5yY such
that

E(D) =) My.pM)..
Z
Then, Eq. (31) becomes
/ po(dy) Z M) My: = 0] (G2
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Taking the diagonal element of Eq. (32) over the state |x’) with
x # x', we have

[ ) 3 18t =

Therefore, the Kraus operator M‘ is diagonal in the x basis
and, from Eq. (12), it can be written as

Zeze(x 1Y.2) /p(y z|20)]x) (x
f dx D/ p(y,zho)lx) (x

where p(y,z|x) satisfies

M, = (33)

p(ylx)

= Zp(y,ZIX)-

We take the reference PVM |x) (x|, and from Eq. (33) we have

ey = ZMT ) x| My = o) (xl, (34)

which ensures the condition (14) with

X(x;y) =x,
q(x;y) = p(x]y).

Thus, from Theorem 2 the relative-entropy conservation law
(8) holds. In this case, Ban’s condition (18) and Shannon-
entropy conservation law in Eq. (1) also hold [7].

The relative-entropy conservation law in Eq. (8) in the
QND measurement can be understood in a classical manner
as follows. Let us consider a change in the x-distribution
function from pg‘ (x) to p}fv (x). In the QND measurement,
by using Eq. (34), the distribution of X for the conditional
postmeasurement state becomes

p(ylx)py (x)

X
ps(x) =
P Py

(35)

Note that the commutativity of |x) (x| and Myz is essential in
deriving Eq. (35). Then, Eq. (35) can be interpreted as Bayes’
rule for the conditional probability of X under measurement
outcome of Y. Since the QND measurement does not disturb
the system observable X, the change in the X distribution of
the system is only the modification of observer’s knowledge
so as to be consistent with the obtained measurement outcome
of Y based on Bayes’ rule in Eq. (35). Bayes’ rule is also valid
in a classical setup in which the information about the system
X is conveyed from the classical measurement outcome Y
without disturbing X. Since we can derive the relative-entropy
conservation law in Eq. (8) from Bayes’ rule in Eq. (35), we
can conclude that the relative-entropy conservation law in both
classical and QND measurements is derived from the same
Bayes’ rule, or the modification of the observer’s knowledge.

The rest of this section is devoted to examples of demolition
measurements in which the reference POVM observable X is
disturbed by the measurement backaction, yet the relative-
entropy conservation law still holds.
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B. Measurements on two-level systems

We consider a two-level system corresponding to a two-
dimensional Hilbert space spanned by complete orthonormal

kets |0) and |1). As the reference PVM of the system, we take
EY =|x)(x] (x=0,D). (36)

We consider a measurement Y described by the following
instrument:

E (D) =dy(y1ply) (y=0,1), (37
where qu is an arbitrary state. From Eq. (37) we can show that
E] =1y,

) (x) = (x1gy o) Iy ]

or
p(ylx) = 6., (38)

q(x;y) = (x|gy|x), (39)

() =y. (40)

Then, the conditions for Theorem 2 are satisfied and the
relative-entropy conservation law

D(p}||pk) = Dx(p116) — E;[Dx(pyl16,)]
= Dx(pl|6)

holds. The second equality follows from g, = &,. On the other
hand, from Eqgs. (38)—(40), Ban’s condition (18) does not hold
if the postmeasurement state ¢, does not coincide with one of
eigenstates |x)(x|.

Let us examine the Shannon-entropy conservation law (1).
To make the discussion concrete, we assume ¢A>y =1 /2. Then,
the Shannon entropy of X and the mutual information between
X and Y are evaluated to be

I5(X 1Y) = HyX)=— Z (x1plx) In(x|plx),
x=0,1

H; (X) = Hq:)v(X) =In2.
Thus,
Hy(X) — Hp (X) = I5(X :Y)—In2 # I;(X : Y).

Therefore, the Shannon-entropy conservation law (1) does not
hold. In this measurement model, the measured information
of Y is maximal and any information is not contained in
the postmeasurement state. This fact is properly reflected in
the fact Dx(p,||6,) = 0 if we consider the relative entropy,
while the Shannon entropy is nonzero if the postmeasurement
state is an eigenstate. This is the reason why the Shannon-
entropy conservation law (1) does not hold.

