Open Systems & Information Dynamics [ i .
Vol. 15, No. * (2012) 1-17 \\e World Scientific
(© World Scientific Publishing Company B www.worldscientific.com

Tehran notes on decay and quantum Zeno effect

(DRAFT)

Saverio Pascazio

Dipartimento di Fisica and MECENAS, Universita di Bari, I-70126 Bari, Italy
INFN, Sezione di Bari, [-70126 Bari, Italy

(Received: ** July 2012)

Abstract. We give an elementary introduction to nonexponential decay and the quantum
Zeno effect. The introduction is addressed to students and researchers with no previous
knowledge on the subject. The prerequisites are the Schrédinger equation and the notion
of Von Neumann projective measurement.
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Fig. 1: Survival probability of a quantum decaying system.

1. Introduction

Fig. 1.

2. The quantum mechanical evolution
2.1. EVOLUTION ENGENDERED BY A HERMITIAN HAMILTONIAN

We start off by scrutinizing the quantum-mechanical evolution law, focusing
on its short-time features. Let H be the Hamiltonian of a quantum system
and |¢g) = [¢(t = 0)) its initial state. We shall set henceforth # =1 and as-
sume that all functions to be dealt with are sufficiently regular to admit series
expansions. We shall focus on the “survival” amplitude A and probability p
of the system in state |¢g) at time ¢:

At) = (Yoly(t)) = Wo\?ﬁmtwo), (2.1)
p(t) = A = [(wole™ " Jepo) . (2.2)

Let the system evolve for a short time §t. The Schrédinger equation yields

[(5t) = e o) = [gho) — iH|gbo) St — %H2|¢0>(5t)2 +0((6t)%)
= [vo) +[69). (2.3)
The short-time expansion (2.3) yields
AGt) = 1— ()t — %(H2>0(5t)2, (2.4)
(91)? 4
p(6t) = 1-— + O((0t)%), (2.5)
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Fig. 2: (a) Unitary evolution engendered by a Hermitian Hamiltonian. The
evolution takes place on the unit sphere: |[1(0t)|| = |]1(0)|] = 1. (b) Non-
unitary evolution engendered by a non-Hermitian Hamiltonian. The tip of
the state vector can leave the unit sphere (and enter the unit ball): |[1(dt)|] <
||(0)|| = 1. In both cases, 07 is linear in dt.

where (- )0 := (| - - [t0) and

777 = (H?)o — (H)j, (2.6)
77 being the the so-called Zeno time [44]. In deriving (2.5) from (2.4) the
Hermitianity of H, ensuring the reality of (H ), played a primary role. Notice
that according to (2.4) the wave function evolves linearly away from the initial
state, but the survival probability (of remaining in the initial state) evolves
quadratically away from 1, due to (2.5). Recall that due to the unitarity
of the evolution, wave functions are always normalized to unity: |[¢(t)|| =

[|(0)|| = 1,Vt: the tip of the state vector never leaves the unit sphere. The
features of the short time evolution are pictorially displayed in Fig. 2(a).

2.2. EVOLUTION ENGENDERED BY A NON-HERMITIAN HAMILTONIAN

Let us add a non-Hermitian part to the Hamiltonian:
H =H -1V, (2.7)

where V' is a real “optical” potential (taken to be position-independent for
simplicity). The new survival amplitude and probability read

A'(t) = (Wolw(t)) =e " (ole™"[vo), (2.8)
Py = e yole” M yo)l. (2.9)

A short-time expansion yields a linear behavior both for amplitude and prob-
ability

A) = 1= (V4 i{H)o)st — S(H) — V2 — 20V {H)o)(51)° +O((61)%),
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(2.10)
p(6t) = 1—2Vit+ O((6t)?) (2.11)

Optical potentials were frequently used in nuclear physics and quantum optics
[REFS]. They “eat up” probability and describe decay channels. See Fig.
2(b). The tip of the state vector can leave the unit sphere and enter the
unit ball: ||¢(¢)|] < ||(0)]] = 1. [It would leave the unit ball if the optical
potential —iV in (2.7) had the opposite sign.]

