NONDEMOLITION PRINCIPLE OF QUANTUM
MEASUREMENT THEORY
V.P. BELAVKIN
Abstract. We give an explicit axiomatic formulation of the quantum measurement theory which is free of the projection postulate. It is based on the
generalized nondemolition principle applicable also to the unsharp, continuous–
spectrum and continuous-in-time observations. The “collapsed state–vector”
after the “objecti…cation” is simply treated as a random vector of the a posteriori state given by the quantum …ltering, i.e., the conditioning of the a priori
induced state on the corresponding reduced algebra. The nonlinear phenomenological equation of “continuous spontaneous localization” has been derived
from the Schrödinger equation as a case of the quantum …ltering equation for
the di¤usive nondemolition measurement. The quantum theory of measurement and …ltering suggests also another type of the stochastic equation for
the dynamical theory of continuous reduction, corresponding to the counting
nondemolition measurement, which is more relevant for the quantum experiments.

1. The status of quantum measurement theory
Quantum measurement theory, based on the ordinary von Neumann or a generalized reduction postulate, was never an essential part of quantum physics but
rather of metaphysics. First, this was because the orthodox quantum theory had
always dealt with a closed quantum system while the object of measurement is an
open system due to the interaction with the measurement apparatus. Second, the
superposition principle of quantum mechanics, having dealt with simple algebras of
observables, is in contradiction with the von Neumann projection postulate while it
may be not so in the algebraic quantum theory with the corresponding superselection rules. Third, due to the dynamical tradition in quantum theory going on from
the deterministic mechanics, the process of the measurement was always considered
by theoretical physicists as simply just an ordinary interaction between two objects
while any experimentalist or statistician knows that this is a stochastic process,
giving rise to the essential di¤erence between a priori and a posteriori description
of the states.
The last and most essential reason for such an unsatisfactory status of the quantum measurement theory was the limitations of the projection postulate applicable
only to the instantaneous measurement of the observables with the discrete spectra,
while the real experiments always have a …nite duration and the most important
observation is the measurement of the position having the continuous spectrum.
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There are many approaches to the theory of quantum measurement ranging
from purely philosophical to qualitative and even quantitative theories in which
the projection postulate apparently is not needed or is generalized to meet the
indirect, or unsharp, measurements [1–10].
The most general, the philosophical level, of the discussion of these problems
is of course the simplest and the appropriate one for the largest audience. But it
provides room for unprofessional applications of the more sophisticated theoretical
arguments, giving rise to di¤erent kinds of the speculations and paradoxes. I believe that the professional standard of quantum measurement theory ought to be
an axiomatic and rigorous one and the quantum measurement problems must be
formulated within it and solved properly instead of making speculations.
In order to examine the quantum paradoxes of Zeno type related to the continuous measurements, the study must be based on advanced mathematical methods
of the quantum theory of compound systems with not regular but rather singular
interaction, and this has recently received a stochastic treatment in the quantum
theory of open systems and noise. It must use the tools of the quantum algebraic
theory for the calculus of input …elds of the apparatus, i.e., the quantum noises
which usually have an in…nite number of degrees of freedom, and for the superselection of output …elds, i.e., commutative (classical) pointer processes which are
usually the stochastic processes in continuous time.
Perhaps some philosophers and physicists would not like such a treatment of
quantum measurement theory; the more mathematical a theory is the less philosophical it is, and the more rigorous it is, the less alive it is. But this is just
an objective process of the development of any scienti…c theory and has already
happened with the classical information and measurement theory.
The corresponding classical dynamical measurement theory, called the stochastic
…ltering theory, was developed in the beginning of the 60’s by Stratonovich [11] and
for the particular linear case by Kalman [12]. This theory, based on the notion of
the partial (unsharp) observation and the stochastic calculus method, is optional
for the classical deterministic physics, having dealt with the complete (sharp) observations of the phase trajectories and ordinary di¤erential calculus, and is usually
regarded as a part of the stochastic systems theory or, more precisely, the classical
information and control theory. The main task of the …ltering theory is to derive
and solve a stochastic reduction equation for the present posterior state of the object
of incomplete measurement, giving a means to calculate the conditional probabilities of the future observations with respect to the results of the past measurements.
The corresponding …ltering equation describes, for example, the continuous spontaneous localization of the classical Brownian particle under an unsharp observation
as the result of the dynamical reduction of the statistical posterior state given by
the classical conditional expectations under the continuous increase of the interval
of the observation. The stochasticity of this nonlinear equation is generated either
by the Wiener process or by the Poisson process, or by mixture of them, corresponding to the di¤usive, counting, or mixed type of continuous measurement on
the …xed output. It can be also written in the linear form in terms of the classical renormalized state vector (probability density), and is sometimes called “the
Schrödinger equation of the classical systems theory” to emphasize its importance
and the probabilistic interpretation.
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Recently the corresponding quantum …ltering theory was developed for the different types of continuous observations, [13,14], although the particular linear case
of quantum Kalman …lter was proposed by the author much earlier [6,7]. This gives
rise to an axiomatic quantum measurement theory based on the new quantum calculus method to handle rigorously the singular interactions of the quantum object and
input …elds, and based on the generalized nondemolition principle to select properly
the output observable processes. The mathematical quantum measurement theory
plays the same central role in the general quantum theory of compound systems
containing the information and control channels. as in the classical systems theory.
But in distinction to the classical case it is not optional for the quantum physics
due to the irreducible probabilistic nature of quantum mechanics which results in
the absence of the phase trajectories. There is no need in this theory to use the projection or any other reduction postulate. But it does not contradict the quantum
theory, as claimed in Ref. [15], and its application can be derived in the relevant
cases simply as the result of state vector …ltering by means of which the conditional probabilities of the future observation with respect to the results of the past
measurements are calculated.
There is no need to postulate di¤erent nonlinear stochastic modi…cations of the
Schrödinger equation in the phenomenological theories of spontaneous localization
or of the nonstandard quantum theories of dynamical reduction and continuous
collapse, [16–20] and to argue which type is more universal. They all are given
as particular cases [21–24] of the general di¤usive type quantum …ltering equation,
[25], rigorously derived by conditioning the corresponding Schrödinger equation
for the uniquely determined minimal compound quantum system in Fock–Hilbert
space.
The quantum …ltering theory gives also a new type of phenomenological stochastic equations which are relevant to the quantum mechanics with spontaneous
localization, [19,20], corresponding to the random quantum jumps, [26–28]. This
pure discontinuous type is also rigorously derived from the Schrödinger equation
[29] by conditioning the continuous-in-time counting measurement which contains
the di¤usive type as the central limit case [30].
Thus, the stochastic nature of measurement processes is reconciled with unitarity and deterministic interaction on the level of the compound system. But to
account for the unavoidable noise in the continuous observation the unitary model
necessarily involves a quantum system with in…nitely many degrees of freedom and
a singular interaction.
The purpose of this paper is to describe explicitly a new universal nondemolition
principle for quantum measurement theory which makes possible the derivations of
the reduction postulates from the quantum interactions. We show on simple examples what it means to derive rigorously the quantum …ltering equation (thus the
Hilbert stochastic process) by conditioning a Schrödinger equation for a compound
system. Here, we demonstrate these derivations from the corresponding unitary
interactions with the apparatus for the particular cases of the measurement of a
single observable with the trivial Hamiltonian H = 0 of the object using the operator quantum calculus method instead of the quantum stochastic one [21–23].
But if one wants to obtain such results in nontrivial cases related to the dynamical
observables that are continuous in time and continuous in spectra and that do not
commute with H 6= 0, one needs to use the appropriate mathematical tools, such as
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quantum di¤erential calculus and quantum conditional expectations, recently developed within the algebraic approach in quantum probability theory. Otherwise,
one would be in the same situation as trying to study the Newton mechanics in
nontrivial cases without using the ordinary di¤erential calculus.
Note that the quantum …ltering equation was …rst obtained in a global form [9]
and then in the di¤erential form [30] within the operational approach, [1,2], giving the reduced description of the open quantum systems and quantum continuous
measurements. This was done by the stochastic representation of the continuous
instrument, described by the semigroup of the operational valued measures which
are absolutely continuous with respect to the standard Wiener or Poisson process.
The most general approach [31] to these problems is based on the quantum stochastic calculus of nondemolition measurements and quantum conditional expectations.
It clearly shows that the operational semigroup approach is restricted to only the
Markovian case of the quantum stochastic object as an open system and to the
conditionally independent nondemolition observations describing the output of the
compound system.
2. Causality and nondemolition principle
Let us begin with the discussion of the quantum nondemolition principle which
forms the basis of the axiomatic formulation of the quantum measurement theory
without the projection postulate, and which has been implicitly explored also in
other approaches [1–10]. The term “nondemolition measurement” was …rst introduced into the theory of ultrasensitive gravitational experiments by Braginski and
others [32–34] to describe the sequential observations in a quantum Weber antenna
as a simultaneous measurement of some quantum observables. But the property
of nondemolition has never been formalized or even carefully described other than
by requiring the commutativity of the sequential observables in the Heisenberg picture, which simply means that the measurement process can be represented as a
classical stochastic one by the Gelfand transformation. Therefore no essentially
quantum, noncommutative results have been obtained, and no theorems showing
the existence of such measurements in nontrivial time continuous models have been
proved.
An operator X in a Hilbert space H is said to be demolished by an observable
~ 6= hXi in an initial state
Y = Y y in H if the expectation hXi is changed for hXi
when Y has been measured, although without reading. According to the projec~ = [X] is described by the reduction
tion postulate theP
demolished observable X
P
operation [X] =
Pi XPi for a discrete observable Y =
yi Pi given by the orP
y
2
thoprojectors Pi = Pi = Pi ,
Pi = I and eigenvalues fyi g. The observable Y
is nondemolition with respect to X if [X] is compatible, h [X]i = hXi, with respect to each initial state, i.e., i¤ [X] = X. It follows immediately in this discrete
case that the nondemolition condition is XY = Y X, as the main …ltering theorem
says [30] even in the general case. Moreover, for each demolition observable Y
there exists a nondemolition representation Y~ = %[Y ] in an extended Hilbert space
~ i = hX Y~ i for
H F, which is statistically equivalent to Y in the sense that hXY
each input state in H and corresponding output state in H F. This follows from
the reconstruction theorem [35] for quantum measurements giving the existence
of the nondemolition representation for any kind of observations, which might be
even continuously distributed in the relativistic space-times R1+d . In the case of a
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single discrete observable Y it proves the unitary reconstruction of the projection
postulate, which is given in section 3.
Now we give several equivalent formulations of the dynamical nondemolition considered not just as a possible property for the quantum measurements but rather
as the universal condition to handle such problems as the modeling of the unsharp measurements, the generalized reduction and instantaneous collapse for the
continuous spectrum observables, the quantum sequential measurements, and the
dynamical reduction and spontaneous localization under the continuous-in-time observation. This condition, based on the reconstruction theorem, was discovered in
Ref. [7] and consists of a new principle of quantum axiomatic measurement theory
for the proper representation of the observable process in a Hilbert space, such as
the interaction representation of the object with the measurement apparatus.
On the philosophical level, one can say that the nondemolition principle is equivalent to the quantum causality principle of the statistical predictability for the
present and all possible future observations and for all possible initial states from
the a posteriori probability distributions which are conditioned by the results of the
past measurements. This should be regarded rather as the physical content and
purpose of this principle and not as a de…nition.
On the mathematical level the nondemolition principle must be formulated as
a necessary and su¢ cient condition for the existence of the conditional expectations on the algebras generated by the present and future Heisenberg operators of
the object of the measurement and all the output observables with respect to the
subalgebras of the past measurements and arbitrary input states.
In the most general algebraic approach this formulation was …rst obtained in
Ref. [7], (see also Refs. [13] and [14]) as the condition
(2.1)

