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Zeno and anti-Zeno effects in two-level systems
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We examine the appearance of Zeno and anti-Zeno effects when the unitary evolution of a two-level system
is observed. We demonstrate that, contrary to previous claims, the anti-Zeno effect can occur in two-level
systems so that the observation can enhance the transition probability. Moreover, for nonresonant couplings we
show that the Zeno and anti-Zeno effects always appear sequentially in the evolution of the same system: there
is Zeno effect in the short-time regime and anti-Zeno effect in the long-time regime.
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I. INTRODUCTION

One of the appealing consequences of quantum mec
ics is that the observation unavoidably disturbs the obser
system. This is particularly revealed by the so-called Ze
and anti-Zeno effects@1–5#. The Zeno~anti-Zeno! effect re-
fers to the inhibition~acceleration! of the evolution when
attempts are made to observe it. They can be regarded a
particular consequences of the disturbance of the obse
system caused by quantum observation.

In this paper, we study the appearance of these effec
the most simple example of quantum physics: a two-le
system experiencing a purely unitary evolution causing tr
sitions between the two levels. On the one hand, the e
tence of the Zeno effect in this system is well known@1,2,6–
9#. On the other hand, it has been claimed that the anti-Z
effect cannot take place in two-level systems@2,10#.

It is worth noting that most approaches to the probl
focus on the case of exact resonance. In this work, we
move this restriction considering also nonresonant syste
It is known that the lack of resonance hinders level tran
tions. The idea is that the quantum observation might bl
the detuning so that the measurement would stimulate
transition~anti-Zeno effect! @3#.

Following this reasoning, we will demonstrate that the
can be the anti-Zeno effect in two-level systems. Moreov
we will show that for nonresonant systems, the Zeno a
anti-Zeno effects always take place sequentially occupy
two different time scales of the evolution of the system.

Unfortunately, the terminology regarding the anti-Ze
effect may be rather confusing, especially because in
literature we can find two terms~‘‘anti-Zeno’’ and ‘‘inverse
Zeno’’! both referring to two different phenomena.

The phenomenon addressed in this work is the accel
tion of the original dynamics of the system caused by obs
vation. We use the term ‘‘anti-Zeno effect,’’ which is th
terminology adopted in most works on the subject@3,4#.
Nevertheless, other authors use the term ‘‘inverse Zeno
fect’’ to refer to this same phenomenon@2,5,10#.

The confusion increases when we notice that other
thors use these same terms to refer to an entirely diffe
phenomenon also caused by measurement. This is the
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plete removal of the original dynamics of the system and
replacement by an externally controlled evolution along
prescribed trajectory@11#. This is referred to as the anti-Zen
effect by some authors@12# and as inverse Zeno effect b
some other authors@13#.

II. UNOBSERVED EVOLUTION

Let us consider a two-dimensional Hilbert space span
by the orthogonal statesu0&, u1&. The most general unitary
evolution is governed by a Hamiltonian of the form

H5\Du0&^0u1\
V

2
~ u0&^1u1u1&^0u!, ~1!

whereD is the detuning or mismatch andV is the coupling
constant~the Rabi frequency! of the term stimulating the
level transitions~see Fig. 1!. The most paradigmatic exampl
of this situation is provided by a two-level atom interactin
with a classical monochromatic electromagnetic wave.
such a case,D5v2v0, wherev is the frequency of the
field andv0 is the resonant frequency of the atom.

If at t50 the system is in the stateu1&, the probability
that the system continues in the initial state at later times

P~ t !512
V2

V21D2
sin2~AV21D2t/2!. ~2!

Since, in general, this is a rapidly oscillating function, it c
be helpful to compute the mean occupation of the initial st

FIG. 1. Scheme of a two-level system.
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P̄ as the time average ofP(t) over a time intervalT long
enough such thatAV21D2T@1,

P̄5
1

TEt2T/2

t1T/2

dt8P~ t8!.12
1

2

V2

V21D2
. ~3!