In physics, one tends to regards property (2.5) as more “fundamental”, as
it ensues from the Hermitianity of the Hamiltonian and the unitarity of the
evolution, that are regarded as very general principles. Yet optical potentials
have their own charm and play an important role in effective descriptions
of decaying and dissipative systems. Nowadays they have been overcome
by the rigorous mathematical framework of Gorini, Kossakowski, Sudarshan
and Lindblad [19] that describes the physics of dissipative quantum systems
[4,5,6].

2.3. INTERACTION HAMILTONIAN

Let the Hamiltonian be composed of a free and an interaction parts
H = Hy + Hiyt. (2.12)

We also require that the initial state be an eigenstate of the free Hamiltonian
and (as it is customary in quantum field theory) that the interaction be
off-diagonal:

Holtbo) = woltho),  (Hint)o = 0. (2.13)
In this interesting case the Zeno time reads

722 = <Hi2nt>0 = Z<¢O|Hint|¢n><¢n|Hint‘w0> (2'14)

n

and depends only on the interaction Hamiltonian. In the last expression |t¢,)
are the eigenstates of the free Hamiltonian and form a complete set

H0|"7Z}n> = Wn’wn> (2.15)

Formula (2.14) should be compared to the Fermi ” Golden Rule” [7]!, yielding
the inverse lifetime v of a decaying quantum system:

v =21 (W Hineltoo)* §(ws — wo), (2.16)
f

'Fermi considered (2.16) the second golden rule. If you are curious about the first one,
see pages 136, 148 of Nuclear Physics.
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Fig. 3: (a) The lifetime 7 in Eq. (2.16) contains only “on-shell” contributions:
the delta function entails energy conservation wy = wo; ¢'f is in general (very)
degenerate. (b) The Zeno time 77 in Eq. (2.14) explores the whole Hilbert
space.

~—

where the summation (integral) is over the final states and the continuum
limit is implied.

One comment. While (2.16) contains only “on-shell” contributions (be-
cause the delta function ensures energy conservation), the expression (2.14)
explores the whole Hilbert space. See Fig. 3. This is, I believe, the most
remarkable difference between the lifetime and the Zeno time.

—

3. Quantum Zeno effect with Von Neumann measurements

The most familiar formulation of the QZE makes use of Von Neumann mea-
surements, represented by one-dimensional projectors. Perform N measure-
ments at time intervals 7 = t/N, in order to check whether the system is
still in its initial state [ig). After each measurement the system’s state is
“projected” back onto its initial state [¢)g) and the evolution starts anew ac-
cording to Schrodinger’s equation with initial condition [i¢p). [The system
can also be projected onto an orthogonal state |3), with (quadratic) prob-
ability 1 — p(7) = 72/7%, according to Eq. (2.5). As we shall see, such an
event becomes increasingly unlikely as N increases.]
The survival probability p{™¥)(¢) at the final time t = N7 reads

pM@) = p(r)N =pt/N)N

~ 1= (t/Nrg2] ™ e N0

exp(—t?/N13) =71, (3.17)
where we made use of the property (2.5). For large N the quantum mechan-
ical evolution is slowed down and in the N — oo limit (infinitely frequent
measurements) it is halted, so that the state of the system is “frozen” in its
initial state. This is the QZE. It is a consequence of the short-time behavior
(2.5).
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Fig. 4: Quantum Zeno effect for N = 5 “pulsed” Von Neumann measure-
ments. The dashed (full) line is the survival probability without (with)
measurements. The gray line is the interpolating exponential (3.18). As

N increases, p")(t) — 1 uniformly in [0,¢]. The units on the abscissae are
arbitrarily chosen for illustrative purposes.

Observe that the survival probability after N pulsed measurements (t =
NT) is interpolated by an exponential law [37]

p™M(t) = p(r)N = exp(Nlog p(r)) = exp(—efr (7)), (3.18)
with an effective decay rate
Yo (r) =~ logp(r). (3.19)
For 7 — 0 (N — o) one gets from (2.5) p(7) ~ exp(—72/72), so that
Yeir (T) = 7/7%, T — 0. (3.20)
The Zeno evolution for “pulsed” Von Neumann measurements is pictorially

represented in Figure 4.

