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Abstract. The origins and physical consequences of the tradi-
tionally used relation between the position measurement error
and the momentum perturbation, A% x Alz) p = Hh?/4, are dis-
cussed. It is demonstrated that the corresponding increase in
the momentum variance for the aposteriori state occurs only in
some special cases. The product of A,ZHA and Alz)b’ is shown to
essentially differ from the one given by the uncertainty relation
if the commutator [A4, B] is an operator. The error quantum
limits for the joint homodyne measurement of quadrature am-
plitudes for an optical mode are found. It is shown that similar
results can be obtained if the quadratures of a harmonic oscil-
lator are estimated by means of continuous position measure-
ment.

1. Introduction

The fundamental relation between the position and momen-
tum variances, known as the Heisenberg uncertainty relation,

h2
R

AzxA2p> 1 (1)

is the quantitative formulation of the Heisenberg uncertainty
principle [1]. It characterizes the state of an object and directly
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follows from the fact that the operators X and p do not
commute [2—4]. By definition, the quantities A’x and A%p
depend only on the state of the object and are not related to
measurement errors.

Experimental verification of relation (1) implies the
following. One prepares an ensemble of many particles. For
half of the particles, the positions are measured precisely
(with an error much less than Ax), for the other half, the
momentum measurement is performed. The obtained sets of
numbers are then analyzed and the position and momentum
variances are calculated.

There are relations similar in form to relation (1) but with
a different meaning. Among them, the best known one is the
relation between the error in the position measurement and
the momentum perturbation. Traditionally, it is proved by
considering a position measurement with the help of a
microscope (the Heisenberg microscope) and written using
the same notation as in relation (1). We represent it in the
form

2
2 A2

AXA P> (2)
where AZx is the variance of the position measurement

error and Af) p is the variance of the momentum perturba-
tion. The error (inaccuracy) of the position measurement is
understood as the difference between the measurement
result and the true value of the position. The momentum
perturbation is understood as the variation of the object
momentum as a result of the interaction between the object
and the measurement device (meter). According to the
definition, neither the measurement error nor the perturba-
tion depends on the state or dynamical parameters of the
object.
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It is commonly supposed that relation (1) leads logically
to the relation between the error variances in the case of a
joint (simultaneous) measurement of the position and
momentum,

2
N bpz )

A joint measurement of the position and momentum is
understood as a simultaneous interaction of the object with
two meters, one of them measuring the position and the other
the momentum.

Papers on the simultaneous measurement of the position
and momentum deal with the relation that is called the true
uncertainty principle for joint measurements in Ref. [5]. We
write it as [6]

AxiAx, > h, 4)

where x; and x, are observables not of the object but of the
meters. The values Ax; and Ax, are not the measurement
errors but the standard deviations of the results of precise
measurements of x; in one meter and x; in the other.

Relations (1)—(3) are as old as quantum mechanics itself.
Nevertheless, the connection between them and their con-
sequences are still subject to discussions and arguments.

At the dawn of quantum mechanics, there was a diffused
opinion that the uncertainty relation itself follows from the
abilities of the measurement devices and a quantum system
should be described statistically because of the fundamental
nature of the interaction involved in the measurement process
[4, 7]. Traces of this viewpoint can still be found in modern
textbooks on quantum mechanics, see, e.g., [§—10]. No
contradiction is observed between the two different inter-
pretations of the uncertainty relation: as a consequence of the
general quantum mechanics principles and as a consequence
of the abilities of measurement devices. From this standpoint,
the fact that relation (2) is proved using examples (as a rule,
involving a microscope) where the device itself (a light beam)
is assumed to obey the uncertainty relation is ignored.

Relation (2) is usually understood as follows: measure-
ment of the position of an object with an error Azmx always
leads to an increase in the variance of the momentum by
Af) p = /(4A2 x). This interpretation is erroneous. Under
certain conditions, an approximate measurement of the
position can bring the object into a state in which the
momentum variance is less than the initial one [11—13] and
less than /% / (4A2 x) [14]. The meter may even leave no trace of
its dynamical influence on the object, despite the decrease in
the position variance.

Relation (3) is certainly true if it is written for the errors
in the measurement of the position and momentum related
to the state after the measurement. Otherwise, one could
prepare a state contradicting the uncertainty principle. But
because the generalized momentum of the object—meter
system can be defined in different ways, in some cases
relation (3) may not hold for values of the position and
generalized momentum during the interaction between the
object and the meters.

By analogy with the generalized uncertainty relation [3,
15, 16]

2
s

AN ANB >
4

2 A [A,B]
C=
’ lh )

(5)

one could try to write relations (1)—(3) in the form

o
MANB = (O, (6)

2
K AN B2 o] )
But this would be a mistake!

The aim of the present paper is to investigate, in terms of
the modern theory of measurements, the origins and the
validity domains for relations (2) and (3) as well as to find
correct relations instead of erroneous (6) and (7).

In Section 2, it is explained how the state of an object is
understood in the quantum theory of measurements after its
measurement, and the notions of selective and nonselective
measurements are introduced. Using the standard quan-
tum scheme for position measurement, it is proved that
relation (2) follows from the uncertainty relation for the
observables of the meter. Further, relations A4 A, B and
AmBA,A are investigated in the case where [4, B] = iiC,
the transformation of the object state due to the measure-
ment is described mathematically, and examples are given in
which the change in the variance of the object momentum
contradicts relation (2).

Next, correlations between the errors in joint measure-
ments for noncommuting observables are investigated. In
Section 3, three known measurement models are considered:
(1) simultaneous interaction of the object with two meters,
one of them being sensitive to the position and the other to the
momentum; (2) joint measurement of the position and
momentum using an ancillary degree of freedom, such that a
joint measurement of noncommuting observables is replaced
by a joint measurement of commuting combinations of
observables; (3) homodyne measurement of the quadratures
and the number of quanta for a single radiation mode. In
addition, the origin of relation (4), as well as its connection
with relation (3), is pointed out. In Section 4, the errors for the
joint estimation of noncommuting observables via contin-
uous position measurement are analyzed, and the stationary
state of the object formed by such a procedure is described.

The main results of the work are summarized in Section 5.

2. Measurement error — perturbation relation

A description of the study outlined above inevitably requires
using special terms and notions of the quantum theory of
measurement. We briefly review the basic ones.

2.1 Some notions of the quantum theory of measurement
Measurement is a fundamentally irreversible process. Irrever-
sibility can arise at the very first stage of the measurement, for
instance, when the position of an electron is measured by
observing a bright spot on a screen. Such a measurement is
called direct. But if the position of an electron is used to
measure another observable, for instance, the electric field
through which the electron beam is passing, then the second
stage of the measurement is irreversible. The first stage, i.e.,
the interaction of the electron with the field, is in this case
reversible. This way of measuring the electric field through
the position of an electron is called an indirect measurement.
In this scheme, the electron beam plays the role of a
quantum readout system (QRS) [17, 18], i.e., a quantum
converter or a microsensor [14]. After an indirect measure-
ment, the object remains in its initial surrounding. An indirect
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measurement provides information about both the initial
(apriori) state of the object and its final (aposteriori) state.

How does the measurement, i.e., interaction of the object
with the meter, differ from its interaction with any other
physical system? In a meter, the information about the object
is converted from the quantum level to the classical one.
According to the measurement results, the initial ensemble of
objects can be divided into subensembles by means of certain
classical operations. The states of these secondary ensembles
are called states after a selective measurement [14].

