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Quantum Zeno effect at finite measurement strength and frequency
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The evolution of a system subject to measurement is restricted to Zeno subspaces of the measurement
Hamiltonian in the limit of strong measurements k in a phenomenon known as the quantum Zeno effect (QZE).
As the limit constrains QZE to the lowest orders of perturbation in 1/k, we derive general expressions for the
maximum probability leakage from Zeno subspaces for reversible interactions and leakage rates for irreversible
interactions for both quantum decay and Lindblad measurement operators. We show that pulsed QZE can be
expressed in the same Hamiltonian formulation as continuous QZE, and the two merge in the large-frequency
f limit. We derive a nonperturbative expression for pulsed QZE at finite k and f, which reduces to previously
known results for pulsed QZE at large £ and continuous QZE at large f.
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I. INTRODUCTION

The quantum Zeno effect (QZE) was first proposed as a
paradox in which a particle subject to quantum decay while
being continuously observed never decays [1]. The analysis
in [1] is based on the collapse postulate, where measurement
corresponds to complete wave-function collapse described by
a projection operator E, and the QZE arises as a mathemat-
ical consequence of an infinite sequence of projections E
interspersed with Schrodinger evolution U(t) = e *H#!/" As
the interval between measurements tends to zero T — 0 and
the number of measurements N in time 7 = TN tends to
infinity, the evolution operator V(T') = [EU(t)E]" is shown
to satisfy VH(T)V(T) = E. Then, if the initial state p(0)
is an eigenstate of the measurement operator tr[p(0)E] =
1, the survival probability is unity at all times, tr[o(T)] =
tr[p(O)VI(THV(T)] = 1. It was argued that continuous obser-
vation is realized approximately by the tracks of an unstable
charged particle in a bubble chamber.

More recently, understanding of the QZE has been im-
proved [2—13]. It has been shown that continuous observation
corresponds to a measurement timescale of the order of the
characteristic (Zeno) time of initial quadratic evolution [8].
This time, v, = A(1|(H — (1|H|1))?|1)~1/2, obtained from
the probability for no decay of an initial state |(1]e~"7*/"|1)|2,
is inversely related to the characteristic energy w of the final-
state spectrum [6]. Because the collision frequency is typically
much smaller than the frequency corresponding to the char-
acteristic energy of the decay continuum w, = u/k, the QZE
has not been observed to date in its original setting of unstable
particle decay [2,12] and can be altogether absent in systems
with unbounded spectra [13]. However, the QZE has been
observed in reversible and unitary interactions such as Rabi
oscillations under a time-independent system Hamiltonian
H,, as well as interactions where the measurement itself is
unitary [4]. Experimental verifications of the QZE have been
reported in various settings, including continuous [14,15]
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and pulsed [16,17] measurements in systems exhibiting Rabi
oscillations, and in continuous observations of tunneling [18].
The original formulation has also been refined, showing that
evolution is not entirely frozen in the QZE limit, but rather re-
stricted to quantum Zeno subspaces, which are the degenerate
eigenspaces of the measurement Hamiltonian H,, [4].

In its original [1] and subsequent [2,16] formulations,
pulsed QZE is modeled by periods of Schrodinger evolution
and periods of complete collapse. In practice collapse due
to measurement can be incomplete, and abrupt alternation
between irreversible measurement and reversible system evo-
lution is difficult to achieve. It has been shown that a so-called
continuous QZE [4,8] occurs when a measurement interaction
is characterized by continuous Schrédinger evolution leading
to entanglement with a macroscopic system and decoherence
of system states [19], which therefore evolve irreversibly. The
formulation of the continuous QZE in terms of Schrédinger
evolution alone removes the assumption of complete collapse
and enables analysis of normal evolution and measurement
simultaneously. Expectation values can be calculated with-
out recourse to the collapse postulate, which is sometimes
assumed to be a necessary ingredient of QZE [1,20]. More-
over, because a decrease in transition rates in response to
increased interaction strength [4] is manifest already in simple
interactions, devoid of the complexity of entanglement with a
macroscopic system, the root of continuous QZE does not lie
in measurement.

In this article we consider the continuous QZE as a pertur-
bation of the Schrodinger equation by a system Hamiltonian
H, about the measurement Hamiltonian H,, [3,4] as the
measurement strength k tends to infinity,

H=H,+kH,. (1)

In Sec. IT we show that due to the large-k limit, perturbation
theory [20] provides a natural framework for analyzing the
QZE, whereby in the QZE limit an unstable state |¢o) is
stabilized as a nondegenerate eigenstate of the measurement
Hamiltonian H,,. Generalizing this to Hamiltonians with
degenerate eigenspaces, we show that as a consequence of
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perturbation theory, evolution is restricted to within each
degenerate eigenspace of H,,, called the Zeno subspace [4],
where evolution is governed by the projection of H; onto
the degenerate eigenspace of H,,. Extending this ideal case
to practical situations with finite k, we derive a general
expression for finite measurement Hamiltonians, showing the
probability leakage from the Zeno subspaces vanishes as 1/ k?
in the QZE limit. We also extend the analysis to irreversible
interactions which are essential to macroscopic measurements
responsible for the emergence of classicality [19]. Irreversibil-
ity results in a qualitative change, whereby the probability
associated with any finite Zeno subspace vanishes with time
for finite k; however, the probability leakage rate tends to
zero as 1/k in the QZE limit. This applies to measurements
with a single decoherence rate, for example, the transmon
[21], where the QZE is manifest in an inhibition of jumps
between the two eigenstates (QZE subspaces) with increasing
decoherence [22].