4. The simplest example: two-level system

Consider a two-level system undergoing Rabi oscillations. This is the simplest
nontrivial quantum mechanical example, for it involves 2 x 2 matrices and
very simple algebra. One can think of an atom shined by a laser field whose
frequency resonates with one of the atomic transitions, or a neutron spin in
a magnetic field. The (interaction) Hamiltonian reads

H =t =00 =241+ = (5 §). @)
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where Q is a real number, o; (j = 1,2, 3) the Pauli matrices and

H=(5). 1= =(Y) 12)

are eigenstates of o3. We are neglecting the energy difference between the
two states |£). Let the initial state be

o) =10 = (3) (1.3

so that the evolution yields

ih(2)) = e~ Hinet |y} = cos(Qt)|+) — i sin(Qt)|—) = (_‘;0;1%0 . (44)

The survival amplitude (2.1) and probability (2.2) and the Zeno time (2.6)
or (2.14) read

A(t) = cosQt, (4.5)
P(t) = cos*Qt, (4.6)
™ = Q7L (4.7)

respectively. The effective decay rate (3.19) if N measurements are performed
in time t reads

Vet (T) = TQ?. (4.8)

In this simple case, the approximation (3.20) is exact. See Figure 4.

5. Comments.

The QZE is ascribable to the following mathematical properties of the Schrédinger
equation: in a short time 67 ~ 1/N, the phase of the wave function evolves
like O(d7), while the probability changes by O(d72), so that

PM(t) ~ [1 - 0o(1/N?)]Y =51 (5.1)

Stated differently, the projection onto the inital state evolves “slowly” away
from unity. This is sketched in Fig. 5 and is a very general feature of the
Schrodinger equation, as well as of other “fundamental” evolution equations
in physics. Equations that do not have this feature (e.g. dissipative equations)
tend to be regarded as less fundamental, the consequence of approximations
of some sort.
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Fig. 5: Short-time evolution of phase and probability: 67 ~ 1/N.
6. Unraveling a Von Neumann measurement

Von Neumann measurements
effective description of a measurement process.
external apparatus
mistery still there.

6.1. MIMICKING THE PROJECTION WITH A NON-HERMITIAN HAMILTO-
NIAN

Let us show that the action of a measuring apparatus (performing the Von
Neumann measurement) can be mimicked by a non-Hermitian Hamiltonian.
Consider the Hamiltonian (notation as in Sec. 4.)

0o Q . .
Hing = (Q —iQV) =—iV1+h-o, h=(9,0,iV)7T, (6.2)

that yields Rabi oscillations of frequency €2, but at the same time absorbs
away the |—) component of the state vector, performing in this way a “mea-
surement.” Due to the non-Hermitian features of this description, probabil-
ities are not conserved: we are concentrating our attention only on the |+)
component.
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Fig. 6: Survival probability for a system undergoing Rabi oscillations in
presence of absorption (V = 0.4,2,10€). The gray line is the undisturbed
evolution (V = 0).

An elementary SU(2) manipulation yields the following evolution operator

e~ tHint — o=V {cosh(ht) - g sinh(ht)] , (6.3)
where h = vV2 — Q2 and we supposed V' > Q. The survival amplitude in
the initial state (4.3) reads

A(t) = (wole” M |1hg)

= [cosh — Q%) + sinh(v/V?2 — Q%)}

V2 _ 02
L VN vy
2 VIV2 202

1 V
i —(VHVVI02)t
+2 <1 e QZ> e . (6.4)

Notice the presence of a slow and a fast decay. The survival probability
P(t) = | A(t)|? is shown in fig. 6 for V = 0.4,2,1092.

As expected, probability is (exponentially) absorbed away as ¢ — oo.
Moreover, as V' increases, the survival probability reads

P(t) ~ <1 + ;i) exp <—?/2t> : (6.5)

the above expansion becoming valid very quickly, on a time scale of order
V1. The effective decay rate veg(V) = Q?/V becomes smaller, eventually
halting the “decay” (absorption) of the initial state in the V' — oo limit. This
yields an interesting example of QZE: a larger V entails a more “effective”
measurement of the initial state.