Although special quantum properties inhere even in a
single quantum system, the only way to verify that an object is
prepared in a certain quantum state is to perform experiments
on numerous indistinguishable objects or on a single object
that is returned to the initial state numerous times. Speaking
of the state of a single object always implies that the object is a
representative of a certain ensemble. In an experiment on a
single object, the selection process is virtual: it only consists of
registering the result of the measurement. The state of the
object after a selective measurement depends not only on the
accuracy but also on the measurement result.

If there is no selection according to the measurement
result, then the state of the object after the interaction with the
meter can be viewed as a mixture of states that could be
obtained through a selective measurement [11, 14]. In such a
mixture, the probability distribution for the measured
observable is the same as the initial one. Such measurements
are called nonselective [14].

Because the notion of the state after the measurement is
ambiguous, it is important to specify what is meant by the
momentum perturbation due to the position measurement. It
is useless to define the variance of the momentum perturba-
tion as the variance of the difference p(t) — p(0), where p(t)
and p(0) are the respective momentum values after and
before the measurement, because the measurement of p(0) is
incompatible with the position measurement. As a value with
a physical meaning, one can take the difference of the
momentum variances

Ap(c) — A%p(0) = J’(,, —(p)) welp) dp

- j<p () wo(p)dp, (8)

where w,( p) and wy( p) are the respective probability densities
for the momentum in the final and the initial states of the
object. In Eqn (8) and in what follows, the integrals are taken
from —oo to co.

Expression (8) depends on whether the measurement is
selective or nonselective.

2.2 Origins of the traditional measurement

error — perturbation relation

We consider the standard quantum scheme for the indirect
measurement of the position. For the meter to acquire
information about the instantaneous values of the position,
the interaction Hamiltonian A, for the object and the QRS
should be linear functions of the position operator. Let
H; = oY, where Y is some operator related to the QRS
(position, momentum, position square, etc.) and o is the
coupling coefficient. We represent the Hamiltonian of the
object —meter system as

ﬁ:ﬁo+ﬁi+ﬁa7

where H, and H, are the respective Hamiltonians of the
object and the meter.

If Y is the position operator for the QRS, the equations of
motion for the system can be written in the Heisenberg picture
as

dp 1., .

(@) =g pH)+at,
A ©)

dp 1 . - .

(b) EZI—[P,H:‘[]-FO(X,

where P is the QRS momentum operator, which is conjugate
to the position Y. It follows from Eqn (9a) that during the
position measurement, the meter acts on the object with a
force (the fluctuation back-action force) whose operator is
ﬁb.a = Otff.

If the measurement is ‘instantaneous’, i.e., the duration t
of the interaction between the object and the meter is so short
that the evolutions of the object and the meter can be ignored
(t — 0, ar is finite), then Eqns (9) imply that

(1) = p(0) +ox¥(0),

(b) P(t) = P(0) + oz(0) .

—
fobl
K
>

(10)

For the meter, information about the object position is
contained in the variation in the QRS momentum. The meter
obtains the estimate for the position x(0) of the object by
measuring the QRS momentum P(t). If the measurement
yields a value P, then the most probable value is taken as the
estimate of the object position,

I G -
¥=—(P=(P(0))), (11)
where (P(0)) is the QRS momentum mean value in the initial
state.

The variance of the measurement error is defined as the
conditional (corresponding to a given position) variance of
the estimate. In this particular case, it is

1 . A*P(0

Nx= 1 (@2pap) > A 7Y

(a7) (ot)

) (12)

where A2 P is the variance of the QRS momentum measure-
ment error and A? P(0) is the QRS momentum variance in the
initial state. The distribution of possible estimates for a given
state of the object is characterized by the unconditional
variance of the estimate,
A% = AL x + A°x(0), (13)
where A%x(0) is the apriori variance of the object position.

After the interaction with the meter, according to (10), the
variance of the object momentum becomes

A’p(t) = A*p(0) + (a1)* A’ Y(0), (14)
which exceeds the variance in the initial state by

A p = (21)” A*Y(0). (15)

From (12) and (15), we have

Ay x A p = N P(0) A*Y(0). (16)
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Hence, relation (2) is valid as long as the uncertainty
relation holds for the QRS state. (In the example with the
microscope, the validity of this condition is in fact
postulated for the QRS that is a light beam.) Therefore,
relation (2) between the position measurement error and the
momentum perturbation can only be considered a conse-
quence of the uncertainty relation. In fact, relation (2) is the
uncertainty relation for the meter written in terms of the
observables of the object.

Note. In some works, the product of relations (13) and
(14) is considered [19]. Written in a convenient form, it
becomes

A’XA°p(z) = 1P,

which is the relation between the unconditional variance of
the position estimate, which depends on the initial states of
the object and the meter, and the unconditional variance of
the object momentum after the measurement.

2.3 Relation between the measurement error of /i

and the perturbation of B in the case where [4, B]

is an operator

The fundamental difference between the uncertainty relation
for the object and the measurement error—perturbation
relation becomes evident in the case where the commutator
of the operator 4 corresponding to the measured observable
and the operator B corresponding to the perturbed observa-
ble is an operator: [4, B] = ihC. For instance, if 4 =

B = p2, then it follows from (5) that

Ax A2 = 1| p)) (17)
where ( p) is the mean value of the object momentum.

If a relation similar to (5) were valid for the product of the
variances of the position measurement error and the
momentum square perturbation, then the variance of the
momentum square perturbation would depend not on the
initial variance of the momentum but only on its mean value.
However, according to (10a), the change in the variance of the
momentum square for the object is

A’p? = A’p*(1) — A’p?(0)
= 4(p?(0))(21)> A*Y + (a1)* A’Y?, (18)
A2Y? = (Y% — (Y.
From (12) and (18), we obtain
AL x AL p? =4(p?(0)) A°PA’Y + (ax)* AP A* Y2, (19)

According to relation (5),
A’PA*Y? > 12(Y)?.

Hence, for (Y') = 0, the second term in (19) may be equal to
zero. The corresponding state was studied in Ref. [20]. In the
Hilbert space, a Gaussian state asymptotically tends to this
state as A”Y — 0.
Because
A’Y? = (YY) —

(Y?)? =2(A%y)?

for a Gaussian state of a QRS, the second term in (19) is

() oy Mo 0
2 SAZP(0) SAlx

It follows that the relation between the position measurement
error and the momentum square perturbation can be
represented as

h4

2 2
Aux b p” 8ALx
m

> 17 (p*(0)) + (20)
This relation is essentially different from uncertainty relation
(17), even in the case where the second term can be neglected.
The right-hand side of (20) depends on the mean value of the
momentum square, while relation (17) involves the square of
the momentum mean value.

One can easily prove that the relation between the
momentum square measurement error A2 p? and the posi-
tion perturbation Af, x differs not only from the corresponding
uncertainty relation but also from the position measurement
error—momentum square perturbation relation (20). By
representing the interaction Hamiltonian in the form
H; = 0p?Y and solving the corresponding relations, we find
that

Ay p* Aox = 1P (p*(0)). (21)

In general, the product of the measurement error and the
perturbation Az A AZB depends on the commutators

(C, 4], [IC,4],4], [[[C,A],4],4],
If [C, A] = 0, then
2 4 A2 2
ALAAB > T (C*(0)). (22)
If [C, A] = i7ifs, where f§ is a c-number, we have
2 4 A2 e ) B
> R [
ALANB 2 (C*(0)) + B sl A (23)
Finally, if multiple commutators [...[C, 4], 4],..., A] are

nonzero, then the right-hand side of the relatlon under study
contains terms proportional to A"/(A"YA), with
n=4,6,8,....