C. Photon-counting measurement

The photon-counting measurement described in Refs. [2—4]
measures the photon number in a closed cavity in a destructive
manner and continuously in time. The measurement process in
an infinitesimal time interval dr is described by the following

PHYSICAL REVIEW A 91, 032110 (2015)

measurement operators:

Mo(dt) = T — (iw—i— %)ﬁdt, (41)
M,(dt) = \/ydta, (42)

where w is the angular frequency of the observed cavity photon
mode, y > 0 is the coupling constant of the photon field
with the detector, a is the annihilation operator of the photon
field, and 7 := a'a is the photon-number operator. The event
corresponding to the measurement operator in Eq. (41) is called
the no-count process in which there is no photocount, while
the event corresponding to Eq. (42) is called the one-count
process in which a photocount is registered. In the one-count
process, the postmeasurement wave function is multiplied by
the annihilation operator @ which decreases the number of
photons in the cavity by one. Thus, this measurement is not a
QND measurement.

From the measurement operators for an infinitesimal time
interval in Egs. (41) and (42), we can derive an effective
measurement operator for a finite-time interval [0,7) as follows
[cf. Eq. (29) in Ref. [3]]:

(I —eriyn

' e—(ia)-‘r%)tﬁ&m’ (43)
m:

M, (1) =
where m is the number of photocounts in the time interval
[0,2), which corresponds to the measurement outcome y in
Sec. II. The POVM for the measurement operator in Eq. (43)
can be written as

M ()M, (t) = p(m|i;1), (44)
where
p(m|n; t) — (r’rlz)(l _ e—)/l‘)me—)/t(n—m). (45)

Equation (44) shows that the measurement outcome m conveys
the information about the cavity photon number 7. Especially
in the infinite-time limit ¢+ — oo, the conditional probability
in Eq. (45) becomes §,, ,,, indicating that the number of counts
m conveys the complete information about the photon-number
distribution of the system. Then, we take the reference PVM
as the projection operator into the number state |n)(n|, with
iiln) = n|n) and the orthonormal condition (n|n’) =§, .
From the measurement operator in Eq. (43), we obtain

M (0)n) (0| My (6) = q(ns ms; 0)|i(n; m)) (ii(n; m)|,  (46)
i(n;m) =n +m, 47)
g(n;m;t) = p(m|lm + n;t). (48)

Equation (47) can be interpreted as the photon number of the
premeasurement state when the number of photocounts is m
and the photon number remaining in the postmeasurement state
is n. From Egs. (46)—(48), the condition (14) for Theorem 2,
together with Ban’s condition (18), is satisfied and we have the
relative-entropy conservation relation for the photon-counting
measurement as

D(ps(-:)l1ps(-:1)) = Daiag(116) — E[Diag(Pm (1)]|6m (1))],
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where p;(m;t) = tr[,éM,T,,(t)Mm(t)] is the probability distri-
bution of the number of photocounts m. We remark that the
Shannon-entropy conservation law in Eq. (1) also holds in this
measurement [5].

D. Quantum-counter model

A quantum-counter model [20,21] is a continuous-in-time
measurement on a single-mode photon field in which no-count
and one-count measurement operators for an infinitesimal time
interval dt are given by

Mo(dt) = T — %&fﬁdt, My(dt) = Jydia',
respectively. The effective measurement operator for a finite-

time interval [0,#] is known to be dependent only on the total
number m of counting events in the time interval and given

by [21]
R [(e¥t — 1)m I
ch(t) — (e ) e—ytaaT/Z(&T)m'
m m!

The POVM for this measurement is then

(49)

e 79¢T (1) Aac (e =n"., —ytaat  stym
EF@) = MF M) = Ta e @

= p*(mla;1),

where

qu(m|n; l) - <n ;m)ww _ ])l?le—yf(n+m+l).