The global process described here can be viewed as “continuous” (neg-
ative result) measurements performed on the initial state |+). State |—) is
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continuously monitored with a response time 1/V: as soon as it becomes
populated, it is detected within a time 1/V. The “strength” V of the obser-
vation can be compared to the frequency 7! = (¢/N)~! of measurements
in the “pulsed” formulation. Indeed, for large values of V' one gets from Eq.
(6.5)

02 1
V)= —= ==, 6.6
(V)= 37 = (6.6)
which, compared with Eq. (3.20), yields an interesting relation between con-
tinuous and pulsed measurements [14]

Ve~l1/T. (6.7)

6.2. INTERACTION WITH AN EXTERNAL FIELD YIELDS A NON-HERMITIAN
HAMILTONIAN

We now show that the non-Hermitian Hamiltonian (6.2) can be obtained
by considering the evolution engendered by a Hermitian Hamiltonian acting
on a larger Hilbert space and then restricting the attention to the subspace
spanned by {|+),|—)}. Let

r
H = )1+ 0D + [ do sl + /5 [ dw (=)l + kot
(6.8)
which describes a two level system coupled to a one-dimensional “photon”
field in the rotating-wave approximation. Notice that the coupling is “flat”:

the two level system couples to all frequencies in the same way. The state of
the system at time ¢ can be written as

[(t)) = z()|+) +y(t)|-) + /dw z2(w, t)|w) (6.9)
and the Schrédinger equation reads

ii(t) =

Qy(t),
iy(t) = Qu(t)+ \/g/dw z(w, ), (6.10)
iZ(w,t) = wz(w,t)+ \/gy(t).

By using the initial condition 2(0) = 1 and y(0) = z(w,0) = 0 one obtains

\/7/ dr ey (1) (6.11)
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and
iy(t) = Qa(t) — z% /dw/o dr e Ty (1) = Qu(t) — igy(t). (6.12)

Therefore z(w, t) disappears from the equations and we get two first order
differential equation for z and y. The only effect of the continuum is the
appearance of the imaginary frequency —iI'/2. This is ascribable to the
“flatness” of the continuum [there is no form factor or frequency cutoff in the
interaction term of eq. (6.8)], which yields a purely exponential (Markovian)
decay of y(t).

In conclusion, the (reduced) dynamics in the subspace spanned by |+)
and |—) reads

iw(t) = Qy(t),

r
ig(t) = —z?y + Qx(t). (6.13)
Of course, this dynamics is not unitary, for probability flows out of the sub-
space, and is generated by the non-Hermitian Hamiltonian

=041+ 1) - il 0-1 = () 019

This Hamiltonian is the same as (6.2) when one sets I' = 4V. QZE is obtained
by increasing I': a larger coupling to the environment leads to a more effective
“continuous” observation on the system (quicker response of the measuring
apparatus), and as a consequence to a slower decay (QZE).

7. Genuine unstable systems and Zeno effects

We shall now discuss the primary role played by the form factors of the
interaction by making use of a quantum field theoretical framework. We start
by generalizing the two-level Hamiltonian (4.1) to N states |j) (j =1,...,N)
with different energies

w 0 ... O
N 0 w ... 0
Hy=wolt){(++ Y wilil=| . . . . |- (7D
= 0 0 Wi
and coupling
N 0 g ... gnN
. . g 0 ... 0
Hi =Y g1 G+ 1)) =" . 1 . (7.2)
P oo

gv O ... O
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In order to obtain a truly unstable system we need a continuous spectrum,
so we consider the continuum limit

H = Ho + Hint = wol+)(+]| +/dw wlw) (] +/dw g(W)([+) (W] + w) (+]).

(7.3)
The transition to a quantum field theoretical framework is an important
component of our analysis, as we shall see. As before, we take as initial state
|t0) = |+). The interaction of this normalizable state with the continuum of
states |w) is responsible for its decay and depends on the form factor g(w).
We reobtain the physics of two-level systems in the limit g?(w) = Q26 (w).
The Fourier-Laplace transform of the survival amplitude for this model
can be given a convenient analytic expression: notice that the transform of
the survival amplitude is the expectation value of the resolvent

AB) = [ de e = ] [ ar P = () (1)
and is defined for ImFE > 0. By using twice the operator identity
EiH:E—lHO+E—1HOHintEiH (7.5)
one obtains
AE) = {+] [E—ZHO E 1H g iHo E 1H Hin jHoHi“tEjH

i 1 | ([ Hint|w) |
= dw ————1 A(E).
E—w0+E—w0/w EF—uw A(E)