It can be appreciated that the mismatchD impedes the tran-
sition u1&→u0&. In particular, whenD@V we haveP(t)
. P̄.1 and the system is always close to the initial state

This situation suggests that there might be room for
anti-Zeno effect according to the following scenario: t
quantum observation might block the effect of the detun
favoring in this way the global efficiency of the transitio
process. A related precedent can be found in Ref.@3#. There-
fore, we will focus mainly on strongly nonresonant syste
P̄.1 unless otherwise stated. We will study whether
observation of the evolution can stimulate the transitionu1&
→u0&. To this end, we will consider discrete as well as co
tinuous observations.

III. DISCRETE MEASUREMENTS

For the sake of simplicity, we can begin with the mo
simple case of ideal, instantaneous, and fully accurate ob
vations of the level occupied (u0& or u1&) at some definite
time instantst5nt, where t is the time interval of free
evolution between consecutive measurements, andn
50,1, . . . . In these conditions, and assuming the stand
state reduction, the probabilityp(n) that all the firstn mea-
surements confirm that the system remains in the initial s
is

p~n!5@P~t!#n. ~4!

For short enought, i.e., AV21D2t!1, we have

p~n!.e2nV2t2/45e2V2tt/4, ~5!

which is independent ofD. Incidentally, this confirms the
above guess concerning the removal of the mismatch ca
by the observation.

It is clear from Eq.~5! that if the measurement is freque
enough ~i.e., t→0), the evolution of the system will be
halted and the observed system will tend to be always in
initial state. This is the Zeno effect. Since for practical re
sonst is always finite, the Zeno effect will take place pr
vided that the evolution timet is not too large~we refer to
this condition as the short-time regime!. For example, from
Eq. ~5! we get a necessary conditiont!1/(V2t) as an upper
bound for the duration of the short-time regime.

On the other hand, if we observe the evolution during
period of time exceeding the short-time condition@i.e., the
long-time regimet@1/(V2t)], we have thatp(n).0 and
the transitionu1&→u0& will take place with certainty. This is
the germ of the anti-Zeno effect~enhancement of the trans
tion probability caused by observation!. Next we develop
and make more precise this idea.
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To this end, we can compute the average probabilityP(t)
that the observed system is in the initial stateu1& at time t
5nt irrespective of the results of the preceding measu
ments. Following Ref.@2#, we have

P~ t !5 1
2 @11R3~nt!#, ~6!

whereR3 is the third component of the Bloch vector. If w
discard the outcome, we have that each measurem
projects the Bloch vector to the third axis (R1→0, R2→0,
R3→R3). From the free evolution between measuremen
we have

R3~nt!5U~t!R3@~n21!t#5@U~t!#n, ~7!

where

U~t!512
2V2

V21D2
sin2~AV21D2t/2!. ~8!

For frequent enough measurementsAV21D2t!1, we ob-
tain

P~ t !.
1

2
~11e2V2tt/2!. ~9!

Therefore, in the long-time regimet@1/(V2t), we get
P(t).1/2.

This demonstrates that there can be the anti-Zeno effe
unitarily evolving two-level systems. WhenDÞ0, the ob-
served occupation of the initial state can be lesser than
unobserved one,P(t), P̄, for t in the long-time regime. This
is particularly clear in the limit of large mismatchD@V,
since in such a case whent→` we haveP.1/2 while P

. P̄.1. In other words, the observation stimulates the tr
sition u1&→u0&.

On the other hand, for perfect resonance we have only
possibility of the Zeno effect:D50 implies P̄51/2 so that
P(t)> P̄ for everyt. This was the situation assumed in Re
@2,10#. Nevertheless, we will show below that for continuo
observation there is the possibility of the anti-Zeno effe
even for exact resonance.