[X(t); Y (s)] := X(t)Y (s)

Y (s)X(t) = 0 ;

8s

t

of compatibility of all system operators X(t) considered as the possible observables
at a time instant t with all past observables Y (s), s t, which have been measured
up to t. It says that the Heisenberg operators X(t) of the quantum object of
the measurement given, say, in the interaction representation with the apparatus
must commute with all past output observables Y (s), s t, of the pointer for any
instant t. And according to the causality principle there is no restriction on the
choice of the future observables Y (r), r t, with respect to the present operators
X(t) except the self-nondemolition [Y (r); Y (s)] = 0 for the compatibility of the
family fY (t)g. Generalized then in [21–28] for arbitrary X and Y , these conditions
de…ne a stochastic process Y (t) which is nondemolition with respect to a given
quantum process X(t). Note that the condition (2.1) for clearly distinguished object
and pointer observables does not reduce completely the algebra of the compound
system to the commutative one as it does in the case of the direct observations
Y = X when it reads as the self-nondemolition condition [X(t); X(s)] = 0, 8t; s.
The nondemolition measurements considered in Refs. [32–34] were de…ned only
by the self-nondemolition condition, corresponding to this trivial (Abelian) case
X(t) = Y (t).
In the operational approach [1,2], applicable for the reduced description of the
quantum Markov open system, one might prefer to have a condition that is equivalent to the nondemolition principle in that case. It can be given in terms of the
induced states on the reduced algebra, i.e., of the states given by the expectations
(Z) = h ; Z(t) i on the algebra of observables Z generated in the Heisenberg
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picture Z(t) = U y (t)ZU (t) by all X(t) and Y (t) for a given initial state vector .
The nondemolition principle simply means that the induced current quantum state
of the object coincides with the a priori one, as a statistical mixture of a posteriori states with respect to the past, but not the future, observations [30]. The a
posteriori state as a quantum state of the object after the measurement, when a
result has been read mathematically, will be de…ned in the next section. Here we
only point out that the coincidence means that the induced state is not demolished
by the measurement if the results have not been read. This justi…es the use of the
word nondemolition in the generalized sense.
One can call this coincidence the generalized reduction principle because it does
not restrict the consideration to the projection valued operations only, corresponding to the von Neumann reduction of the quantum states, which is not applicable
even for the relatively simple case of instantaneous measurements of the quantum
observables with the continuous spectrum.
The equivalence of these two formulations in the quantum Markovian case and
their relation to the projection postulate (see the next section) can be illustrated
even in the case of the single operation corresponding to an instantaneous measurement, or a measurement with …xed duration.
Let H and F be the Hilbert spaces of state vectors 2 H, and ' 2 F for
the quantum object and the measurement apparatus, respectively, and let R be
a self-adjoint operator in H, representing a dynamical variable with the spectral
values x 2 R to be measured by means of the measurement apparatus with a given
observable y^, representing the pointer of the apparatus as a self-adjoint operator in
F with either discrete or continuous spectrum
R. The measurement apparatus
has the …xed initial state '0 2 F, k'0 k = 1 and is coupled to the object by an
interaction operator S y = V0 U y V1 , where U is a unitary evolution operator of the
system in the product space G = H F, U y = U 1 , and V0 = V ^1, V1 = I v^
are the unitarities given by the free evolution operators V : H ! H, v^ : F ! F of
the object and the apparatus, respectively, during the …xed measurement interval
[0; t]. It is natural to suppose that the interaction does not disturb the variable R
in the sense R0 := R ^
1 = S y R0 S, or equivalently, hxjS = s^x hxj, i.e.,
(2.2)