To what state are inequalities (2) and (21)—(23) related?
Relations (14)—(23) were derived in the Heisenberg picture,
with all averaging performed over the initial states of the
object and the meter. In the Schrodinger picture, this
corresponds to averaging over the entangled state of the
object and the meter, which is formed due to the interac-
tion.

We suppose that before the interaction, the object is in a
pure state i/, ) and the QRS is in a pure state |/, ). Then, after
the interaction (at time 7) but before the measurement of P(t)
in the meter, the meter and the object are in the entangled
state

|Wen) = exp (—iHi7) [11,(0)) @ [, (0)) -

(Hereafter, we set = 1.) In the x- and Y-representation, the
wave function is given by

|avem>=”|r>wo<x>wa< Jexp (—izzx¥) [x) dxdY. (24)
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The probability distribution of the object position
corresponding to entangled state (24),

Went (X) = (Pent|x) (X[Pent) = J|l//a(Y)|2||//0(x)|2dY: Wo(x),

is the same as in the initial state |1}, ). This calculation does not
lead to wave packet narrowing due to the interaction. Hence,
we are dealing with a nonselective measurement of the
position.

For entangled state (24), the probability density of the
object momentum is
}2

Went(2) = (Pent| p) (| Pent) = J]@O(MY—F[))}2 (V) dY,

polazY +p) = jexp (=i(p + 02 )x) Yo () dx,

Vo(x) = (x[¥o(0)) . ¥a(Y) = (¥[1,(0)).

The function wen( p) is the probability density of a sum of two
independent random variables p + «atY. This probability
distribution for the momentum corresponds to the variance
in (14).

2.4 Measurement error and perturbation

in the case of a selective measurement

We consider how the state of the object transforms when the
initial ensemble is divided into subensembles according to the
measurement result.

2.4.1 State of the object after a precise measurement in the
QRS. A precise measurement of P, giving a result P,
transforms any state into the state |P). This transformation
is performed by the projection operator | P)(P|. Accordingly,
the object—QRS system passes from the entangled state

|Pene) into the (nonnormalized) state
BB Went) = |P) & [ (P))
where
[0lP)) = [ 0P+ 5500 w1 .
@ (P~ otx) = J(P| Y)y,(Y)exp (—lotxY)dY.

Thus, a precise measurement of the QRS momentum trans-
forms the entangled state into the product of nonentangled
states |P) and |/, (P)). The state vector |y, (P)) represents the
state of the object after a selective measurement of the
position.

Because P sets the estimate ¥ = P/atr of the object
position, the state vector |¢0(13)> can be represented as

Vo) = jwamx) o) 1) do, (25)

a(%1x) = (o7)"2 9, (P + o) . (26)

Transformation of the initial (apriori) state of the object

Vo) = [%(xl) ) oy

into aposteriori state (25) can be considered the result of the
reduction operator acting on the state |i/,) [17, 21],

R = [ o,(s

¥) ) (] dx = g, (%

). (27)

The aposteriori state turned out to be pure because the initial
states of both the object and the QRS were pure and the
measurement of the QRS momentum was precise.

2.4.2 Aposteriori distributions of the position and momentum of
the object. The aposteriori distributions of the object
observables can be found from Eqn (25) in accordance with
the known rules (considering an idealized measurement).

The normalized wave function corresponding to vector
(25)is

Sy — 2T V)

wl/2(X) (28)

where

w(X) = Jw(i\x) Wo(x) dx

is the unconditional distribution density for the estimate X.

Transformation (28) of the initial wave function is similar
to its transformation by means of a spatial filter with the
transmission coefficient ¢, (¥|x). In other words, a selective
measurement of the position changes the state of the object in
the same way as a spatial filter whose transmission coefficient
depends on the initial state of the object and the result of the
position measurement.

According to (28), the aposteriori probability density
distribution for the object position,

~ w(X]x) wo(x)

H=""0 (29)

w(x

is connected with the conditional density distribution for the
estimate, w(X|x) = |p,(%[x)|", and the apriori density dis-
tribution for the position, wo(x) = |/, (x) > by means of the
well-known Bayes relation [22].

By analogy with (29), formula (28), which contains wave
functions rather than the corresponding probability density
distributions, can be called the quantum analog of the Bayes
relation.

The aposteriori probability density distribution for the
object momentum is

1 2
(p18) = 31 | a5 20 o) exp (i)

The aposteriori mean value of the momentum square is
[ SN
(%) = [ ax
- - 2
= [loi o) + ey ool av. G0
2.4.3 Examples of the object state transformation due to
selective measurement. Example 1. If the initial states of the

object and the QRS are purely Gaussian, with minimal
uncertainties, the aposteriori state of the object is also
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Gaussian, the inverse variance of the position being given by

I
Ax(%)  Ajx  Aix’

The aposteriori distribution of the momentum is also
Gaussian, with the variance

R
AP = e

Hence, the momentum variance is increased by

hz
4A12nx .

Ap= (31)

Relation (31), describing a selective measurement of the
position, is the equivalent of relation (2). This example was
traditionally considered a proof of the validity of relation (2)
in the case of selective measurement of the position. At first
sight, it confirms the widespread opinion that a selective
measurement of the position inevitably increases the
momentum variance in accordance with relation (2). How-
ever, this statement is not true. After a selective measurement
of the position, the momentum variance may become smaller
than its initial value. To show this, one could again consider
Gaussian states, but with the correlation between the
position and momentum of the object [11]. This reasoning
can be made even more evident by considering other
examples [12, 13].

Example 2. Let the function y,(x) have the shape of a
rectangular pulse:

—F for —I<x<!
(21)1/2 or <x<lI, (32)

0, otherwise .

Yolx) =

The corresponding momentum variance is Af) p = o0. Let

Py (X[x)

N2 ~ i ~
(§> (14 cosk(x —x)) for —r Sx-FS

0, otherwise ,
(33)

where n/k < I.

We suppose that the measurement gives the value X such
that |%¥| < /— n/k. Functions (32) and (33) corresponding to
this case are plotted in Fig. 1. According to Eqn (28), the
a posteriori wave function coincides in shape with the meter
function ¢, (¥|x).

The function ¢, (¥|x) in (33) and its first derivative are
continuous. Hence, the aposteriori variance of the momen-
tum is finite. Thus, the position measurement can transform
the initial state with an infinite momentum variance into a
state with a finite momentum variance.

In this example, it is not necessary to assume the apriori
momentum variance to be infinite. There are many functions
¥, (x) and ¢, (%|x) for which, in the case of certain results of
the position measurement, the aposteriori momentum var-
iance becomes less than the apriori one.

The aposteriori variance of the momentum is finite in this
example only at |¥| </— n/k. Otherwise, the aposteriori
momentum variance is infinite, similarly to the variance in

@a(X])

Wo(x)

=
=

Figure 1. Example 2 illustration.

the initial state. Moreover, the aposteriori probability
distribution function of the momentum is lower than the
apriori distribution.