In this measurement model, we can show two kinds
of relative-entropy conservation laws corresponding to two
different system observables. As the first observable, we take
the PVM |n)(n|. Then, from Eq. (49), we have

M) n) (n| ME(t) = p©(m|ii(n; m); 0)|ii(n; m)) (fi(n; m)|,
(50)

iln;m)=n—m (28

and the conditions for Theorem 2, together with Ban’s con-
dition (18), hold. Therefore the relative-entropy conservation
law

D(py¢i0||pg¢i0) = D(pS1IpY) — Es[D (P11, 0)]
(52)

holds, where

o0
pEmity =w[pEF®)] =D p*imin;0)(n|pln),
n=0
pY(n) = (nlpln),
with p,,(¢) being the postmeasurement state when the mea-

surement outcome is .
The second system’s POVM is given by

—X,.n

EXdx = pX(xlaydx, pX(xln) = & (53)

n! ’
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where x is a real positive variable. The probability distribution
of X

pff(x)dx =tr [ﬁﬁf] dx

is known to be the distribution of lim,_, ., m/e"?, correspond-
ing to the total information obtained during the infinite-time
interval [21]. Equation (53) implies that X is obtained by
coarse graining 7i. It can be shown [21] that the distribution
pg (x) determines the photon-number distribution by

T [e* P} (0]

However, this just implies that the Markov mapping

(nlpln) =
x=0

[o.¢]
X X N
Py =" pXxIn)p}(n)
n=0
is injective and we cannot conclude that the information
contained in X and 71 are the same as the following discussion

shows.
From Egs. (49) and (53) we obtain

M O pX (ML) = g m)p* B m)l),  (54)
qx;m) = ™" p*m|Z(x;m)), (55)

pemi) = LD e — 1y,
m! (56)

fx;m) =e Vx.
Here, p9°(m|x) satisfies 223:0 p%¥(m|x) = 1. Furthermore,

for an arbitrary function F(x),

/oodx q(x;m)F(X(x;m))
0
= /00 d(e "' x)p¥(mle "' x)F(e "' x)
0

_ f dx p(mx)F(x). (57)
0

The POVM for the measurement outcome m can be written as

oo
T ()M 1) = f dx M () p* (e )M (1)
0

= /Oo dx q(x;m)p* (X (x;m)|A)
0

- / " dx p* ) ¥ (). (58)
0

From Eqgs. (54), (57), and (58) and Theorem 1, the relative-
entropy conservation law

D(py :0||p3*C:0) = D(p3 |[p5) = E; [D(pf,011P5,0)]
(59)

holds.
Let us consider the asymptotic behaviors of relative

entropies in the limit # — oo. Since m/e?’ converges to X
in distribution, we have

D(pFC:nl[pgin) == D(p}||p}).  (©60)
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From Egs. (52), (59) and (60) we obtain

Es[D(ph0llP0)] = D} ]|pY) = D(p}1]PY),
©1)

—>00

Ey [D(ph, ol P3,0)] — O. (62)

From the chain rule of relative entropy [16], the right-hand
side of Eq. (61) is evaluated to be

fo dx p5(x)D(p) (-[0)|| p (1x)) > 0, (63)

where
pX@ximp) ()

64
ph(x) ¥

py(nlx) =

is the photon-number distribution conditioned by X. The
equality in (63) holds if and only if the photon-number
distributions of p and & coincide. This can be shown as follows.
If the -equality in Eq. (63) holds, we have
D(pY ¢10)lpf¢|1x)) =0 for almost all x >0. Thus,

Vnz0, p)nlx)=plnlx) (65)

for almost all x > 0, and therefore we can take at least one
x > 0 satisfying Eq. (65). From Eqs. (64) and (65), we have

(nlpln) _
pi  pf

(n|6n)

Yn>0, (66)

Taking the summation of Eq. (66) over n, we have
Py ) = pX(x). (67)

From Eqgs. (66) and (67), we finally obtain (n|p|n) =
(n|6n)(¥Y n = 0).

Since the right-hand side of Eq. (61) is the difference
between the information contents of 7 and X, the above dis-
cussion shows that the measurement outcome m carries strictly
smaller information than that contained in the photon-number
distribution. Equation (61) also shows that the difference
of these information contents is obtained by a projection
measurement on the postmeasurement state.