S : jxi

'0 7! jxi

'x ;

8x 2 R

in terms of (generalized) eigenvectors jxi of R, where 'x = s^x '0 . But it must
disturb the input observable q^ = v^y y^v^ in order to get the distinguishable probability
densities fx (y) = j'x (y)j2 of the output observable Y = S y ( I q^)S, corresponding
to the di¤erent eigen values x 2 R of the input states jxi to be tested by the usual
methods of mathematical statistics. Here > 0 is a scaling parameter and we have
assumed, for simplicity that the observable y^ and hence q^ has the nondegenerate
spectral values y 2 , so that ' 2 F in the input representation is described by
the (generalized) eigenvectors
jyi of q^ : jyi 7! yjyi as a square integrable function
R
'(y) = hyj', k'k2 = j'(y)j2 d < 1 with respect to a given measure on .
The positive measure is either discrete or continuous or can even be of mixed
type normalizing the probability densities g(y) = h (y); (y)i for the state vectors
2 G:
Z
Z
2
(2.3)
k k = h (y); (y)id =
g(y)d = 1
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where (y) = hyj are the H-valued wavefunctions of the system “quantum object plus measurement apparatus.” One can consider, for example, the standard
Lebesgue measures d = d on = Z, d = 1 and on = R, d = dy:
Z
X
k k2 =
h (k); (k)i (d = 1) ; k k2 = h (y); (y)idy (d = dy)

respectively for the discrete spectrum
P y 2 Z and for the continuous one y 2 R,
given by the distributions f (y) =
(y k) and f (y) = 1 as d = f (y)dy.
The output state vectors
= S(
'0 ) 2 G, corresponding to the arbitrary
input ones = V , h ; i = 1, are given by the vector-functions : y 7! (y) 2 H
of y 2 with values
(y) = hyjS(
'0 ) = hyj :
The operators hyjS : G ! H correspond to the adjoint ones S y jyi : 7! S y (
jyi),
(2.4)

h ; hyjS(

')i = hS y (

y

jyi);

de…ning the (generalized) vector-functions S jyi by
Z
S y jyi '0 (y)d = S y (
'0 )

'i

8 ; ':

The operator (R0 )(y) = R (y) commutes with Q = I q^ as well as with any
other operator C0 = C ^
1 representing an object variable C : H ! H in H F as
the constant function Z(y) = C. This is because the general operator Z in H F
commuting with Q corresponds to an operator–valued function Z(y) : H ! H,
which is de…ned by the operator Z as
(2.5)

hyjZ

= Z(y)hyj

;

8 2G ;

y2

in the case Z = Q it corresponds to Z(y) = yI: hyjQ = yhyj . It is trivial
in this case that the Heisenberg operators X = S y ZS satisfy the nondemolition
condition [X; Y ] = 0 with respect to the output observable Y = S y QS, but not the
initial operators Z : [Z; Y ] 6= 0 if [Z(y); R] 6= 0. This makes it possible to condition,
by the observation of Y , the future measurements of any dynamical variable of the
quantum object, but not the potential measurements of Z in the past with respect
to the present observation of Y if they have not been done initially.
Indeed, let P = S y I S be the spectral orthoprojector of Y , given for a measurable
by I = I ^
1 as
(2.6)
and p = h
(2.7)

hyjI

= 1 (y) (y) = 1 (y)hyj ;

'; P (

1 (y) = f

1 y2
0 y 6=

')i =
6 0. Then the formula
" [X] = h ; ![XP ] i=h ; ![P ] i

where h ; ![X] i = h '; X( ')i, 8 2 H, de…nes the conditional expectation of
X = S y ZS with respect to Y . It gives the conditional probability " [X] 2 [0; 1] for
any orthoprojector X = O, while " [Z] de…ned by the same formula for Z = fZ(y)g
may not be the conditional expectation due to the lack of positivity ![EP ] 0, for
all ' 2 F if the orthoprojectorZ = E does not commute with P . The necessity of
the nondemolition principle for the existence of the conditional probabilities is the
consequence of the main …ltering theorem consistent with the causality principle
according to which the conditioning with respect to the current observation has the
sense of preparation for future measurements but not for past ones.
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This theorem proved in the general algebraic form in Ref. [30] reads in the
simplest formulation as
Main Measurement Theorem. Let O be an orthoprojector in G = H F. Then
for each state vector =
' there exists the conditional probability " [O] 2 [0; 1],
de…ned by the compatibility condition
(2.8)

" [O]h

'; P (

')i = h

'; OP (

')i

if and only if OP = P O. It is uniquely de…ned for any measurable
respect to P = S y I S, ' = '0 as
Z
1
(2.9)
" [O] =
h y ; E(y) y id

with

Here E(y) : H ! H is the orthoprojector valued function, describing
R O, commuting
with all P in the Schrödinger picture as O = S y ES,
=
g (y)d is the
absolutely continuous with respect to probability distribution of y 2 , g (y) =
k (y)k2 , (y) = hyjS(
'0 ), and y 7! y is the random state vector y 2 H of
the object uniquely de…ned for almost all y : g (y) 6= 0 up to the random phase
(y) = argc (y) by the normalization
(2.10)

y

= (y)=c (y) ;

jc (y)j2 = g (y)

3. The generalized a posteriori reduction
It follows immediately from the main theorem that the input state vector :
k k = 1 of the object of measurement has to be changed for y 2 H due to the
preparation 7! f (y) : y 2 g of the a priori state vector = S(
'0 ) of the
meter and the object after the objecti…cation q^ = y. The former is given by the
dynamical interaction in the pointer representation (y) = hy j due to the choice
of the measurement apparatus and the output observables, and the latter is caused
by statistical …ltering 7! (y) due to the registration of the measurement result
y 2 and the normalization y = (y)=k (y)k.
While the process of preparation described by a unitary operator applied to a
…xed initial state of the meter encounters no objection among physicists, the process
of objecti…cation encounters objection because of the nonunitarity of the …ltering
and nonlinearity of the normalization. But the main theorem shows clearly that
there is nothing mysterious in the objecti…cation. It is not a physical process but
only a mathematical operation to evaluate the conditional state
(3.1)

y [Z]

= "y [S y ZS] = h

y ; Z(y) y i

2 H 7! hyjS(

'0 ) ;

which are de…ned by the conditional expectations "y [X] = lim #y " [X] of the
Heisenberg operators X for Z = fZ(y)g. The linear random operator
(3.2)

G(y) :

y2

de…nes the reduction transformations G(y) as the partial matrix elements hyjS'0
of the unitary operator S. They map the normalized vectors 2 H into the a
posteriori ones (y) = G(y) , renormalized to the probability density
g (y) = kG(y) k2 = h ; E(y) i;

E = Gy G :

If the condition (2.2) holds, then the only eigen vectors jxi of R remain unchanged
up to a phase multiplier:
(3.3)