We note the following nontrivial fact. The aposteriori
variance of the object momentum corresponding to Fig. 1,

A’p(3) = (21)* A’Y

coincides with (15), i.e., is equal to the unconditional variance
of the momentum perturbation. Thus, in this example, the
apriori uncertainty of the object momentum has no influence
on the aposteriori state.

In the case shown in Fig. 1, the measurement acts as a
spatial filter and selects only particles whose positions are in
the domain where ! (x) = 0. This looks as if all particles with
such positions had the same momentum before the measure-
ment. This statement does not contradict the uncertainty
relation because it describes the past, while the uncertainty
relation considers the present and the future.

Similarly to the previous example, this situation could be
erroneously considered as proving the statement that the
meter perturbs the momentum in accordance with relation
(2). The variance decrease in the aposteriori state could be
viewed as a consequence of the special initial state of the
object. However, under certain measurement conditions, the
variance of the object momentum can be equal to its initial
value. In other words, the meter can leave no trace of its
random dynamical influence.

Example 3. This time, we suppose that the function
¢, (¥|x) is rectangular-shaped while the function ¥, (x) is
bell-shaped:

1 -
@, (Fx) = (2/)1/2', —l<x—-x<l, (34)
0, otherwise ,
Vo (x)
K\ 2 N T R
= - - <X—-X< 7,
_ (31:) (14 cosk(x —x)), pSY-i¥<
0, otherwise ,
(35)

where n/k < [. For |¥| <I—n/k, the aposteriori state is
identical to the apriori one. Despite the interaction with the
meter, which was in a state with A’Y = oo, corresponding to
Aé p = oo, the variance of the object momentum has not
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o)

=

X

Figure 2. Example 3 illustration.

changed. True, the uncertainty of the position has not
changed, either.

But we next suppose that the initial wave function of the
object is a sequence of nonoverlapping identical bell-shaped
functions,

l//N(X) 1/2 leo x+mL)

m=1

HlPN il

with L being the period and only a single ‘bell’ being covered
by the meter function ¢, (X|x) (Fig. 2). The aposteriori wave
function then consists of a single ‘bell’, as in the previous
example.

The apriori uncertainty of the position is mainly deter-
mined by the distance between the first and the last ‘bells’ of
the sequence, while the aposteriori one is given by the width of
a single ‘bell’. In this case, the measurement leads to a
decrease in the position variance. But what happens with the
momentum variance? It does not change!

Indeed, the mean momentum square calculated for the
sequence V y(x) is

5 ; n/k
03 =g | ACof ax= HwNHJ v

1 n/k ,
B mj—n/k‘l// (

where (p2) is the mean momentum square corresponding to a
single ‘bell’ ¥, (x).

In this example, the fact that the momentum variance is
constant does not mean that the momentum distribution is
constant. The function w, ( p) for a single bell is smooth, while
the function wy( p) has a periodic modulation. The measure-
ment of the position has destroyed the quantum correlations
in the initial pure state. If the initial state were a mixture of
bell-shaped states, the aposteriori momentum distribution
would be the same as the initial one.

The absence of the fluctuation influence of the meter on
the aposteriori state of the object does not mean the absence
of any dynamical effect. In the state of the meter described by
(34), the mean value at(Y') of the back-action force is zero. If
one changes (Y') without changing the absolute value of the
function ¢, (¥|x), the mean momentum of the object in the
aposteriori state changes by ot(Y). (This is the difference
between the measurement considered here and the so-called
interaction-free measurement [23].)

v! x)’zdx

O dx = (p2),

@ (¥]x)

[/ AN |

X X

Figure 3. An example demonstrating that the aposteriori variance of the
object momentum can be less than /°/(4A% x).

The situation considered in this example can occur if the
position of a body is measured through the arrival time of a
reflected photon, the departure time of the photon having a
rectangular probability distribution w(z). The picture looks
as if photons for which w(z) is flat had the same momenta.

A similar situation can occur if the phase of an oscillator is
measured by means of a position null detector accompanied
by the interaction of the oscillator with the meter in the
vicinity of zero position [24].

Itis also worth noting that the variance fully characterizes
the distribution of an observable only for Gaussian states. In
other cases, using the momentum variance as a characteristic
of a state is justified by the fact that this variance determines
the minimal value of the mean kinetic energy of the object.

2.4.4 Relation between the aposteriori momentum variance and
the position measurement error. The relation between A%p(%)
and /% /(4AZ% x) has been studied in detail in Ref. [14]. As we
have seen, the aposteriori momentum variance A’p(X) can be
less than the apriori one and can be equal to the momentum
perturbation variance. But can it be less than 7i*/(4A2 x)?
Mensky has shown that such a situation is possible (Fig. 3).
After the position measurement, the momentum variance
remains the same as in the initial state. As regards the value

K= |5 =52 o5 d,

m

for relatively low wings of the function ¢, (¥|x), it depends
only on the width of its central part, which can be arbitrarily
small. Hence, the value of /i/ (A x) can be larger than Ap(X).
However, the momentum variance for entangled state (24) is
equal to (14) and always exceeds /*/ (4Ar2nx).

3. Errors in the joint measurement
of position and momentum

A joint (simultaneous) measurement of two observables is
usually understood as a measurement in which two meters
simultaneously interact with the object. There are two
versions of the mathematical model describing such a
measurement for the position and momentum. In the first
version, one of the QRS’s is directly sensitive to the position
and the other to the momentum [5, 6]. The Hamiltonian of the
interaction between the object and the meter is given by a sum
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of two terms,

I:Ii = —oxY + BﬁZ
In the other version, the measurement scheme involves
another degree of freedom (y, p,) in the minimal-uncertainty
state (Ay Ap, = 1/2).

The interaction Hamiltonian is taken in the form

Hi = —a(x = )Y+ B(p+py)Z. (36)
This enables converting the joint measurement of noncom-
muting variables X and p into the joint measurement of
commuting variables

0 =i-7,
(A measurement of this kind is considered optimal in
Ref. [25].) Formally, the measurement accuracy for the
observables O_ and P, is not limited. According to this, the
error limits of estimating x and p are equal to the
uncertainties of y and p,..

In reality, joint measurements of noncommuting observ-
ables are performed in completely different schemes, which
do not correspond to the interactions introduced above. In
what follows, we consider some examples of such as a
homodyne measurement of quadrature amplitudes for a
radiation mode and a scheme of continuous position
measurement.

We first consider the features of standard schemes using
the example of a nonselective joint measurement of position
and momentum. (The state after the selective measurement in
the first scheme was studied in Refs [5, 6].)

Py =p+p.

3.1 Direct joint measurement of position and momentum
The total Hamiltonian of the object and the QRS in this
scheme is

I:I:ﬁo—a)%Y+ﬁﬁZA+I:Ia,,x+I:Ia4pv (37)
where f]av,\., Fla_, » and Y, Z are the Hamiltonians and the
position operators of the QRS that are sensitive to x and p,
respectively. R

We assume that H, = p2/2m. Hamiltonian (37) leads to
the equations

dx p

d¥_ P | sy
@) =,k (38)
.
(b) a_aya
P, 1 . . .
7:~7PV7H:.X+ )
@ G =l ) + 25 )
dpP. 1 . . R
(b) dr :E[PZaHaﬁp] - Bp-

In the instantaneous-measurement approximation (at? — 0,
Br? — 0), their solutions are

(a) x(1) = %(0) + pZ, (40)

After P,(t) and P.(r) have been measured, one can
estimate the position and momentum of the object at any
time instant. In particular, one can obtain their estimates
before the measurement (x(0), p(0)), at the final moment of
interaction  (x(t), p(r)), and at the moment 1/2
(x(z/2), p(z/2)). 16 (P,(0)) = (P.(0)) = (¥) = (Z) =0,
then in all three cases, the estimate of the position, according
to the maximum probability method, is Py /ot and the
estimate of the momentum is P, /Bt, where f’y and P, are the
results of the QRS momentum measurement. The estimation
errors are different.