From the above analysis, we can derive a further inter
ing result: whenDÞ0, the Zeno and anti-Zeno effects a
always present sequentially in the evolution of the same s
tem. The two time regimes are separated by the instan
time t0 for which the observed probability equals the avera
unobserved one,P(t0)5 P̄,

t05
2

V2t
lnS 11

V2

D2 D . ~10!

This time instant separates the Zeno regime@P(t). P̄ for t

!t0] from the anti-Zeno regime@P(t), P̄ for t@t0].
3-2
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IV. CONTINUOUS OBSERVATION

Next we examine the case of continuous observation,
the original evolution and the measurement coexist dur
the whole process. A very useful practical scheme
sketched in Fig. 2. The stateu0& is resonantly coupled to a
third auxiliary level u2& ~Rabi frequencyL) that decays
spontaneously back tou0& with the emission of photons at
rate A. The presence or absence of the emitted photons
veals that the observed system is in the stateu0& or u1&,
respectively@7,8,14#.

The joint evolution of the apparatus-system ensemble
been well analyzed in Ref.@15# including the possibility of
detuningDÞ0. For example, it has been shown that in t
regime L, A@V, the occupation of the levelu1& can be
described by the rate equation@15#

Ṗ52~R11R2!P1R1 , ~11!

leading to

P~ t !5
R2

R11R2
e2(R11R2)t1

R1

R11R2
, ~12!

whereR6 are the upward and downward transition rates
pending on the parametersL,A,V,D. For example, when
A@L@D we haveR1.R2 @15# so thatP(t).1/2 whent
→`. This agrees well with the results of the ideal discre
measurement analyzed above. This is consistent since w

FIG. 2. Scheme of the measurement of the populations of
two-level systemu0&, u1&.
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A@L, this scheme becomes a faithful implementation of
ideal projective measurement performed at a ratet
.4A/L2 @6,8,16#.

We can examine a slightly different regime in which th
existence of anti-Zeno is further demonstrated. WhenL
@D@A, the downward transitions are more likely than t
upward ones,R2@R1 @9,15#, so thatP(t).0 when t→`
and the observed system tends to abandon completely
initial state. This conclusion can be extended to the ex
resonance. WhenD50 and L@A we get againR2@R1

@15#, so that also on resonance there is the anti-Zeno effe
the long-time regime:P(t).0 versusP̄51/2.

This last measuring conditionL@A differs from the
schemes analyzed aboveA@L in that for L@A there is no
ideal state reduction, in the sense that the emission of p
tons in the transitionu0&→u2& does not reduce the system
the stateu0&. Instead, the system rapidly reaches a 50%
coherent superposition ofu0& and u2& @17#. Despite this, we
stress that the measurement is always fully accurate conc
ing the correct inference of the system state~no photons if
u1& and photons ifu0&). In other words, this is not an ex
ample of the partial Zeno effect studied in Ref.@18#.

V. CONCLUSIONS

In conclusion, we have examined the possibility of t
Zeno and anti-Zeno effects in the most simple quantum s
tem: a unitarily evolving two-level system. We have show
that, contrary to previous claims, the anti-Zeno effect c
occur, especially in the nonresonant case. For nonreso
systems, the Zeno and anti-Zeno effects appear always
quentially in the evolution of the same system: Zeno effec
the short-time regime and anti-Zeno effect in the long-tim
regime. These results are relevant given the simplicity a
importance of two-level systems, both from the theoreti
and experimental points of view. Moreover, this is an int
esting example of selective tailoring of the evolution caus
by quantum measurement: the observation blocks the eff
of detuning, while favors level transitions. Other examples
dynamics constrained or tailored by quantum observa
can be found in Ref.@19#.
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Mišta, Jr., J. Herec, V. Jelı´nek, J. Řeháček, and J. Perˇina, J.
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K. Rza̧żewski, Phys. Rev. A61, 022105~2000!; A. Marchewka
and Z. Schuss,ibid. 61, 052107~2000!; J. Řeháček, J. Perˇina,
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