G(y)jxi = jxi'x (y); 'x (y) = hyj^
sx '0 = hyj'x
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and
hence y = ei x (y) jxi, where x (y) = arg 'x (y). The superpositions
R
jxi (x)d change their amplitudes (x) = hxj for y (x) = hxj y

=

hxj y = c 1 (y) (x; y) ;
(x; y) = hxjG(y) = x (y) (x)
R
where c (y) = ( j'x (y)j2 h(x)d )1=2 , h(x) = j (x)j2 .
In the case of a purely continuous spectrum of R there are no invariant state
vectors at all because the generalized eigenvectors cannot be considered as input
ones due to jxi 2
= H as hxjxi = 1 in that case.
The generalized reduction (3.1) of the state-vector corresponds to the limit case
# y when the accuracy of the instrument 3 y tends to the single-point subset
fyg
. It is not even the mathematical idealization of the real physical experiment
if the observable q^ has the discrete spectrum = fyi g.
Prior to discussing why the generalized reduction does not contradict the main
postulates of the quantum theory, let us show how to derive the von Neumann
projection postulate in this way,Pcorresponding to the orthogonal transformations
G(yi ) = Fi given by a partition
Ai = R of the spectrum of R as Fi = EAi . Here
R
P
y
A 7! EA , EA
EA0 = EA\A0 ,
EAi = I is the spectral measure of R = xdE which
might be either of discrete or of continuous type as in the cases
Z
X
EA =
jxihxj ; EA =
jxihxjdx ;

(3.4)

A

x2A

corresponding to the nondegenerate spectrum of R : dE = jxihxjd .
Considering the indices i of yi in Z it is always possible to …nd the unitary
interaction in the Hilbert space G = H l2 (Z) of thePtwo–sided sequences
=
1
k k
f k jk = 0; 1; 2; : : : g with k 2 H such that k k2 =
h
;
i
<
1.
Indeed,
1
y
i
we
can
de…ne
the
interaction
as
the
block-matrix
S
=
[W
] acting in G as W i =
k
P1
i k
i
W
,
by
W
=
F
,
where
F
=
0
if
there
is
no
point
yk in numbered
k i
k
k
k
k= 1
by a k 2 Z. It is the unitary one because S = [Fi k ] is inverse to S y = [Fk i ] as
1
X

Fi

j Fk j

=

j= 1

i j
k j

1
X

F

j

i
k

=

j= 1

X

k
iI

Fi =

P
due to the orthogonality Fi Fk = 0, i 6= k, and completeness
Fi = I of fFi g.
Let us …x the initial sequence '0 2 l2 (Z) as the eigenstate '0 = f k0 g = j0i of
the input observable k^ in l2 (Z) as the counting operator
k^ =

(3.5)

1
X

kjkihkj ;

k= 1

jii = f ki g 2 l2 (Z)

with the spectrum Z. Then we obtain the conditional states (3.1) de…ned as
i [Z]

=

1
hFi ; Zi Fi i = h i ; Zi i i;
pi

1=2

i

= Fi =pi

up to the normalizations pi = hFi ; Fi i =
6 0 by the linear operations
(3.6)

Wi0 = hijS('0

)=

1
X

Fi

k
k 0

7! Wi0 Wi0 ,

= Fi :

k= 1

It is only in that case that the a posteriori state always remains unchanged under
the repetitions of the measurement. Such an interaction satis…es the condition (2.2)
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with 'x = s^x '0 given by the sequences 'x = f
Fi

k jxi

= jxi

i(x)
i k

k
i(x) g

= Wik jxi (= jxi ;

= ji(x)i because
8x 2 Ai

k) ;

where i(x) = i if x 2 Ai is the index map of the
R coarse-graining fAi g of the
spectrum of R. Hence in the x-representation = jxi (x)d , (x) = hxj it can
i(x)
be described by the shifts s^yx = [ k i ] in l2 (Z)
(3.7)

s^yx : (x) = f

k

(x)g 7! fhxj

i(x)+k

g

k

(x) = hxj

k

replacing the initial state '0 = j0i of the meter for each x by another eigenstate
ji(x)i = s^x j0i if x 2
= A0 .
This realizes the coarse-grained measurement of R by means of the nondemolition
observation of the output
^ = i(R) ^1 + I k^ ;
(3.8)
Y = S y (I k)S
R
P
where i(R) = i(x)dE = iFi . If q(R) = ~i(R) is the quantized operator R given,
^sx = q(x)^1 + ~k^
say, by the integer i(x) = bx=~c, then the rescaled model y^x = ~^
syx k^
of the nondemolition measurement has the classical limit lim y^x = x^1 if ~ ! 0,
corresponding to the direct observation of a continuous variable R by means of
lim ~Y = R ^
1.
Note that the observable Y commutes with the arbitrary Heisenberg operator
A = S y (C ^
1)S of the object, but not with the initial operators C0 = C ^1 if
[C; i(R)] 6= 0.
The unitary operator S y ispgiven by the interaction potential q(R)R p^ as S y =
1, and p^ = [hij^
pjki], hij^
pjki = (1=2 )
pe i(i k)p dp
expf(i=~)q(R) p^g, where i =
is the matrix of the momentum operator in l2 (Z), generating the shifts s^yx =
[hij^
syx jki] as s^yx = ei(x)ip^:
Z
1
i(x)
ei(x)ip e i(i k)p dp = i k :
hij^
syx jki =
2
The nondemolition observation reproduces the statistics of the “demolition” measurement of R by the direct observation of q(R) because the output observable Y
has the same characteristic function with respect to the state vector
'0 as i(R)
with respect to :
h

'0 ; expfipY g(

'0 )i = hS(

'0 ); eipQ S(
'0 )i
X
iip
hFi ; e Fi i = h ; expfipi(R)g i :
=

^ and Fi = hijS' =
Here p is the parameter of the characteristic function, Q = I k,
0
R
P
Fiy are the orthoprojectors, such that i Fiy Fi = i(x)dE = i(R). If the observable R is discrete, then the nondemolition observation (3.8) realizes the precise
measurement of R, if the partition fAi g separates all the eigenvalues fxi g as in the
case xi 2 Ai , 8i, corresponding to xi = ~i, Ai = [~i; ~(i + 1)[, i = 0; 1; 2; : : :.
The nondemolition principle helps not only to derive the projection postulate as
a reduced description of the shift interaction in the enlarged Hilbert space G with
respect to the initial eigenvector '0 = j0i of the discrete meter q^, but also extends
it to the generalized reductions under the unsharp measurements with arbitrary
spectrum , corresponding to the nonrepeatable instruments [1,2]
Z
(3.9)
[C] =
[C](y)d ;
[C](y) = G(y)y CG(y) :