Estimation errors for x(0) and p(0). It follows from (41)
that the estimation error variances for x(0) and p(0) in the
approximation of the precise measurement for P,(tr) and
P.(1) are

1

a) A2 x(0)=A>x+- A’x,
( ) m.s ( ) m 4P (42)
1
where
AP,
Al x = P}‘j’) . Ax=(pr)’AZ,
(o7)
A’P.(0)
Afnp: Z , Azp: (ar)zAzY
(po)? ’

are the variances of the measurement errors and the
perturbation variances for separate measurements of posi-
tion and momentum. The second terms on the right-hand
sides of relations (42) appear due to the influence of the cross-
perturbation of the position by the momentum meter and the
cross-perturbation of the momentum by the position meter
on the measurement errors. After simple transformations of
the product A2 , x(0) AZ . p(0), taking into account that
2 2
AP, A*Y > %, A*P.A*Z > hz,

o

4
1
> N YANZ > g (apt?)*H*,

2 2 7’
ARL’AP2+ 2

we obtain

(43)

7!2
An s X(0) MG p(0) = -

The minimum is achieved at

h2

NYNZ= 5
(#pt?)

(44)

In principle, the second terms in (42) can be eliminated by
measuring in the QRS not P, (7) and P.(t) but the combina-
tions

N

Qp: +

However, this cannot change relation (43). A joint precise
measurement of these combinations is impossible because



October, 2005

Uncertainty relation and the measurement error —perturbation relation 1007

they do not commute. On the r1ght hand sides of (42), A
and A2 o p then appear instead of AmQV and A2 1 Op-

Estimation errors for x(t) and p(t). Relations (41) can be
represented in the form

= P,(0) + azi(1) — ! apt’Z,
2 (43)

— Brp(7) +% apt’Y

For the estimates that we consider, the variances are the same
as in (42). Their product,

hz

2

Am.s ( )Amsp( ) Z?

as expected, confirms the rule that one cannot prepare a state
contradicting the uncertainty relation.

The origin and physical meaning of relation (4). Setting
X1 = Py(t)/at and x, = P.(1)/f7, we obtain from Eqns (41)
that

(46)

A’xp = A2 x + A*x(0),  A’xy =A% p+ A*p(0).

After simple algebra, we find that

A2x) A’xy = 1.

This is the relation between the unconditional variances of the
measurement results in two QRS’s.

Estimation errors for x(t/2) and p(t/2). From (40) and
(41), it follows that

(@) Py(z) = P (0) +ors G) ’ 47)

(b) Po(c) = Bo(0) — frp (g) |

The variances of the estimates

AP, T\ AP

2or(3) =G )Gy

m.s 2 (061)2 m.s P 2 (ﬁ‘L’)Z

are not related to each other and can be arbitrarily small
simultaneously. This can be written as

83.5(5) 420 (3) > 0.

It turns out that a joint measurement of the position and
momentum can yield their exact values at the time instant
corresponding to the middle of the interaction interval. This
does not mean that one can prepare a state contradicting the
uncertainty principle. (In the framework of quantum
mechanics, one cannot obtain a correct result contradicting
its foundations.)

We note that at time /2, the object is interacting with the
QRS, and according to (38), the operator p = mx — mpZ is
not equal to the momentum operator for the free object (p is
the generalized momentum operator in a coupled system). In
theoretical mechanics, the generalized momentum is defined
as the derivative of the Lagrangian with respect to the
velocity. Because the Lagrangian, in its turn, is defined up to
a full time derivative of an arbitrary function of the
coordinates, it is possible to redefine the generalized momen-
tum of the coupled system conjugate to the position x such

(48)

that it becomes equal to the kinematic momentum mx.
However, the Hamiltonian and the corresponding equations
are then changed. For this redefined generalized momentum,
it is also impossible to precisely measure its value at the time
moment t/2.

We consider the measurement error for the value mx(t/2).
According to (38a),

ws(5) =1(3) - iz

Accordingly, the measurement error variance is
. T
A2 (mx) = Afmp(§> + (mp)* A*Z
_ AP,
(Br)*
The expression 4/fim/t is the so-called standard quantum
limit for the accuracy of momentum measurement [26, 27]. As
T — 0, we obtain A2 (mx) — oo. Hence, precise measurement

of the kinematic momentum at a time instant during the
interaction with the meter is impossible.

h_m

+ (mp)’A*Z

3.2 Joint measurement of position and momentum
by means of an ancillary degree of freedom
In the measurement scheme described by interaction Hamil-
tonian (36), the total Hamiltonian of the object, the ancillary
system, and the QRS interacting with them takes the form
H=H,+H,—0Q Y+pP.Z+H, +H,,. (49)
Without the loss of generallty, we can assume that
H, = P?/2mand H, = p?/2m,.
In the instantaneous-measurement approximation
(at? — 0, Br*> — 0), the corresponding Heisenberg equa-
tions have the solutions

PJ’(T) = “TQ— + P,(0), -(1) = ﬁTQ+ + PZ(O) ,
0 (1)=0-(0), Pi(r)=P.(0),
(@) =p0)+pZ,  py(t) = py(0) —ar¥.

Measurement of P, (t) and P, (1) yields the estimates

Q,:—:7 P+:

ot Bt

Their conditional variances are
AP, (0)
()’
From the estimates Q_ and P, , we obtain the estimates
H0) =0+ ((0),  p(0) = Py — (p,(0)),
M) =0-+00), p) =P —(p1)),

whose conditional variances are

Aan— = ) AfnP-F =

AL x(0) = AL O + A%y(0),

p(0) = P+ + Azp} 0),
A x(1) = It n0- +A%y(0),

p(r) = ALP, + A’py(c).
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The values AKZHQ, and AIZHP+ can be arbitrarily small
simultaneously. In this approximation, the product

h2
Aq s x(0) A7 p(0) = A%p(0) A%y (0) >
is the same as in (43) in the scheme of the direct joint
measurement of position and momentum.

The situation is much worse with the variances of the
estimates X(t) and p(t). The product

9>
>

A X(0) Aqp(1) = = (50)

is nine times larger than its optimal value. This is because after
the precise measurement of P, and P., the object remains
entangled with the ancillary degree of freedom. This entangle-
ment can be eliminated by either precisely measuring one of
the observables y(r) and p,(r) or performing their joint
measurement. After a precise measurement of y(t), we have
A2 x(t) = A2, Q_. Further, as A2P_‘,(O)/(ar)2 — 0, we have

2
8 x() A p() >

The same result is obtained in the case of the joint
measurement of y(t) and p,(t) with the errors satisfying the
relation A2 y(t) A%  p,(1) = P /4.