In the above derivation we used the fact that Hi, is completely off-diagonal
in the eigenbasis of Hy, {|+), |w)}, which is a resolution of the identity

|+) (+] + /dw lw){w| = 1. (7.7)

The algebraic equation (7.6) can be solved and gives

1

AB) = E—wy—X(E)

(7.8)

where the self-energy function X(F) is related to the form factor g(w) by a
simple integration

S(E) = /dw ’<+‘Hlnt|“’ /d W) (7.9)



Quantum Zeno Effect 13

By inverting eq. (7.4) we finally get

dE g 7 e it
A(t):/B% AR = 27r/dEE_w0_E(E), (7.10)

the Bromwich path B being a horizontal line ImE =constant> 0 in the half
plane of convergence of the Fourier-Laplace transform (upper half plane).

We consider now the case of an unstable system. The initial state has
energy wo > wy (wy being the lower bound of the continuous spectrum of
the Hamiltonian H) and is therefore embedded in the continuous spectrum
of H. If —¥(wy) < wp (which happens for sufficiently smooth form factors
and small coupling), the resolvent is analytic in the whole complex plane cut
along the real axis (continuous spectrum of H) [57,13]. On the other hand,
there exists a pole Ejq. located just below the branch cut in the second
Riemann sheet, solution of the equation

Epole —Wwo — ZII(Epole) =0, (7'11)

311 being the determination of the self-energy function in the second sheet.
The pole has a real and imaginary part

Epole = wo + dwo — iy/2 (7.12)
given by
dwo = ReXn(Epoe) ~ ReX(wo+i0T) =P / dw 9°( w, (7.13)
wo —
v = —2ImEn(Epole) ~ —2Im X(wp +i0") = 27g*(wo), (7.14)

up to fourth order in the coupling constant. One recognizes the second-order
energy shift dwy and the celebrated Fermi “golden” rule «y [45]. The survival
amplitude has the general form

A(t) = Apole(t) + Acut (t)u (715)

where .
e~ Hwotdwo)t—t/2

1- z]h(Epole) ’

and Agy¢ is the branch-cut contribution.

Aei(t) = = / " (7.17)
T or Juw B —wo — S(E) ‘

At intermediate times, the pole contribution dominates the evolution and

P(t) = |'Apole(t)‘2 = Ze—‘ﬂf’ zZ = ‘1 - EiI(Epole)}

Apole(t) = (716)

(7.18)
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where Z, the intersection of the asymptotic exponential with the ¢t = 0 axis,
is the wave function renormalization.

Notice that, in order to obtain a purely exponential decay, one neglects
all branch cut and/or other contributions from distant poles and considers
only the contribution of the dominant pole. In other words, one does not
look at the rich analytical structure of the propagator and retains only its
dominant polar singularity. In this case the self-energy function becomes a
constant (equal to its value at the pole), namely

1 1
Y(E YWW(E) = = 1
( ) - ( ) E - wo — EH(Epole) E— Epole’ (7 9)

where in the last equality we used the pole equation (7.11). This is the cele-
brated Weisskopf-Wigner approximation [8] and yields a purely exponential
behavior, A(t) = exp(—iFEpolet), without short- and long-time corrections.

8. Conclusions.

Bibliography

[1] Araki H 1999 Mathematical theory of quantum fields (Oxford University Press)

[2] Nielsen M A and Chuang I L 2000 Quantum Computation and Quantum Information
(Cambridge Univ. Press, Cambridge)

[3] Gorini V, Kossakowski A and Sudarshan E C G 1976 J. Math. Phys. 17, 821; Lindblad
G 1976, Comm. Math. Phys. 48, 119

[4] Alicki R and Lendi K 1987 Quantum Dynamical Semigroups and Applications
(Springer, Berlin)
[6] Weiss U 2000 Quantum Dissipative Systems, (World Scientific, Singapore)

[6] Breuer H-P and Petruccione F 2007 The Theory of Open Quantum Systems (Oxford
Univ. Press, Oxford)

[7] E. Fermi, Review of Modern Physics 4 (1932) 87; Nuclear Physics (Univ. Chicago,
Chicago, 1950) pp. 142. Si veda anche Notes on Quantum Mechanics. A Course Given
at the University of Chicago in 1954, edited by E. Segré, Univ. Chicago, Chicago,
1960, Lec. 23.