From Eq. (55), Ban’s condition (18) does not hold for X.
The difference between the Shannon entropies of premeasure-
ment and postmeasurement states is given by

H;(X) — E;[Hp,»(X)]

& 00
= Hp(X) + Z P%C(m)/o dx Pia(m(z)(x)ln I’,)s(m(z)(x)
m=0

oo 00
= Hy(X) + Z/ dx e p(mle™"" x)ps (e x)
m=0 0

Py (m)
= —yt+ 1,(X : qc) # I,(X : qo), (68)

and the Shannon-entropy conservation law (1) does not hold.
The term —yt in Eq. (68) comes from the Jacobian of the

[e—yqu%m|e—yfx>pg‘<e—yfx>}
X In
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variable transformation x — ¥(x;y) = ¢ ?'x and the strong
dependence of the Shannon entropy for a continuous variable
on the reference measure dx. On the other hand, if we take the
relative entropy, such dependence on the reference measure is
absent and we can analyze both of information conservations
of 7i and X in a consistent manner.

E. Balanced homodyne measurement

The balanced homodyne measurement [22—-24] measures
one of the quadrature amplitudes of a photon field a in
a destructive manner such that the system photon field
relaxes into a vacuum state |0). This measurement process is
implemented by mixing the signal photon field with a classical
local-oscillator field into two output modes via a 50%-50%
beam splitter and taking the difference of the photocurrents of
the two output signals. For later convenience, we define the
following quadrature amplitude operators:

a+a o a-al
N IV T

The measurement operator in the interaction picture for an
infinitesimal time interval dt is given by

}?1 =

MdE(ry;dr) = [ — %n dt + Jyader),  (69)

where y is the strength of the coupling with the detector,
d&(t) is a real stochastic variable corresponding to the output
homodyne current which satisfies the Itd rule

[d&(1)]* = dt. (70)

The reference measure wo[€(...)] for the measurement out-
come is the Wiener measure in which infinitesimal increments
{d&(s)}seqo,r) are independent Gaussian stochastic variables
with mean 0 and variance dt. From the measurement operator
in Eq. (69), the ensemble average of the outcome d£& (¢) for the
system’s state 5(¢) at time ¢ is given by

E[dE@)| (D] = /27 (X1) 0, (71)

where (A), :=tr[pA]. Equation (71) indicates that d&(r)
measures the quadrature amplitude of the system. The general
properties of the continuous quantum measurement with such
diffusive terms are investigated in Refs. [25,26].

The time evolution of the system prepared in a pure state
[Y0) at t = O is given by the following stochastic Schrodinger
equation:

[Y(t +dt)) = M(E@); dD) |y (1))
The solution is given by [23]

1Y (1)) = My (1)), (72)
where

Myt =e Texp[yna — L1 —e7ha%],  (73)

Y0 =7 /0 e 2 dE(s). (74)

Note that the &> term should be included in the exponent on
the right-hand side of Eq. (73) to be consistent with the 1t6
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rule given in Eq. (70). We also mention that the measurement
operator in Eq. (73) does not commute with the quadrature
amplitude operator X and therefore this measurement disturbs
X 1. In the infinite-time limit r — oo, the stochastic wave
function in Eq. (72) approaches the vacuum state |0) regardless
of the initial state, which also indicates the destructive nature
of the measurement.

As the reference PVM, we take the spectral measure
|x)11(x]| of the quadrature amplitude operator X, where |x),
satisfies

Xilx)r = xlx)p, 1 (xlx’) = 8(x — x).

Then, the operator Ml(l)(t)|x)11(x|ll;ly(,)(t) and the POVM
for the measurement outcome y(¢) are evaluated to be (see
Appendix B for derivation)

M (O1x) 11 (x| My (8)

=q(x; (1)) [X(x; y(2); 1)) (R y(@); 0, (75)
q(x; y();t) = e V' p(y|(x; y(1))), (76)
Olx) = !
PR = e (1 — ey

. Y12

y exp[_ [y — v2(1 — e77")x] } an
2e V(1 —e77?)
ooy = e Tx + &, (78)
V2

wo(dy)MI(OM,(t) = dy p(y|Xy), (79)

where the arguments of X(x;y) in Eq. (78) are the the
measurement outcome [y(t)/ V2 on the right-hand side] and
the remaining signal of the system (¢~7x on the right-hand
side), in which the exponential decay factor describes the
system’s relaxation to the vacuum state and the loss of the
initial information contained in the system. The POVM in
Eq. (79) shows that the measurement outcome y(¢) contains
unsharp information about the quadrature amplitude X; and
that in the infinite-time limit # — oo the measurement reduces
to the sharp measurement of v/2X .