Thus, a joint measurement of the position and momentum
of an object using an ancillary degree of freedom provides the
optimal result, similarly to the direct measurement of the
position and momentum in the initial state (x(0), p(0)).
However, as a procedure for preparing the state of the object
[measuring x(t) and p(t)], this scheme is far from optimal if it
is not accomplished by a measurement of the ancillary degree
of freedom.

In some papers, the product of apriori variances of the
observables O_(0) and P, (0) is considered:

A*Q_(0) AP (0)

= (A%x(0) + A%p(0)) (A’p(0) + A%p,(0)) = 7. (51)

This relation is the analog of (4). However, it should be
stressed that relation (51) does not result from the non-
commutativity of the operators Q_ and P, . These operators
do commute. Relation (51) results from the independence of
the states of the object and the ancillary degree of freedom.

There have been no experimental realizations of joint
indirect measurements corresponding to Hamiltonians (37)
and (49). No realistic method of performing such a measure-
ment has been proposed, either. It is therefore interesting to
discuss the known practical schemes that do not correspond
to the standard joint measurement scheme but actually
provide simultaneous estimation of several noncommuting
observables. These are the scheme of homodyne measurement
of observables for a single radiation mode and the scheme of
continuous position measurement.

3.3 Joint measurement of quadrature amplitudes
for a radiation mode
The classical quadrature amplitudes (QAs)

Xy =A4cosO, X,=Asin0,

defined as the real and imaginary parts of the complex
amplitude 4 = X +1X>, correspond in quantum optics to
the following operators of an oscillation mode:

12
Xp = Xcosl — psinf = (g) (a exp (—i0) + aexp (i0)) ,

12
Po = pcosl 4 xsin0 = 1(2) (a" exp (—i0) — aexp (i0))

+=(3) Para, se i@]/z(&* ~a),

where 4 and & are the creation and annihilation operators.
The commutator [Xg, pg] = ifi corresponds to the commu-
tator of the position and momentum operators. The phase 0 is
a classical value depending on the choice of the time origin (in
experiments, it is defined with respect to the phase of the
reference oscillator).

To measure QAs, one can use the heterodyne method [29]
or the homodyne method [30—32]. In both cases, the object
under measurement is a wave incident on the detector during
the measurement time.

A joint measurement of xy and py was performed in
Ref. [30] using an eight-port (with four inputs and four
outputs) homodyne scheme. A simple homodyne scheme
consists of a (50:50)-beamsplitter and two photodetectors
(Fig. 4) and hence has two input ports and two output ports.
The signal is fed to one of the input ports of the beamsplitter
and the reference wave having the same frequency is fed to the
other port.

The output modes of an ideal beamsplitter are related to
the input ones as

R 1 N 1
by =—(aexp (i) +1iay), by =——=(ar +iayexp(i0)).
1 \/5(1 p (i0) 2) 2 \/5(2 1exp ( ))

The photon number difference for the output beams is

Nay = blby — blby = i(a} exp (—i0)ar — @y exp (i0)ab) . (52)

Averaging the right-hand side of (52) over the coherent
state |o) of the reference wave (having zero phase), we

Signal
BS ai
Reference wave by
Ny
a
ba
N>

Figure 4. Homodyne measurement of quadrature amplitudes.
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obtain

ifof (a} exp (—i0) — a1 exp (i0))

12 12
k. |ot| po = 2 (neo)"* po
h h

where (n1o) is the mean number of the probe wave quanta
hitting the detector during the measurement time. Measuring
Nj1, we find the maximum-probability estimate:

()
0= |7 —75 -

2 <nLO>1/2

The estimate variance depends on the amplitude and
phase variances of the reference wave. The conditional
variance of the difference number of quanta,

DN3P© = (| N3 o) — (2| Nai [o)? = dTa, (53)
is related to the amplitude and phase uncertainties of the
reference wave and depends on the state of the signal wave.
Correspondingly, the variance of the QA estimate is also an
operator:

- hDNXC

Dnpp=——2 = —. 54
mb 2(no)  2(nLo) (54

Practical optical homodyne schemes use laser radiation as
a reference. The laser radiation is called coherent, but this
does not mean that a single mode is in a pure coherent state
|o). For laser radiation, the phase variance is not constant; it
grows in accordance with the diffusion law. Phase diffusion
can be neglected compared with the phase uncertainty of the
coherent state only within a time interval f. satisfying the
inequality (Dtc)l/ 2 < 1/(n), where D is the phase diffusion
coefficient. For D =103, 7, < 1073/(n). Therefore, for
instance, in experiments on squeezed light generation, the
signal wave and the reference wave are obtained from the
same beam by splitting it [33]. In this case, both waves have a
random phase, but the influence of diffusion on the phase
difference of the signal and reference waves is substantially
reduced. (In real experiments, the measurement error is also
largely influenced by the quantum efficiencies of the detec-
tors.)

We note that even the usual homodyne scheme is in fact a
scheme for the joint measurement of noncommuting obser-
vables: a QA and the number of photons. The number of
photons for the signal wave can be estimated by subtracting
the mean number of photons in the reference wave from the
total number of registered photons. For such an estimation,
the error variance is equal to the photon number variance of
the reference wave (np o). Hence, the product of the QA
measurement error variance Aﬁl‘s po = (Dm po) averaged over
the state of the signal field and the variance A2 7 of the
photon number measurement error is

Ko Ngn =1 la).

hata

(55)

This product essentially differs from the one entering the
uncertainty relation

k (56)

1
A’py A’n > 2 | (o)

corresponding to the commutator [ py, /1] = —ixy.

Dy

Reference wave
a
D;
Vacuum @)
dp2 D
BS, BS,
/4 plate
——
axn ap
BS; BS,
( ao)
an Vacuum
D,
a; | Signal

o, (J

Figure 5. Eight-port homodyne scheme for the joint measurement of
quadrature amplitudes.

A scheme for the joint measurement of two QAs is shown
in Fig. 5. First, both the signal and the reference waves are
split into two beams by two beamsplitters. Then one of the
secondary signal beams and one of the secondary reference
beams are sent to a homodyne detector. The other homodyne
detector registers the second signal beam and the second
reference beam, into which a phase shift of /2 is introduced.
As aresult, the first homodyne detector measures one QA and
the other measures the other QA. The scheme performs a joint
measurement of two QAs for a single radiation mode. But in
contrast to the schemes described by Eqns (37) and (49), the
object (a wave) is here absorbed at the end of the measure-
ment.

This joint measurement of noncommuting variables has a
payoff: there is a fundamental limitation of the measurement
accuracy. The measurement has inevitable errors that are
caused by the vacuum fields entering the scheme through the
free ports of the signal and reference beamsplitters. As a
result, the signal and reference waves arrive to the homodyne
detectors together with the vacuum fields ag; and ag,:

. r . ..
an = an = —= (@ +idp) .

V2

. . .
7 (a1 exp (i0) + iaor) ,
The difference in the photon numbers on the photodetectors

is given by

N 1 . o
N21 :ﬁ (ahazz —a“agz).

Averaging the right-hand side of this relation over the
coherent state for the reference wave and over the vacuum
state for ag», we obtain

2}1—1/2\“|(139+f601)7

where Xo; = (h/2)1/2(€zf)] + do1) is the quadrature of the
vacuum field ag;.
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After measuring N;;, one obtains the estimate for the sum
Po + Xo1. The error of this estimate, similarly to (54), tends to
zero as the energy of the reference wave increases. The
variance of the py estimation error tends in this case to

h

AL o = (%3)) = 5

Similarly, the other half of the scheme provides the estimate
for the sum (xy + po2). The limit of the estimation error of x
is

A?n.sx‘) = <p022> =

NS

The product

2

/]
Ao By > (57

is the same as for schemes (37) and (49).