[8] G. Gamow, Z. Phys. 51, 204 (1928); V. Weisskopf and E.P. Wigner, Z. Phys. 63, 54
(1930); 65, 18 (1930); G. Breit and E.P. Wigner, Phys. Rev. 49, 519 (1936).

[9] Weinberg S 1995 The Quantum Theory of Fields (Volume 1) ( Cambridge University
Press, Cambridge)

[10] Dirac P A M 1930 The Principles of Quantum Mechanics

[11] Schwinger J 2001 Quantum Mechanics. Symbolism of atomic measurements (Springer,
Berlin)

[12] H. Araki, Y. Munakata, M. Kawaguchi and T. Goto, Progress of Theoretical Physics
17 (1957) 419;

[13] J. Schwinger, Annals of Physics 9 (1960) 169.
[14] L.S. Schulman, Phys. Rev. A 57, 1509 (1998).



[15]

[16]
[17]

(18]
(19]

[20]

(21]
22]
23]

24]

[25]

27]
28]

[
[
[
29]

(30]

Quantum Zeno Effect 15

C. Bernardini, L. Maiani and M. Testa, Phys. Rev. Lett. 71, 2687 (1993); L. Maiani
and M. Testa, Ann. Phys. (NY) 263, 353 (1998); R.F. Alvarez-Estrada and J.L.
Sdnchez-Goémez, 1999, Phys. Lett. A 253, 252 (1999); A.D. Panov, Physica A 287,
193 (2000).

P. Facchi and S. Pascazio, Phys. Lett. A 241, 139 (1998).
I. Joichi, Sh. Matsumoto, and M. Yoshimura, Phys. Rev. D 58, 045004 (1998);

*k ok k

Misra B and Sudarshan E C G 1977 J. Math. Phys. 18 756

Gorini V, Kossakowski A and Sudarshan E C G 1976 J. Math. Phys. 17 821
Lindblad G 1976 Comm. Math. Phys. 48 119
von Neumann J 1932 Die Mathematische Grundlagen der Quantenmechanik (Springer,

Berlin). [English translation by E. T. Beyer 1955 Mathematical Foundation of Quan-
tum Mechanics (Princeton University Press, Princeton)].

Beskow A and Nilsson J 1967 Arkiv fiir Fysik 34 561
Khalfin L. A 1968 JETP Letters 8 65

Peres A 1980 Am. J. Phys. 48 931

Kraus K 1981 Found. Phys. 11 547

Sudbery A 1984 Ann. Phys. 157 512

Friedman C N 1972 Indiana Univ. Math. J. 21 1001
Gustafson K and Misra B 1976 Lett. Math. Phys. 1 275

Gustafson K 1983 Irreversibility questions in chemistry, quantum-counting, and time-
delay, in Energy storage and redistribution in molecules, edited by Hinze J (Plenum,
New York), and refs. [10,12] therein;

Gustafson K 2002 A Zeno story quant-ph/0203032

Exner P and Ichinose T 2005 Ann. H. Poincare 6 195

Exner P, Ichinose T, Neidhardt H, Zagrebnov V 2007 57 67

Facchi P and Pascazio S 2008 J. Phys. A: Math. Theor. 41 493001

Cook, R J 1988 Phys. Scr. T 21 49

Itano W M, Heinzen D J, Bollinger J J and Wineland D J 1990 Phys. Rev. A 41 2295
Petrosky T, Tasaki S, and Prigogine I 1990 Phys. Lett. A 151 109 Petrosky T, Tasaki
S, and Prigogine I 1991 Physica A 170 306

Peres A and Ron A 1990 Phys. Rev. A 42 5720

Pascazio S, Namiki M, Badurek G and Rauch H 1993 Phys. Lett. A 179 155
Altenmiiller T' P andSchenzle A 1994 Phys. Rev. A 49 2016

Cirac J I, Schenzle A and Zoller P 1994 Europhys. Lett. 27 123

Pascazio S and Namiki M 1994 Phys. Rev. A 50, 4582

Berry M V 1995 Two-State Quantum Asymptotics, in Fundamental Problems in Quan-
tum Theory, eds.