Equation (75) indicates that the condition (14) for
Theorem 2 is satisfied, and we obtain the relative-entropy
conservation law

D(ph(:)|pL(in) = Dx,(pl16)
- E; [DX1 By (@) |6)~(t)(t))]»

where

py(yindy = t[pMy (1) My (D)]pao(dy)

is the probability distribution function of the measurement
outcome y(t) which is computed from the POVM in Eq.
(79), pyy(t) and &y;(7) are the conditional density operators
for given measurement outcome y(t), and Dy, (5||6) is the
diagonal relative entropy of the quadrature amplitude operator
X.

On the other hand, from Eq. (76) Ban’s condition (18) does
not hold. The difference between the Shannon entropies is

PHYSICAL REVIEW A 91, 032110 (2015)

evaluated to be
H;(X) — E;[Hp (X)]

= 100 + [ dxdye P p( s P e y)

e p(ylE(x; Y) Py (E(x; y))
X In v
P;(y)

t
= —% FIX Y £ (X 1Y), (80)
and Shannon-entropy conservation law does not hold. The
term —yt/2 in Eq. (80) again arises from the nonunit Jacobian
of the transformation x — X(x;y) as in Eq. (68).

F. Heterodyne measurement

The heterodyne measurement simultaneously measures the
two noncommuting quadrature amplitudes X; and X, in a
destructive manner as in the homodyne measurement. One
way of implementation is to take a large detuning of the local
oscillator in the balanced homodyne setup. Then, the cosine
and sine components of the homodyne current give the two
quadrature amplitudes [24].

The measurement operator for the heterodyne measurement
in an infinitesimal time interval d¢ is given by

M(d¢(t);dt) =T —

=

adt + /yadg(t), (81)
where d¢{(t) is a complex variable obeying the complex It
rules

[P =[de* )P =0, dende* () =dt.  (82)

As in the homodyne measurement, we consider the time
evolution in the interaction picture. The reference measure pig
for the measurement outcome ¢(...) is the complex Wiener
measure in which real and imaginary parts of d¢(...) are
statistically independent Gaussian variables with zero mean
and second-order moments consistent with the complex It6
rules in Eq. (82).

The stochastic evolution of the wave function is described
by the following stochastic Schrodinger equation:

[W(t +dt)) = M(dt; de ()Y (1))

The solution of Eq. (83) for the initial condition |y) att = 0
is given by [23]

(83)

[V (1)) = My ()] ¥0),

where

vt

My(t)(l) =e 2 ney(t)ﬁ’ (34)

t
y@) = ﬁf e 2di(s). (85)
0
Here, the measurement operator in Eq. (84) does not involve
the a* term unlike the case of the homodyne measurement in
Eq. (73) because [d(¢)]? vanishes in this case.
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Let us evaluate the POVM for the measurement outcome
y(t) in Eq. (85). From Eq. (84), we have

M;(t)(t)My(r)(f) =/ {exp[yt — (e’ — 1)aéf

+ e [y(ta + y*()a'l — e’ |y},
(86)

where o7 { f(a,a")} denotes the antinormal ordering in which
the annihilation operators are placed to the left of the creation
operators. To obtain the proper POVM for the measurement
outcome y(¢), we have to multiply the operator M ;(t)(t)l\;[ w(o)(1)
by the measure po[dy(¢#)] which is the measure for the
reference complex Wiener measure. In the complex Wiener
measure, the variable y(¢) in Eq. (85) is a Gaussian variable
with zero mean and the second-order moments

Eoly’O1=0, Eolly®PP1=1—e".
Thus, the reference measure po[dy(t)] is given by

_ bhw?
r

_ e
woldy(t)] = - e_y,)d y(), (87)

where d?y = d(Rey)d(Imy). From Egs. (86) and (87), the
POVM for y(¢) is given by

d*y(n) < {p(y()la,a’; )},

I—e™

where

[y(—(1—e"a* |
exp[— e (I—e 7T ]

we V(1 —e 7))

pOY®|a,a* 1) = (88)

The probability distribution of the outcome y(¢#) when the
system is prepared in gy at t = 0 is given by

pp(vi1) = / d*a p(y(t)le,a*; 1) Q p(a,a®), (89)

where Q;(a,a*) := («|pla)/m is the Q function [27,28], and
|} is a coherent state [29] defined by
2 o

~ P _ ot o
|a>=eaaT70( a|0>=€ ‘2 Z\/m|n>

n=0

From Eq. (88), in the infinite-time limit# — oo, the probability
distribution of outcomes in Eq. (89) reduces to Q4 (y*,y).
Thus, the heterodyne measurement actually measures the
noncommuting quadrature amplitudes simultaneously in the
sense that the probability distribution of outcomes is the QO
function of the initial state [30].