QUANTUM NONDEM OLITION PRINCIPLE
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The density (y) of the instrument de…nes completely positive but not necessarily
orthoprojective operations E(y) = [I](y), called the e¤ects for the probability
densities g(y) = [E(y)], and also the nonlinear operation 7!
(y)= [E(y)] of
the generalized reduction, mapping the pure input states [C] = h jCj i into the
a posteriori ones
1
(3.10)
[C](y) = y [C0 ] ;
[C](y) = h (y); C (y)i :
y [C] =
g (y)
They are also pure because of the completeness of the nondemolition measurement,
i.e., nondegeneracy of the spectrum of the observable q^ in F. Thus, the reduction of
the state-vector is simply the way of representing in the form (3.1) the a posteriori
pure states (3.10) given at the limit ! 0 by the usual (in the statistics) Bayesian
formula (2.7) for X = S y C0 S = A, which is applicable due to the commutativity
of A and P .
The reduction 1 ! y of the prepared state 1 =
for the object measurement is given as the evaluation of the conditional expectations which are the
standard attributes of any statistical theory. All the attempts to derive the reduction as a result of deterministic interaction only are essentially the doomed attempts
to derive the probabilistic interpretation of quantum theory. There is no physical
explanation of the stochasticity of the measurement process as there is no adequate
explanation of the randomness of an observable in a pure quantum state.
It is not a dynamical but a purely statistical e¤ect because the input and output
state-vectors of this process are not the observables of the individual object of the
statistical ensemble but only the means for calculating the a priori and the a posteriori probabilities of the observables of this object. Hence there is no observation
involving just a single quantum object which can con…rm the reduction of its state.
The reduction of the state-vector can be treated as an observable process only for
an in…nite ensemble of similar object plus meter systems. But the measurements
for the corresponding collective observables also involves preparation and objecti…cation procedures, this time for the ensemble, i.e., for a second quantized compound
system. So the desirable treatment of all the reductions as some objective stochastic process can never be reached in this way. They are secondary stochastic since
they are dependent on the random information that has been gained up to a given
time instant t.
The reduction of the state-vector is not at variance with the coherent superposition principle, because a vector 2 H is not yet a pure quantum state but de…nes
it rather up to a constant c 2 C as the one-dimensional subspace fc jc 2 Cg H
which is a point of the projective space over H. For
p every reduced state-vector
(y) = g (y) y , de…ning the same
y there exists an equivalent one, namely
quantum pure state, given by the linear transformation G(y) : 7! (y), so that
P
P i
the superposition principle holds: (y) =
ci i (y) if =
ci . The pure state
transformation G(y) does not need to be unitary, but as an operator G : H ! G
with
Z
Z
Gy G = G(y)y G(y)d = 'y0 S y jyihyjS'0 d = 'y0 S y S'0 = I
it preserves the total probability by mapping the normalized 2 H into the (y) =
G(y) , normalized to the probability density g (y).
According to the nondemolition principle it makes sense to apply the vector
= f (y)g of the system after the measurement preparation only against the
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reduced observables Z = fZ(y)g which commute with Q = I q^. Otherwise according to the main theorem the conditional probabilities of the future observations
may not exist for an initial state-vector 0 =
' and a given result y 2 of
the measurement. It is against the physical causality to consider the unreduced
operators as the observables for the future measurements since the causality means
that the future observations must be statistically predictable from the data of a
measurement and such prediction can be given only by the conditional probabilities (2.9). Once the output observables are selected as a part of a preparation,
the algebra of the actual observables is reduced and there is no way to measure an
observable Z which is not compatible with Q. It could be measured in the past if
another preparation had been made but the irreversibility of the time arrow does
not give this possibility. Thus, the quantum measurement theory implies a kind
of time-dependent superselection rule for algebras such as those of the observables
Z chosen as the actual observable at the moment t. But it does not prevent one
from considering other operators as the virtual observables de…ning super operators,
i.e., the subsidiary operators for the description of some meaningful operations, although an evaluation of their expectations does not make any sense as it does for
the di¤erential operators in the classical theory.
The a priori states are the induced ones
Z
h y ; C y id = h ; C0 i ; C0 = C ^1
1 (C) =

on the algebra generated by the operators in H of the object only. They are given
as the statistical mixtures of the a posteriori pure states (3.10) of the object even if
the initial state was pure. But it does not contradict quantum mechanics because
the prepared state (Z) = h ; Z i of the quantum system after the measurement
is reduced to the object plus pointer but is still given uniquely by the state-vector
2 G, up to a random phase. Namely, the vector is a coherent superposition
X
=
jyi ici ;
jci j2 = pi
i
i = (yi )=ci ;

of the
Pa posteriori states i jyi i of the system, if q^ has the spectral decomposition
q^ = yi jyi ihyi j and pi are the probabilities of yi .
This uniqueness does not hold for the density-matrix representations [Z] =
Trf ^ Zg; among the equivalent density matrices ^
0 there exists always the
projector ^ = j ih j, but there are also mixtures such as the diagonal one
X
^ =
pi j i ih i j ; j i i = i jyi i
1

in the discrete case = fyi g. Hence, the diagonalization ^ 7! ^ 1 of the density
matrix due to the measurement of q^ is only the rule to choose the most mixed one
^ which is equivalent to the coherent choice ^ due to
1
X
Trf ^ Zg =
pi h i ; Zi i i = Trf ^ 1 Zg
P
for all reduced operators Z = Zi jyi ihyi j. There is no special need to …x such a
choice, which is even impossible in the continuous spectrum case. This is because
the continuous observable q^ has no ordinary eigenvectors, hyjyi = 1 and hence
jyi 2
= G, but there exist the eigenstates ! y [^
z ] = z(y) on the algebra of complex
y
functions z(y), de…ning the conditional expectations "y [X] for X = S y ZS as
"y [X] =

y [SXS

y

];

y

=

y

!y ;

8y 2

:
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Thus, the nondemolition principle abandons the collapse problem, reducing it to
the evaluation of the a posteriori state. The decrease of the observable algebra is
the only reason for the irreversibility of the linear transformation 0 7! of the
initial states 0 (X) = h 0 ; X 0 i, which are pure on the algebra of all operators X
into the prepared (mixed) ones on the algebra of the reduced operators Z.
4. The main measurement problem
As was shown using an instantaneous measurement as an example, the nondemolition principle leads to the notion of the instrument, described by the operationalvalued measure (3.9), and gives rise to the generalized reduction (3.10) of the
quantum statistical states. In the operational approach [1,2] one starts from the
instrumental description
7!
(y) = (y) of the measurement, which is
equivalent to postulating the generalized reduction (20) given up to the probabilistic normalization g(y) = [I](y) by the linear map
7!
(y) due to
(y) = y .
y ( ) = (1=g(y))
The main measurement problem is the reconstruction of an interaction representation of the quantum measurement, that is, …nding a proper dilation G of
the Hilbert space H and the output process Y , satisfying the nondemolition (and
self-nondemolition) condition (2.1) with respect to the Heisenberg operators X of
the object of measurement in order to derive the same reduction as the result of
conditional expectation.
The minimal dilation giving, in principle, the solution of this problem even for
non-Markovian relativistic cases was constructed in [35], but it is worth …nding
also more realistic, nonminimal dilations de…ning the object of measurement as a
quantum stochastic process in the strong sense for the particular Markovian cases.
In the case of a single instantaneous measurement described by an instrument
, this can be formulated as the problem of …nding the unitary dilation U
R '0 :
2 H 7! U (
'0 ) in a tensor product G = H F and an observable y^ = yd^1
in F, giving
as the conditional expectation
[C] = ! 0 [AE ] ;

h ; ! 0 [X] i = h

'0 ; X

'0 i

^ )U . In principle, such a quadruple (F; '0 ; y^; U ) was conof AE = U (C 1
structed in [36] and [37] for the normal completely positive
, giving a justi…cation
of the general reduction postulate as described above for the case of the projective
. For the continuous observation this problem was solved [39] on the in…nitesimal level in terms of the quantum stochastic unitary dilation of a di¤erential
evolution equation for characteristic operations
Z
1 t
~ (t; q) = eiqy (t; y)d ;
(t; y) = lim
;
y