Greenberger D M and Zeilinger A (Ann. N.Y. Acad. Sci. 755 303

Beige A and Hegerfeldt G 1996 Phys. Rev. A 53 53 Luis A and Pefina J 1996 Phys.
Rev. Lett. 76, 4340 Beige A, Braun D, Tregenna B, and Knight P L 2000 Phys. Rev.
Lett. 85 1762 Agarwal G S, Scully M O and Walther H 2001 Phys. Rev. Lett. 86 4271

Kwiat P, Weinfurter H, Herzog T, Zeilinger A, and Kasevich M 1995 Phys. Rev. Lett.
74 4763

Nagels B, Hermans L. J F and Chapovsky P L 1997 Phys. Rev. Lett. 79 3097

Balzer C, Huesmann R, Neuhauser W and Toschek P E 2000 Opt. Comm. 180 115

Toschek P E and Wunderlich C 2001 Fur. Phys. J. D 14 387 Wunderlich C, Balzer
C, and Toschek P E 2001 Z. Naturforsch. 56a 160



16

(31]
32]
(33]
34]

(35]
(36]

37]
(38]

(39]

(40]

[41]

[42]
[43]

S. Pascazio

Streed E W, Mun J, Boyd M, Campbell G K, Medley P, Ketterle W and Pritchard D
E 2006 Phys. Rev. Lett. 97 260402

Bernu J, Deléglise S, Sayrin C, Kuhr S, Dotsenko I, Brune M, Raimond J M and
Haroche S 2008 Phys. Rev. Lett. 101 180402

Jericha E; Schwab D E, Jéakel M R, Carlile C J, and Rauch H 200 Physica B 283, 414
Rauch H 2001 Physica B 297 299

Wilkinson S R, Bharucha C F, Fischer M C, Madison K W, Morrow P R, Niu Q,
Sundaram B and Raizen M G 1997 Nature 387 575

Fischer M C, Gutiérrez-Medina B and Raizen M G 2001 Phys. Rev. Lett. 87 040402

Lane A M 1983 Phys. Lett. A 99 359

Schieve W C, Horwitz L P and Levitan J 1989 Phys. Lett. A 136 264
Kofman A G and Kurizki G 2000 Nature 405 546

Elattari B and Gurvitz S A 2000 Phys. Rev. A 62 032102

Facchi P, Nakazato H and Pascazio S 2001 Phys. Rev. Lett. 86 2699

Kaulakys B and Gontis V 1997 Phys. Rev. A 56 1131

Facchi P, Pascazio S and Scardicchio A 1999 Phys. Rev. Lett. 83 61

Flores J C 1999 Phys. Rev. B 60 30) Flores J C 2000 Phys. Rev. B 62 R16291
Gurvitz A 2000 Phys. Rev. Lett. 85 812

Gong J and Brumer P 2001 Phys. Rev. Lett. 86 1741

Luis A 2001 J. Opt. B 3 238

Nakazato H, Namiki M and Pascazio S 1996 Int. J. Mod. Phys. B 10 247
Home D and Whitaker M A B 1997 Ann. Phys. 258 237

Facchi P and Pascazio S 2001 Progress in Optics, edited by E. Wolf (Elsevier, Ams-
terdam) 42 147

Facchi P, Gorini V, Marmo G, Pascazio S and Sudarshan E C G 2000 Phys. Lett. A
275 12
Facchi P, Pascazio S, Scardicchio A and Schulman L S 2002 Phys. Rev. A 65 012108

Facchi P and Pascazio S 2002 Phys. Rev. Lett. 89 080401

Simonius M 1978 Phys. Rev. Lett. 40 980

Harris R A and Stodolsky L 1978 Phys. Lett. B 78 313

Harris R A and Stodolsky L 1981 J. Chem. Phys. 74 2145

Harris R A and Stodolsky L 1982 Phys. Lett. B 116 464

Cina J A and Harris R A 1995 Science 267 832

Venugopalan A and Ghosh R 1995 Phys. Lett. A 204 11

Plenio M P, Knight P L. and Thompso R C 1996 Opt. Comm. 123 278
Berry M V and Klein S 1996 J. Mod. Opt. 43 165

Panov A D 1996 Ann. Phys. (NY) 249 1

Mihokova E, Pascazio S and Schulman L S 1997 Phys. Rev. A 56 25
Luis A and Sanchez—Soto L L. 1998 Phys. Rev. A 57 781