From the viewpoint of accuracy and simplicity, the eight-
port setup has no advantage over the usual homodyne
scheme. The eight-port setup has been developed not for the
measurement of QAs but as a scheme for the operational
definition of the sine and cosine phase difference operators
[28, 30]. A joint estimate for both QAs of a single mode of
optical radiation can also be obtained by means of the
heterodyne technique, with the same accuracy. The same
limiting accuracy can be achieved for a joint estimate of both
QAs of a harmonic oscillator by means of a continuous
position measurement.

4. Measurement errors and perturbation
for the continuous position measurement

A measurement involving a single QRS is only interesting
from the methodological standpoint. In real schemes, multi-
ple quantum readout systems are used, such as beams of
electrons or photons.

4.1 Classical characteristics of a continuous measurement
A real measurement of the position results in a sequence of
position estimates X(#;) taken at different times. Under certain
conditions, a discrete sequence can be represented by a
function X(¢). (One can use another representation of
continuous measurements [14].) The fluctuation back-action
force, which in the case of a single measurement corresponds
to the operator a(r — #y)Y, in this case corresponds to the
operator

Fb.a = ZOC([— [j) ?j,

J

where Y;is the position and # is the time at which the jth QRS
starts interacting with the object. Each interaction has a finite
duration .

For a single measurement, the approximate estimate X of
the position can be represented as the result of a precise
measurement of the observable X = % + Xer, Where X, is the
operator of error for a single measurement and %.; = P(0) /ot
in accordance with (11). Similarly, for a continuous measure-
ment, the function ¥(¢) can be regarded as a result of a precise
measurement of the observable

x(1) = 2(1) + Fer (1), (58)

where X(7) is the operator of the object position and X (?) is
the operator of error for a continuous measurement of the
position.

In the continuous measurement regime, the object
position differs from its unperturbed value X((z). In a linear
system,

ﬂo:%m+ﬁnxﬂwaUmZ (59)
where
K(it—1')= % [%(2), %(¢")]

is the Green’s function of the object. (Other approaches to
the continuous measurement problem are considered in
Ref. [14].)

To quantitatively characterize the measurement error and
the back-action force, one uses the covariance functions

1 <{Xer(11)w’%er([2)}>7

Bx(tl>t2) =

<{ﬁba(ll)> ﬁb,a(IZ)}> )

2
1
BF(Zlalz) = E

1 . A
Bp(t, 1) = 7 {xe(t1), F(12) }) -
In the case of stationary measurements, they correspond to

the spectral densities Sy(®), Sr(w), and Syr(w) that satisfy
the relation equivalent to the uncertainty relation [17, 21, 34]:

hZ
Se(0) Sp(w) = A*Y(0) A*P(0) > T (60)
and, taking the correlation into account [17, 21],
2 hz 2
Sr(w) Sy(w) — |[Ser|” = 7+ ho|Im Sp(w)| . (61)

In the approximation of instantaneous interaction
between separate quantum readout systems and the object,
correlation functions are d-shaped and the spectral densities
are frequency-independent. In this case, the error variance for
the measurement of the position averaged over time 7 is

A2z =A? (iJ Fer(7) dz) :i.
TJo T

The variance of the momentum perturbation during the same
time is

Aip =N <J ﬁb.a(t) dt) = SrT.
0

The relation

7-2
A2 5A2p = S.Sp> %

is the analog of relation (16).

The result X(¢) of a continuous position measurement is a
classical object. To obtain the necessary information, one can
apply any number of classical transformations tor this result.
In the classical calculation, the only quantum limit is given by
relation (61).
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4.2 Errors in the joint estimation
of quadrature amplitudes for a harmonic oscillator
As an example, we consider the errors in the joint estimation
of quadrature amplitudes for a harmonic oscillator,
A Xy . p(0) Po
X, =x0)= —2 _ X, =" 20
1 X( ) (mw)l/z ) 2 o (’nw)l/z ’

where m and o are the mass and the frequency of the
oscillator. In this case, the function %(¢) is a realization of
the random process

):c(l) = X, coswt + X, sinwt

+LJ’Fb,a(z’) sina(t —t')dt' + % (1) . (62)

ma )
It is not only the randomness of x.(z) that hinders the
estimation of X; and X, but also the random perturbation
of the oscillator by the force Fy, 4 (7).

The estimates for the quadrature amplitudes (QAs) have
been obtained in Ref. [17] using the classical method of
optimal estimation. The conditional variances for these
estimates are

(ScSp)'? _

2 _ A2 _ -
AL X1 =AL X = Pl T (63)
Their product
A XA Xy s e 221‘@1 )zzmz (64)
m.s m.s = 2mw 4 ’

is similar to (57). (The estimates were calculated under the
condition that S,r=0 and in the approximation
Sr/S mw? < 1, which means that the perturbation of the
oscillator position during a single oscillation period is
relatively small.)

Knowing the estimates for X, and /\72, one can estimate the
initial energy and phase of the oscillator:

~ X
W=—"\(X>+X , ¢ = —arctan — .
2 ( 1 2) @ X2

For AmsX1 2 < (X) 2), the variances of the estimation errors
are

A2 W =20(W)(S,Sp)"/?,

(65)
A2 __w : 12
m.s? 2<W> (S SF)
In the quantum limit,
haw 1
AW =ho(W) = (ho)*(n), Alg= — . (66
W) = (o) (n) = a e (©)
The product
1 J/
L = )
(how) : : 2maw

is similar to (55).

Square roots of the limit measurement errors in (63) and
(66) are called the standard quantum limits (SQLs) of the
measurement errors for the corresponding observables of the

oscillator. (By definition, an SQL of a measurement error is
the limit mean square value of the estimate for some
observable calculated from the results of the position
measurement.)

We note the following. The time moment to which the
estimates of observables are related is not connected with the
beginning of the position measurement. Estimation errors are
the same for the values of observables related to the
unperturbed state (before the measurement) and the current
state formed by the measurement.

4.3 The state produced via continuous
selective measurement
In practice, a continuous measurement is a rather dense
sequence of discrete measurements. Each measurement
reduces the state of the object. Between the measurements,
the object evolves without any interaction. In the instanta-
neous-interaction approximation, the change of the state is
described by means of reduction and free-evolution opera-
tors, which in turn act on the object starting from its initial
state. If separate measurements have little influence on the
state and the intervals between them are small, the discrete
variation of the state can be regarded as a continuous one.
The rate of the free evolution and the rate at which the state
changes due to reduction contribute to the rate of the state
variation with time [35]. The equation describing the time
variation of the state depends on the states of the quantum
readout systems and further measurements in them.

For a pure Gaussian state of the QRS, the reduction
operator corresponding to a single position measurement has
the form

el

where G is a normalization factor. After n measurements
taken within a time interval 8¢, the state is (without an account
for the evolution)

W) = [ RG)Io)

j=1
¢ 72
ore [ 3 E=5
N ~ 2
B0y
(% — %(1))*var
4A2 x

= Bexp [—

= Bexp [— ] Wo) , (67)

where X(7) is the average number of counts in time 8¢, v is the
measurement rate, and B is a normalization factor.