As a reference POVM, we take

d*a

d’aE, = —|a)(a| (90)
T

which generates the Q function of the density operator. From
Egs. (84) and (90) we have

1ody)MINDELMy (1) = d*y(1)q(e,0*; y) Ea@y),  (O1)

where

ala,y) = e Ta+ ¥, (92)

gla,a*;y) = eV p(ylala; y),a*(a; y)). (93)
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Note that the inferred quadrature amplitude in Eq. (92) allows
a similar interpretation given in the homodyne analysis.

Equation (91) ensures the condition in Eq. (14). From
Egs. (88), (92), and (93), for an arbitrary smooth function
F(a,a*), we have

/dza q(a,o*; y)F(a(a; y),a*(a;y))
= f d*a(e?)’q(e% @+ y").e? @ + y):y) F@.&")

= /dzap(yla,a*;t)F(a,a*)-

Thus, the condition (15) for Theorem 1 is satisfied and the
relative-entropy conservation law

D(P} ()| PY (1)) = Dq(pol160) — E [ DBy 6yr))]

holds, where p,q) and &, are the conditional density
operators for a given measurement outcome y(¢) and Dq(0]|6)
is the Q-function relative entropy defined as
Do(p16) = /dza 0(@.e)In [%] L 94)

Since the Q function has the complete quantum information
about the quantum state, the Q-function relative entropy in
Eq. (94) vanishes if and only if p = &, which is not the case
in the diagonal relative entropies in the preceding examples.
Still, the Q-function relative entropy is bounded from above
by the quantum relative entropy S(4||6) := tr[6(In p — InG)],
for the relative entropy of probability distributions on the
measurement outcome of a POVM is always smaller than the
quantum relative entropy [31].

Equation (93) implies the violation of Ban’s condition (18).
The difference of the Shannon entropies is given by

H;(Q) — E;[H; (Q)]

= Hy(Q)+ / d*ad*y e p(yla(a; ) Qp(@(a; )

e " p(yla(a; y)) 0 p@(e; y))
x In %
P;(y)

=—yt+1,(Q:Y)#1;,(Q:7) 95)

and the Shannon-entropy conservation does not hold. Again,
the the term —yt in Eq. (95) originates from the nonunite
Jacobian of the transformation x — ¥(x; y).

IV. SUMMARY

In this paper, we have examined the information flow in
a general quantum measurement process Y concerning the
relative entropy of the two quantum states with respect to a
system’s POVM X of the system. By assuming the classicality
condition on X and Y, we have proved the relative-entropy
conservation law when X is a general POVM (Theorem 1)
and when X is a PVM (Theorem 2). The classicality condition
can be interpreted as the existence of a sufficient statistic in
a joint successive measurement of ¥ followed by X such that
the distribution of the statistic coincides with that of X for
the premeasurement state. This condition may be interpreted
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as a classicality condition because there exists a classical
statistical model which generates all the relevant probability
distributions of X and Y. We have also investigated the case
in which the labels of the PVM X and the measurement
outcome of Y are both discrete and we have shown the
equivalence between the classicality condition in Theorem 2
and the relative-entropy conservation law for arbitrary states
(Theorem 3). We have applied the general theorems to some
typical quantum measurements. In the QND measurement,
the relative-entropy conservation law can be understood as a
result of the classical Bayes’ rule which is a mathematical
expression of the modification of our knowledge based on
the outcome of the measurement. In the destructive sharp
measurement of two-level systems, Ban’s condition together
with the Shannon-entropy conservation law does not hold,
while our relative-entropy conservation law does. The next
examples, namely, photon counting, quantum counter, bal-
anced homodyne and heterodyne measurements, are non-
QND measurements on a single-mode photon field and the
measurement outcomes convey information about the photon
number, part of the photon number, one and both quadrature
amplitude(s), respectively. In spite of the destructive nature
of the measurements, the classicality condition is still satisfied
and we have shown that the relative-entropy conservation laws
hold for these measurements. In the quantum-counter model,
we can take two kinds of POVMs of the system satisfying
the two relative-entropy conservation laws. In the heterodyne
measurement X is the POVM which generates the Q function
and is not an ordinary PVM, reflecting the fact that the
noncommuting observables are measured simultaneously. In
the examples of quantum counter, homodyne and heterodyne
measurements, the Shannon-entropy conservation laws do
not hold due to the nonunit Jacobian of the transformation
x — X(x;y). These examples of nonconserving Shannon
entropies suggest that our approach to the information transfer
of the system observable is applicable to a wider range of
measurement models than that based on the Shannon entropy.
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APPENDIX A: EQUIVALENT CONDITIONS FOR (18)
WHEN X AND Y ARE DISCRETE