#y

where d is a standard probability measure of dy
. This corresponds to
the stationary Markovian evolution of the convolutional instrumental semigroups
f t jt
0g giving the reduced description of the continuous measurement, with
the data y(t) having the values in an additive group.
Unfortunately the characteristic operational description of the quantum measurement is not relevant to the sample-paths representation. It is not suitable for
the conditioning of the quantum evolution under the given data of the observations
and hence does not allow one to obtain explicitly the corresponding dynamical reduction. Moreover, the continuous measurements have the data y not necessary in a
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group, and in the nonstationary cases they cannot be described by the convolution
instrumental semigroups and the corresponding evolution equations.
Recently a new di¤erential description of continual nondemolition measurements
was developed within the noncommutative stochastic calculus method [13,14,31].
A general stochastic …ltering equation was derived for the in…nitesimal samplepaths representation of the quantum conditional expectations, giving the continuous
generalized reduction of the a posteriori states [25,26,29].
Simultaneously, some particular cases of the …ltering equation for the stochastic state-vector '(t; !) = yt (!), corresponding to the functional spectrum t of
the di¤usion trajectories y t (!) = fy(s; !)js tg, were discovered within the phenomenological theories of the dynamical reduction and spontaneous localization
[16–18]. As was shown in [21,27] and [29], the nonlinearity of such equations is related only
pto the normalization k'(t; !)k = 1 and after the proper renormalization
gt (!)'(t; !), where gt (!) is the probability density of the process
(!)
=
t
Z
1 s
h'(t; !); R'(t; !)idt + s 1 ws ; s 2 [0; t)
y(s; !) =
s 0
generated by the standard Wiener process ! = fwt g with respect to the Wiener
probability measure d on the continuous trajectories ! 2 , they become the
linear ones
(4.1)

d

t

+

i
1
H + Ly L
~
2

t dt

= L t dw :

Here H is the p
Hamiltonian of the object, L is an arbitrary operator in H de…ning the
variable R = ~(L + Ly ), under the continuous measurement, and dw = wt+dt wt
is the forward increment, such that the stochastic equation (4.1) has to be solved
in the Itô sense. This solution can be explicitly written as
(4.2)

t (!)

= Tt (!) ;

Tt (!) = expfwt L

tL2 g

p
=2h R, (h = 2 ~), H = 0, corresponding to the unsharp
in the case L =
measurement of the self-adjoint operator R during the time interval [0; t) with the
trivial free Hamiltonian evolution of the object. In the case H 6= 0 this can be used
for the approximate solution of (4.1) with Ly = L, (0) = as t (!) ' Tt (!) (t),
i
where (t) = V (t) is the unitary evolution V (t) = exp
without the
~ Ht
measurement.
The stochastic transformation (4.2) de…nes the operational density
t [C](!)

= Tty (!)CTt (!)

of an instrument as in (3.9) with respect to the standard Wiener probability measure
p
d on ! t = fws gs t 2 t having the Gaussian marginal distribution of qt = ~wt
Z
d :=
d = (ht) 1=2 exp[ q 2 =htgdq :
Hence

(t; q)d :=

R

qt 2dq

t (!)d

qt 2dq

(4.3)

[C](t; y) =

r

t
exp
h

=

(t; y)dy, where y = 1t q,

t
(y
2h

R)2 C exp

t
(y
2h

R)2

;
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t (!)

depends only on wt :

t (!)

[C](t; q) = G(t; q)y CG(t; q) ;

=
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p
(t; ~wt ), and

G(t; q) = exp

The operator E(t; y) = [I](t; y) = fR (t; y),
r
t
t
fR (t; y) =
exp
(y R)2
h
h

qR

h

t 2
R
2

:

= F (t; y)y F (t; y)

de…nes the probability density of the unsharp measurement of R with respect to
the ordinary Lebesgue measure dy as the convolution
Z r
t
t
exp
(y x)2 h (x)d = (f0 h )(y) ;
g (t; y) =
h
h
P
(x xi )dx in the case of discrete
where h (x) = j (x)j2 , (x) = hxj , d =
spectrum fxi g of R, and d = dx in the case of purely continuous spectrum of R.
This means that the continuous unsharp measurement of R can be described by
the observation model yx (t) = x + (1=t)qt of signal x plus Gaussian error e(t) =
(1=t)qt with independent increments as
p
~
(4.4)
yR (t) = R + e(t)I ; e(t) =
wt :
t
The noise e(t) with the mean value he(t)i = 0 gives a decreasing unsharpness
he(t)2 i = ~=t of the measurement from in…nity to zero that is inversely proportional
to the duration of the observation interval t > 0.
In general, such a model can be realized [21]–[25] as the nondemolition observation within the quantum stochastic theory of unitary evolution of the compound
system on the product G = H F with the Fock space F over the one-particle space
L2 (R+ ) for a one-dimensional bosonic …eld, modeling the measurement apparatus
of the continuous observation.
Let us illustrate this general construction for our particular case H = 0, L = Ly .
The unitary interaction S(t) in G, de…ning the transformations (4.2) as (3.2) with
respect to the vacuum state-vector '0 2 F, is generated by the …eld momenta
operators
ip y
(4.5)
p^s =
~(^
as a
^ s ) ; s 2 R+
2
i
p^t .
as S(t) = exp
~R
y
Here a
^s and a
^s are the canonical annihilation and creation operators in F, localized on the intervals [0; s] according to the commutation relations

[^
ar ; a
^s ] = 0;

[^
ar ; a
^ys ] = s^1 ;

8r

s;

The pointer of the apparatus for the measurement of R is de…ned by the …eld
coordinate observables
p
(4.6)
q^s = ~(^
as + a
^ys ) ; s 2 R+
which are compatible with [^
qr ; q^s ] = 0 as well as with [^
pr ; p^s ] = 0, but incompatible
with (4.5):
~
[^
pr ; q^s ] = s 1^ ; 8r s :
i
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The operators S y (t) satisfy the condition (2.2): hxjS(t) = s^x (t)hxj, where the unitary operators s^yx (t) : F ! F can be described by the shifts
s^yx (t) : jq; ti 7! jxt + q; ti ;

(4.7)

8x; q; t

similarly to (3.7). Here jq; ti is the (generalized) marginal eigenvector of the selfadjoint operator
e^(t) = t 1 q^t ; q^t jq; ti = qjq; ti ;

uniquely de…ned up to the phase by an eigenvalue q 2 R as the Dirac -function q
in the q^t -representation L2 (R) of the Hilbert subspace A(t)'0 F, where A(t) is
the Abelian algebra generated by q^t , and '0 2 F is the vacuum–vector of the Fock
space F. Due to this,
y^x (t) = s^yx (t)^
e(t)^
sx (t) = x^1 + e^(t) ;

which gives the quantum stochastic realization of the observation model (4.4) in
terms of the output nondemolition process y^R (t) = 1t Y (t),
^1 + I q^t
p
at + a
^yt ). Indeed,
similarly to (3.8) with
p q^t represented by the operator ~(^
p the
classical noise qt = ~wt is statistically equivalent to the quantum one q^t = ~(^
at +
a
^yt ) with respect to the vacuum state, as can be seen by a comparison of their
characteristic functionals:
Z
Z
R
p Z 1
~ 1
hei f (s)dq i : = expfi ~
f (s)dwgd = exp
f (s)2 ds
2
0
0
(4.8)

Y (t) = S y (t)(I

= h'0 ; ei

R

f (s)d^
ay

e

q^t )S(t) = tR

~
2

R1
0

f (s)2 ds i

e

R

f (s)d^
a

'0 i = h'0 ; ei

R

f (s)d^
q

'0 i :