The error variance of the position multiple measurement
during a time &¢ is related to the spectral density S, of the
measurement error as

Arznx_&
vor ot

It follows from (67) that

d .~
O ’l//(t)> = —k(x — x(l)) S,
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Adding a term corresponding to the free evolution to the
right-hand side of (68), we obtain the equation for the
variation of the state in the course of a continuous position
measurement. Its generalization to the case of an arbitrary
initial state of the object has the form

dp 1 - 2 A}

W 5 K (- 50) )

(69)
where p is the density operator of the object.

Equation (69) was first obtained by Mensky [14] using a
different approach to the problem of continuous measure-
ments, namely, the method of restricted path integrals. The
approach discussed here was used earlier by Rembovsky [35],
who derived an equation taking the errors of measurement in
the QRS, correlations in the QRS state, and the degeneracy of
the QRS observables into account.

We note that Eqn (69) could be obtained with the
position operator replaced by the operator of any other
observable. Hence, the symbol x in (69) can denote any
observable. The state p(7) is a state after a selective
measurement and it corresponds to the record X(¢) obtained
during the measurement. The function X(z) is a realization of
random process (62).

Solutions of Eqn (69), as well as of a more general
equation, have been studied in Ref. [36]. It was found that
regardless of the initial state, the state of the object tends to a
Gaussian one, with the position and momentum variances
being constant but the time dependence of the mean values
given by the realization functional X(¢). A special feature of
the state formed this way is the correlation between the
position and momentum.

Under ideal measurement conditions, which correspond
to Eqn (69), the quasi-stationary state of a harmonic
oscillator is a pure Gaussian state with the parameters

h

A’x =

* 2ma’

hima ik \?

Ap ="

P 2 { * <mw2> }’

Wk

A? =

(xp) S

which satisfy the uncertainty relation

hZ
2.A2 2
Nx A%~ N (ap) =
where m and o are the mass and the frequency of the
oscillator.

Continuous measurement of the position of a free particle
produces a pure Gaussian state with the parameters

Azx:< h

1/2
o 2 (135,012 oy
4km) ., Ap=@Hkm)'7,  Alxp) .

N S

From the recorded results of the continuous measurement
of some observable, one can calculate the state of the object at
any time moment. As in the case of a single measurement, the
aposteriori state of the object depends on its initial state, the
state of the QRS, and the accuracy of the P(7) measurement in
the QRS.

5. Conclusion

The analysis presented above was focused on the measure-
ment error — perturbation relation and the relation between
the measurement errors of noncommuting variables.

The study of the standard scheme for the position
measurement has shown that relation (2) between the
position measurement error and the perturbation of the
object momentum results from the uncertainty relation for
the observables of the measurement device. In other words,
relation (2) is secondary with respect to the uncertainty
relation. This is why interpretation of the uncertainty
relation as a consequence of both the general principles of
quantum mechanics and the capabilities of measurement
devices is contradictory.

It is erroneous to understand relation (2) as stating that a
position measurement with an error Aix would always lead
to a Af) p = 1 /(4A2 x) increase in the variance of the object
momentum compared to its initial value. An increase in the
momentum variance in accordance with (2) occurs only
during a nonselective measurement and in some special
cases of selective measurements.

For a selective measurement, the aposteriori momentum
variance is determined not by its apriori value and the
accuracy of the position measurement but by the aposteriori
state of the object, which depends on the apriori states of the
object and the meter and the measurement result X. For pure
initial states and a precise measurement in the meter, the
aposteriori wave function (x| X) is equal to the product of the
initial wave function of the object ¥ (x) and the meter
function ¢,(X|x) [see (28)]. A selective measurement of the
position changes the state of the object as a spatial filter with
the transmission function depending on the state of the meter
and the measurement result.

With other conditions being permanent, the aposteriori
momentum variance depends on the measurement result and
can be larger or smaller than the initial one. In some cases, the
momentum variance of the object in the aposteriori state (a) is
independent of its initial value and the fluctuation back-
action of the meter; (b) can be less than 7/ (4A2 x).

It is only the unconditional momentum variance, i.e., the
momentum variance in the aposteriori state (x|%) averaged
over all X, that increases in accordance with relation (2).

In general, where an observable 4 is measured with an
error AnA, an observable B is perturbed by A,B, and the
commutator of 4 and [4,B] =ikC is an operator, the
product AlznA A;B is essentially different from the corre-
sponding uncertainty relation and depends on the second-
ary commutators [...[C, A], 4]..., 4] [see (22), (23)]. If
[C,B] # [C, A], then the product of the measurement error
and the perturbation is not symmetric: AIZHA A}ZJB #* Aan AIZDA.

The relation between the errors of a joint measurement of
noncommuting observables has been investigated for both
commonly used models of position and momentum joint
measurement and other examples, such as the homodyne
measurement of quadrature amplitudes for a radiation mode
and the continuous position measurement.

In a standard joint measurement of position and momen-
tum, directly [described by Hamiltonian (37)] or with the help
of an ancillary degree of freedom [described by Hamiltonian
(36)], the variances of the measurement errors for the position
and momentum values before the interaction with the meter
(x(0), p(0)) and after the interaction (x(t), p(t)) satisfy
relation (3). The product of joint measurement errors for the
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position and momentum values taken in the middle of the
interaction with the meter depends on the definition of the
generalized momentum of the object. For Hamiltonian (37),
the estimate variances A2 x(r/2) and A2 p(t/2) can be
arbitrarily small simultaneously. However, the generalized
momentum is then not equal to the kinematic one:
p(t/2) # mi(z/2). o

For a joint measurement of observables 4 and B whose
commutator is an operator, the product of error variances
differs from the value given by the corresponding uncertainty
relation, similarly to the product A% 4 A;B.

The eight-port homodyne scheme for the measurement of
QAs of a radiation mode, considered in Section 3.3 and
shown in Fig. 5, is an example of a measurement with an
ancillary degree of freedom. In this scheme, the errors of the
joint QA measurement for the initial mode satisfy relation (3).

A simple (four-port) homodyne scheme, which is usually
considered as measuring only QAs, is in fact a scheme for the
joint measurement of a quadrature amplitude and the photon
number. In the case of a coherent reference wave, the variance
in the QA estimation error has been shown to essentially
depend on the uncertainty of not only the amplitude of the
reference wave but also its phase. Therefore, the estimation
error for a single QA depends on the values of both QAs. Asa
result, the variance of a QA estimation error is proportional
to the number of quanta in the signal wave [see (55)]. The
relation between the mean error variances for the joint
measurement of a QA and the number of quanta,

h{n)

2 2
Am.spHAmsn2 P

(70)
is considerably different from the uncertainty relation for the
same observables.

Joint estimation of observables can be alternatively
performed by means of a continuous position measurement.
The estimates can be obtained from the realization %(¢) in the
framework of the classical estimation theory. Their quantum
limits are determined by the quantum restrictions on the
fluctuation spectral densities in the meter. The relations
between the error variances for a joint estimation of QAs of
a harmonic oscillator and the number of quanta are the same
as in the homodyne scheme. The estimation error variances
correspond to the fact that any initial state of the object is
transformed into a Gaussian one with constant variances.

The author is much grateful to V B Braginsky and
F Ya Khalili, who took it upon themselves to read the paper
and made several valuable remarks.
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