In this appendix, we characterize the condition (18) required
by Ban when the reference POVM X is a discrete PVM and
the measurement Y is also discrete. In this case, the condition
(18) is equivalent to the condition that if a premeasurement
state is an eigenstate of X, then the postmeasurement state is
another eigenstate of X as shown in the following theorem.

PHYSICAL REVIEW A 91, 032110 (2015)

Theorem 4. Let SyY be a CP instrument with discrete

measurement outcome y and E f = |x)(x| satisfying the
assumption (14) of Theorem 2. Then, the following conditions
are equivalent:

(1) Ban’s condition (18) holds, ie., g¢q(x;y)=
P Ix(x; y)).
(2) For all x and y such that p(y|x) # 0,
(A1)

> bs = 1.
~

(3) For all x and y such that p(y|x) # 0O, there exists a
unique x” such that x = ¥(x; y).

(4) The postmeasurement state is an eigenstate of X if the
premeasurement state is an eigenstate. Namely, for all x and
v, there exist functions x(x; y) and r(x; y) > 0 such that

EY (1) (x]) = r(x; YT ) (T Y. (A2)
Before proving this theorem, we make a comment on the
arbitrariness of the definition of ¥(x;y) when ¢g(x;y) = 0.
In this case, %(x; y) may take any value and we define it as ¢,
which is out of the range of label space of X. We also define
p(y|¥) = 0 for any y.

Proof. 1 = 2: We first note that p(y|x) in this case is
given by Eq. (22). By substituting g(x’; y) = p(y|%(x’; y)) into
Eq. (22), we obtain

POIX) =D b sy POIRRs ) = (Z 5,6,,?(,(/;”) p(ylx).

Therefore, Eq. (A1) holds whenever p(y|x) # 0.

The condition 3 immediately follows from 2 by noting the
definition of the Kronecker’s delta.

3 = 4: From Eq. (2),

pOI) = e[l D] = w[E () xD]. (A3)

If p(y|x) = 0, from Eq. (A3) and the positivity of 5;(|x>(x|),
Syy(|x) (x]) = 0 and the condition 4 hold. Let us consider the

case in which p(y|x) # 0. Since E}ﬁ is a CP map, it has the
following Kraus representation [10]:

£ (A=) M| AM,.. (Ad)
Zz
From Eq. (14), we have
DM 1x) (x| M,z = q(x; y) R0 ) E )]
Zz
Therefore, we can put
M |x) = a(x;y,2)%(x; ), (AS5)
where
(A6)

Y late; y, 0l = q(x; y).
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From Egs. (A4) and (AS5) we obtain
> M X" (x| My,

Z

= {Z a(x";y,2)a*(x'; y,z)}

Z

XN x"y (x')) =

XX ) EE ). (A7)
The matrix element of £ (|x)(x|) is evaluated as
IEY () (e Dlx"y = te [E) () (D) (']
= tr [y (<17 (") (2]

= [Za(X”;y,z)a*(X’;y,z)}

Z
X Sx,i(x”;y)‘sx,i(x’;y)a (AS)

where we used Eq. (A7) in the last equality. From the
condition 3, there exists a unique x’ such that x = %¥(x’; y)
and we write this x” as X(x; y). Then, Eq. (A8) becomes

|:Z |a(x/; Ysz)|21| Sx’,)?(x;y)Sx”,X(x;y)
Z

= C]()C/; y)sx’,)?(x;y)Sx”,i(x;y)v (A9)
where we used Eq. (A6). Equation (A9) implies

Ey (Ix) (x]) = g (@ (x5 y); IEC; M) E Qs ),

which is nothing but the condition 4.
4 = 1:From

EV =€ =Y p(ylole) ]
and Eq. (A2), we have

pO1) = tr [l (<17 (D] = e [€X (1) (xD]x = rixs ).