Here we used the annihilation property a
^s '0 = 0 and the Wick ordering formula
n s o 0
y
(4.9)
expfz 0 a
^s + a
^ys zg = ez^as exp z 0 z ez a^s :
2
The observable process (4.8) satis…es the nondemolition condition (2.1) (and selfnondemolition) with respect to any quantum process X(t) = S y ZS (t) given by
the operators Z(t), commuting with all Q(s) = I q^(s), s t, because
Y (s) = S y (t)(I

q^(s))S(t) ;

8s

t;

8s

t

as follows from the commutation relations
s^yx (t)^
qs = (sx^1 + q^s )^
syx (t) ;
for s^yx (t) = exp

i
pt
~ x^

. Indeed, due to this

[X(t); Y (s)] = W (t)[Z(t); Q(s)]W y (t) = 0 ;
if t > s and [Z(t); Q(s)] = 0, as in the cases Z(t) = C ^1 and Z(t) = Q(t), where
Q(t) = I q^t .
Now we can …nd the transform
1
1
hq; tjS'0 = G(t; q)'0 (t; q) = p T t; q ;
t
t
where '0 (t; q) = hq; tj'0 is the vacuum-vector '0 2 F in the marginal q^t = q
representation
'0 (t; q) = (ht) 1=4 expf q 2 =2htg ; q 2 R

QUANTUM NONDEM OLITION PRINCIPLE

17

normalized with respect to the Lebesgue measure dq on R. To this end, let us apply
the formula (4.9) to S y (t) = exp ~i R p^t :
expf L

a
^t + L

a
^yt g = eL

a
^yt

t 2
L e
2

exp

L a
^t

p
where L = R=2 ~. Using the annihilation property expf L
obtain
y
t 2
W (t)y '0 = eL a^t exp
L e L a^t '0
2
y
t 2 L a^t
'0 = eL w^t
= eL a^t exp
L e
2

;

a
^t g'0 = '0 , we

tL2

'0 :

This is equivalent to (4.2) because of the Segal isometry of the vectors expfxw
^t g'0 2
F, where x 2 R, w
^t = a
^t + a
^yt , and the stochastic functions expfxwt g 2 L2 ( ) in
the Hilbert space of the Wiener measure on . Hence the transform F t; 1t q =
p
tG(t; q)'0 (t; q) de…ning the density (t; y) = F (t; y)y [ ]F (t; y) of the instrument
(3.9) with respect to dy has the same form, as in (4.3):
(4.10)

F (t; y) = (t=h)1=4 exp

t
(y
2h

R)2

:

5. A Hamiltonian model for continuous reduction
As we have shown in the previous section the continuous reduction equation
(4.1) for the non-normalized stochastic state-vector (t; !) can be obtained from
an interaction model of the object of measurement with a bosonic …eld. This can
be done by conditioning with respect to a nondemolition continuous observation of
…eld coordinate observables (4.6) in the vacuum state.
The unitary evolution (t) = U (t) 0 in the tensor product G = H F with the
Fock space F corresponding to (4.1) can be written as the generalized Schrödinger
equation
(5.1)

d (t) + K0 (t)dt = (L

d^
ayt

Ly

d^
at ) (t)

in terms of the annihilation and creation canonical …eld operators a
^s , a
^ys . This is a
singular di¤erential equation which has to be treated as a quantum stochastic one
[29] in terms of the forward increments d (t) = (t +pdt)
(t) with K0 = K ^1,
K = (i=~)H + 21 Ly L. In the particular case L = R=2 ~ = Ly of interest, eq. (5.1)
can be written simply as a classical stochastic one, d + K dt = (i=~)Rdp, in Itô
sense with respect to a Wiener process pt of the same intensity (dpt )2 = ~dt=4 as the
…eld momenta operators p
(4.5) with respect to the vacuum state. But the standard
Wiener process vt = 2pt = ~ cannot be identi…ed with the Wiener process wt in the
reduction equation (4.1) because of the nondemolition principle. Moreover, there
is no way to get the nondemolition property (2.1) for
X(t) = U (t)y X0 U (t) ;

Y (s) = U (s)y Y0 (s)U (s)

with the independent or if only commuting vt and wt , as one can see in the simplest
d
^
case H = 0, X0 = ~i dx
1, R = x, Y0 (s) = I q^s .
p
Indeed, the error process qt = ~wt is appearing in (4.4) as a classical representation of the …eld coordinate observables (4.6) which do not commute with (4.5).
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i
~x

In this case, eq. (5.1) gives the unitary operator U (t) = exp
Heisenberg operators
~ d
^1 I p^t ; Y (s) = sx 1^ + I
X(t) =
i dx
commute for all t s only because
~ d
; sx
i dx

^1 = s ~ I
i

^1 = [^
pt ; q^s ] ;

8t

p^t

and the

q^s

s:

Hence, there is no way to obtain (2.1) for the classical
processes pt , qs by
p stochastic p
replacing simultaneously p^t and q^s for commuting ~vt =2 and ~wt even though
pt is statistically identical to p^t and separately qs to q^s .
Let us show now how one can get a completely di¤erent type of the reduction
equation than postulated in [16]–[20] simply by …xing an another nondemolition
process for the same interaction, corresponding to the Schrödinger stochastic equation (5.1) with L = Ly and H = 0.
We …x the discrete pointer of the measurement apparatus, which is described by
^ys a
^s , by counting the quanta of the Bosonic …eld in the mode
the observable n
^ s = 1s a
1s (r) = 1 if r 2 [0; s) and 1s (r) = 0 if r 2
= [0; s). The operators n
^ t have the integer
eigenvalues 0; 1; 2; : : : corresponding to the eigen-vectors
jn; ti = et=2 (^
ayt =t)n '0 ;

a
^ t '0 = 0

which we have normalized with respect to the standard Poissonian distribution
(5.2)
as hn; tjn; ti = 1=

n
n.

= e t tn =n! ;

n = 0; 1; : : :

Let us …nd the matrix elements
hn; tjS(t)'0 = G(t; n)

for the unitary evolution operators
(5.3)

S(t) = expf L

a
^t + L

a
^yt g ;

by resolving eq. (5.1) in the considered case. This can be done again by representing
S(t) in the form (4.9) for z 0 = L, z = L and the commutation rule
(I

a
^t )eL

a
^yt

= eL

a
^yt

(tL

^1 + I

a
^t ) :

Due to the annihilation property, this gives
(5.4)
y
t
'y0 (^
at =t)n eL a^t exp
(1 L2 ) e L a^t '0 = Ln exp
2

t
(1
2

L2 )

= G(t; n) :

The obtained reduction transformations are not unitary and not projective for any
n = 0; 1; 2; : : : , but they de…ne the nonorthogonal identity resolution
1
X
G(t; n)y G(t; n)e t tn =n! = I
n=0

corresponding to the operational density
(5.5)

[C](t; n) = et Ln e

L2 =2

CLn e

L2 =2

with respect to the measure (5.2). Now we can easily obtain the stochastic reduction
equation for (t; !) = T (t; !) if we replace the eigenvalue n of n
^ t by the standard
Poissonian process nt (!) with the marginal distributions (5.2). Such a process nt
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describes the trajectories t 7! nt (!) that spontaneously increase by dnt (!) = 1
at random time instants ! = ft1 < t2 < : : : g as the spectral functions fnt (!)g
for the commutative family f^
nt g. The corresponding equation for the stochastic
state-vector (t; !) = (t; nt (!)) can be written in the Itô sense as
(5.6)