Thun K and Pefina J 1998 Phys. Lett. A 249 363

Schulman L S 1998 Phys. Rev. A 57 1509

Panov A D 1999 Phys. Lett. A 260 441

Rehécek J, Pefina J, Facchi P, Pascazio S and Mista L 2000 Phys. Rev. A 62 013804
Facchi P and Pascazio S 2000 Phys. Rev. A 62 023804

Militello B, Messina A and Napoli A 2001 Phys. Lett. A 286 369

Luis A 2001 Phys. Rev. A 64 032104



[44]

(45]

[46]

[47]
(48]
(49]

[50]
[51]
[52]

[53]
[54]

[55]
[56]

[57]

[58]
[59]

[60]
(61]

Quantum Zeno Effect 17

Facchi P and Pascazio S 1998 Phys. Lett. A 241 139
Facchi P and Pascazio S 1999 Physica A 271 133
Antoniou I, Karpov E, Pronko G and Yarevsky E 2001 Phys. Rev. A 63 062110

Fermi E 1932 Rev. Mod. Phys. 4 87

Fermi E 1950 Nuclear Physics (University of Chicago, Chicago) 136, 148

Fermi E 1954 Notes on Quantum Mechanics. A Course Given at the University of
Chicago in 1954, edited by Segré E (University of Chicago, Chicago) Lec. 23
Bernardini C, Maiani L. and Testa M 1993 Phys. Rev. Lett. 71 2687

Maiani L and Testa M 1998 Ann. Phys. (NY) 263 353

Joichi I, Matsumoto Sh and Yoshimura M 1998 Phys. Rev. D 58 045004
Alvarez-Estrada R F and Sanchez-Gémez J L 1999 Phys. Lett. A 253 252

Panov A D 2000 Physica A 287 193

Liiders G 1951 Ann. Phys. (Leipzig) 8 322

Schwinger J 1959 Proc. Nat. Acad. Sc. 45 1552

Schwinger J 1991 Quantum kinematics and dynamics (Perseus Publishing, New York)
p 26

Peres A 1998 Quantum Theory: Concepts and Methods (Kluwer Academic Publishers,
Dordrecht)

Reed M and Simon B 1980 Functional Analysis I (Academic Press, San Diego) p 57
Facchi P, Lidar D A and Pascazio S 2004 Phys. Rev. A 69 032314

Messiah A 1961 Quantum mechanics (Interscience, New York)

Born M and Fock V 1928 Z. Phys. 51 165

Kato T 1950 J. Phys. Soc. Jap. 5 435

Avron J E and Elgart A 1999 Comm. Math. Phys. 203 445 and references therein

Facchi P, Tasaki S, Pascazio S, Nakazato H, Tokuse A and Lidar D A 2005 Phys. Rewv.
A 71 022302

Wick G C , Wightman A S and Wigner E P 1952 Phys. Rev. 88 101 Wick G C ,
Wightman A S and Wigner E P 1970 Phys. Rev. D 1 3267

Jauch J M 1964 Helv. Phys. Acta 37 293

Berry M V Chaos and the semiclassical limit of quantum mechanics (is the moon
there when somebody looks?), in Quantum Mechanics: Scientific perspectives on divine
action (eds Robert John Russell, Philip Clayton, Kirk Wegter-McNelly and John
Polkinghorne), Vatican Observatory CTNS publications p 41

Machida S and Namiki M 1980 Prog. Theor. Phys. 63 1457

Machida S and Namiki M 1980 Prog. Theor. Phys. 63 1833

Araki H 1962 Einfihrung in die Aziomatische Quantenfeldtheorie I, I (ETH-Lecture,
ETH, Zurich)

Araki H 1980 Prog. Theor. Phys. 64 719

Facchi P, Marmo G, Pascazio S, Scardicchio A and Sudarshan E C G 2004 J. Opt. B:
Quantum Semicl. Opt. 6 S492

Cohen-Tannoudji C, Dupont-Roc J and Grynberg G 1998 Atom-Photon Interactions:
Basic Processes and Applications (Wiley, New York)

Boller K J, Imamoglu A and Harris S E 1991 Phys. Rev. Lett. 66 2593
Militello B, Messina A and Napoli A 2001 Fortschr. Phys. 49 1041