(A10)
From Egs. (14), (A2), and (A10), we obtain
g y) = e [|%0e ) (EE IET () (x)]
= tr [E) [1%(x; y)) (X0 p)I1x) (x|
= pYIX(x; Y)ox 2@y - (A1)
When g(x; y) # 0, Eq. (A11) implies g(x; y) = p(y[%(x; y)).

If g(x;y) =0, £(x;y) =@ and p(y|#) = g(x;y) = 0 from
the remark above the present proof. Thus, the condition (18)
holds. |

We briefly remark on the case when the PVM |x)(x]| is
continuous with the complete orthonormal condition (20).
Under the same assumptions of Theorem 4, we can show that
Ban’s condition (18) implies

/dx’(S[x -3 =1

for any x and y such that p(y|x) # 0. The proof of Eq. (A12) is
formally as the same as that of 1 = 2 in Theorem 4. However,
the formal correspondence between continuous and discrete X

(A12)
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fails when we consider the other part of the proof of Theorem 4.
For example, we cannot conclude from Eq. (A12) the existence
and uniqueness of x" such that X¥(x’; y) = x. For simplicity, let
us assume the uniqueness of x” holds. Still, the condition (A12)
is very restrictive since it implies

Bi(x’;y)‘ _

i.e., the Jacobian of the transformation x — ¥(x; y) should be
1. This reflects the strong dependence of the Shannon entropy
on the reference measure, which is not the case in the relative
entropy.

APPENDIX B: DERIVATIONS OF EQS. (75) AND (79)

To evaluate the operator I\;I;(t)(t)bc)l 1 (x|My(t)(t), we utilize
the technique of normal ordering. We first note that the
normally ordered expression : O(a,a’) : of an operator O,
in which the annihilation operators are placed to the right of
the creation operators, is given by a coherent-state expectation
as

O(a,a*) = (a|Oa).

Since the coherent state |«) in the |x); representation is given
by

xle) = 77 exp [—1(x — V20)? — L(e? + )],

we have

KN 2
(@lx)n (xla) = 72 exp [— (x— “j;‘ ) }

which implies the following normally ordered expression:

A ata 2
|x)11(x|=7T1/226Xp|:—<x—a:;§m>i|:. (B1)

By using Eq. (B1) and the formula

=y S,
| 2 le™"a)

e Ma)y=c¢e

9

which is valid for real X, the expectation of the operator

M;(t)|x)11(x|1\9ly(t) over the coherent state |a) is evaluated
to be

<a|M1(,)<z>|x>11<x|My<,>(t)|a>

2 ex { |: %y )’(t) 0l+0l*]2
P V2 V2
V7 )’(t) 2} B2
*[ ﬁ] —y ®2

Substituting Eq. (B1) in Eq. (B2), we obtain Eq. (75). By
integrating Eq. (75) with respect to x and noting a relation

fXn = /dx FEOIx) 11 {x],
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which is valid for an arbitrary function f(x), we obtain

2
% ~ t N n
M) M, (1) = exp [% R e (X1 o ) } .

(B3)

To evaluate the proper POVM for the outcome y, we need
to multiply M(1)M,(1) by poldy(1)], where poldy(®)] is
the probability measure of y(z), provided that &(...) obeys
a Wiener distribution. Here, y(¢) in Eq. (74) under a Wiener
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measure [Lg is a Gaussian stochastic variable with the first and
second moments

Eo[y(®)] =0,
Eoly* ()] = Vf eds=1-e",
0

where Eyl[...] denotes the expectation with respect to the
Wiener measure. Thus, po[dy(?)] is given by

dy ex [— y’ } (B4)
e P 20— ]

Multiplying Eq. (B3) by Eq. (B4), we obtain Eq. (79).
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