1
d (t) + (L2
2

I) (t)dt = (L

1) (t)dnt :

Obviously Eq. (5.6) has the unique solution (t) = F (t) written for a given
as
(5.7)

t
(1
2

(t) = Lnt exp

L2 )

2H

= G(t; nt )

because of d (t) = (L 1) (t) when dnt = 1, otherwise d (t) = 21 (1 L2 ) (t)dt
in terms of the forward di¤erential d (t) = (t + dt)
(t).
Such an equation was derived in [26]–[30] also for the general quantum stochastic
equation (5.1) on the basis of quantum stochastic calculus and …ltering theory
[31]. Moreover, it was proved that any other stochastic reduction equation can be
obtained as a mixture of Eq. (4.1) and (5.4) which are of fundamentally di¤erent
types.
Finally let us write down a Hamiltonian interaction model corresponding to the
quantum stochastic Schrödinger equation (5.1). Using the notion of chronologically
ordered exponential
Z
i t
(5.8)
U (t) = exp
H(r)dr
~ 0
i
one can extend its solutions (t) = exp
p^t 0 also to the general case,
~R
y
H 6= 0, L 6= L in terms of the generalized Hamiltonian

H(t) = H0 +

~ y
(L
i

a
^(t)

L

a
^(t)y ) ;

where a
^(t) = d^
at =dt, a
^y (t) = d^
ayt =dt, H0 = H ^1. The time-dependent Hamiltonian
H(t) can be treated as the object interaction Hamiltonian
H(t) = H0 +

~ i H1 t y
e~
(L
i

a
^(0)

L

a
^(0)y )e

i
~ H1 t

^ of the quantum bosonic …eld
for a special free evolution Hamiltonian H1 = I h
a
^(r), r 2 R described by the canonical commutation relations
[^
a(r); a
^(s)] = 0;

[^
a(r); a
^(s)y ] = (r

s)^1 ;

8 r; s 2 R :

This free evolution in the Fock space F over one particle space L2 (R) is simply
given by the shifts
i

^

^(r)e
e ~ ht a

i ^
~ ht

=a
^(r + t) ;

8 r; t 2 R ;

^ =a
corresponding to the second quantization h
^y ^"a
^ of the one-particle Hamilton@
ian ^" = ~i @r
in L2 (R). Hence, the total Hamiltonian of the system “object plus
measurement apparatus” can be written as
(5.9)

Hs = H

~
^
1 + (Ly
i

a
^(0)

L

a
^(0)y + I

a
^y a
^0 ) ;
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R1

a
^(r)y a
^(r)0 dr, a
^(r)0 = d^
a(r)=dr. Of course, the free …eld Hamil-

1
y 0

^ = ~^
tonian h
a a
^ =i is rather unusual as with respect to the single-particle energy
"(p) = p in the momentum representation giving the unbounded (from below)
spectrum of ^".
But one can consider such an energy as an approximation
q
p
(5.10)
"(p) = lim c
(p + p0 )2 + (m0 c)2
p20 + (m0 c)2 = v0 p
p0 !1

p
2
"0 (0) of the
in the velocity units v0 = c= 1 + (mp
0 c=p0 ) = 1 for the shift "0 (p)
standard relativistic energy "0 (p) = c (p + p0 )2 + (m0 c)2 as the function of small
deviations jpj
p0 from the initially …xed momentum p0 > 0. This corresponds
to the treatment of the measurement apparatus as a beam of bosons with mean
momentum p0 ! 1 given in an initial coherent state by a plane wave
f0 (r) = c expfip0 r=~g :
p
This input beam of bosons illuminate the position R = ~(L + Ly ) of the object of
measurement via the observation of the commuting position operators Y (t), t 2 R
of the output …eld given by the generalized Heisenberg operator-process,
Y_ (t)

i

i
~ Hs t

= e ~ Hs t (I

q^(0))e

= U (t)y (I

q^(t))U (t) = R(t) + I

q^(t)

This is the simplest quantum Hamiltonian model for the continuous nondemolition
measurement of the physical quantity R of a quantum object.
i
Thus the unitary evolution group Us (t) = e ~ Hs t of the compound system is
de…ned on the product H F with the two–sided Fock space F = (L2 (R)) by
i^
Us (t) = V1 (t)U (t), where V1 = I v^ is the free evolution group v^(t) = e ~ ht of the
…eld, corresponding to the shifts
f 2 L2 (R) 7! f t (s) = f (s

t)

2

of the one-particle space L (R). To obtain such an evolution from a realistic Hamiltonian of a system of atoms interacting with an electromagnetic …eld one has to
use a Markovian approximation, corresponding to the weak-coupling or low density
limits [39].
Thus, the problem of unitary dilation of the continuous reduction and spontaneous collapse was solved in [25] even for in…nite-dimensional Wiener noise in a
stochastic equation of type (4.2).
Conclusion
Analysis [1] of the quantum measurement notion shows that it is a complex
process, consisting of the stage of preparation [15] and the stage of registration,
i.e., …xing of the pointer and its output state and the objecti…cation [40].
The dynamical process of the interaction is properly treated within the quantum
theory of singular coupling to get the nontrivial models of continuous nondemolition
observation while the statistical process of the objecti…cation is properly treated
within the quantum theory of stochastic …ltering to get the nonlinear models of
continuous spontaneous localization [21–31].
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The nondemolition principle plays the role of superselection for the observable
processes provided the quantum dynamics is given and restricts the dynamics provided the observation is given. It is a necessary and su¢ cient condition for the
statistical interpretation of quantum causality, giving rise to the quantum noise
environment but not to the classical noise environment of the phenomenological
continuous reduction and spontaneous localization theories [16–20].
The axiomatic quantum measurement theory based on the nondemolition principle abandons the projection postulate as the redundancy given by a unitary interaction with a meter in the initial eigen-state. It treats the reduction of the wave
packet not as a real dynamical process but as the statistical evaluation of the a
posteriori states for the prediction of the probabilities of the future measurements
conditioned by the past observation.
There is no need to postulate a nonstandard, nonunitary, and nonlinear evolution
for the continuous state-vector reduction in the phenomenological quantum theories
of spontaneous localization, and there is no universal reduction modi…cation of the
fundamental Schrödinger equation. The nonunitary stochastic evolution giving the
continuous reduction and the spontaneous localization of the state-vector can be
and has been rigorously derived within the quantum stochastic theory of unitary
evolution of the corresponding compound system, the object of the measurement
and an input Bose …eld in the vacuum state.
The statistical treatment of the quantum measurement as nondemolition observation is possible only in the framework of open systems theory in the spirit of the
modern astrophysical theory of the spreading universe. The open systems theory
assumes the possibility of producing for each quantum object an arbitrary time
series of its copies and enlarges these objects into an environment, a quantum …eld,
innovating the measurement apparatus by means of a singular interaction for a
continuous observation.
It is nonsense to consider seriously a complete observation in the closed universe;
there is no universal quantum observation, no universal reduction and spontaneous
localization for the wave function of the world. Nobody can prepare an a priori
state compatible with a complete world observation and reduce the a posteriori
state, except God. But acceptance of God as an external subject of the physical
world is at variance with the closeness assumption of the universe. Thus, the world
state-vector has no statistical interpretation, and the humanitarian validity of these
interpretations would, in any case, be zero. The probabilistic interpretation of the
state-vector is relevant to only the induced states of the quantum open objects
being prepared by experimentalists in an appropriate compound system for the
nondemolition observation to produce the reduced states after the registration.
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