In Sec. III we show that pulsed QZE, described in the first
paragraph, is based on the same phenomena as continuous
QZE, so that in the limit of infinite measurement frequency,
pulsed and continuous QZEs merge and dependence on the
pulsing frequency vanishes. We derive a result for pulsed QZE
with on-off pulsation in a two-state system and finite pulsing
frequency and measurement strength, which reduces to known
results for pulsed QZE for finite pulsing frequency and in-
finite measurement strength and continuous QZE for infinite
frequency at finite measurement strength. Similar results are
obtained for both a decay measurement Hamiltonian and the
Lindblad measurement operator of [21]. An analysis of pulsed
QZE based on the Schrodinger equation was presented in [23]
for pulsed stimulated transitions in a two-level system, with
one level decaying to a reservoir. In that case, the reservoir
interaction was treated to first order in time, and the pulsation
time was fixed as a function of Rabi frequency. In the present
article the reservoir interaction is treated in the Weisskopf-
Wigner approximation, and pulsation time is a free parameter.

Our analysis is restricted to bounded Hamiltonians, avoid-
ing mathematical complications associated with singularities
[24]; however, this does not present a serious constraint be-
cause many physical processes are approximately finite. This
includes semibounded Hamiltonians generating irreversible
decay, Eq. (17), where an Ohmic spectral density with cutoff
frequency w, is typically introduced to ensure convergence,
and reflects the fact that the theory becomes inaccurate at
very high energies. The cutoff does not substantially influence
the results because low-energy phenomenology is largely
insensitive to high-energy behavior. In the same vein, to very
good accuracy one can replace the continuous spectrum of
the decay Hamiltonian by a discrete spectrum with energy
spacing much less than the characteristic decay rate. In this
way the decay Hamiltonian can be discretized and bound
without a substantial impact on system evolution.

II. THE QZE WITH CONTINUOUS MEASUREMENTS

A. Interaction with finite systems

As a simple example, consider a three-state system
in a Hilbert space spanned by the orthonormal basis

i),
3
(1) =Y ai()lei), 2)
i=1

in state |®(0)) = |¢,) prior to the interaction. The measure-
ment system has a Hilbert space spanned by the orthonormal
basis |¢;),

N
(W(1) = _bi(t)lg;), 3)
j=1
and is in state |W(0)) = |¢;) prior to the interaction. An
interaction Hamiltonian

Hyy = |$1) (2] @ |@2)(@1] + [¢2)(D1] & |@1){@2| (D)

couples the two systems, producing an evolving entangled
state correlating the system and measurement states, repre-
senting “measurement.” The total state evolving under Hamil-
tonian k H,,|, where k is a real constant representing measure-
ment strength, with # = 1, is

| ()| W(2)) = coskt [p2)|g1) + i sinkt |¢1)|g2).  (5)

Now add a system Hamiltonian H; producing oscillations
between system states |¢3) and |¢,),

Hy = a(|d2) (@3] + |h3)(#2]) ® 1, (6)

where 1 =) ;@) {@; is the identity operator acting on the
measurement states |¢;). Taking into account the expressions
for H; and H,,, the total state evolving under H = H; +
kH,, with initial state |¢3)|¢;), has a three-dimensional
solution space,

[P W) = c1(t) [¢3)@1) + c2(2) |$2) 1)
+c3(1) 1¢1)|92), (7

which entangles system and measurement states. The com-
bined Hilbert space can be expanded in a new orthonormal
basis, |®(1)) ® |W(t)) = 23.:1 cj(H)Inj), so the first three
basis states correspond to Eq. (7). A more detailed analysis
is presented in the Appendix.

Since |n1) = |¢3)|¢) is an eigenstate of H,,; (with eigen-
value 0), where |p) is any measurement state, H,,; fulfills
a requirement for a measurement of the occupation of state
|¢3). The Schrodinger equation is solved by diagonalizing the
Hamiltonian A in the three-dimensional space of Eq. (7), and
for a system initially prepared in state |¢3)|¢;), we have

K2+ a?coswr |’
2 _
le1(2)] —( pEpp ) , (8

where w = vk* + o?. As the measurement strength k in-
creases, the survival probability of the system state |¢s)
changes from Rabi oscillations at k = O to unity at all times,
while the magnitude of the oscillatory component diminishes
and its frequency increases. This result is in accordance with
what would be expected from the QZE.

We can obtain more general results using perturbation
theory, which can be applied to Eq. (1) upon dividing by &
and rescaling the time, with k~! being a small parameter, or,
equivalently, using H; directly as the perturbing Hamiltonian,
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with powers of k scaling the eigenvalues of H,, in the pertur-
bation expansion, ensuring its convergence. Using the latter
approach, the first-order correction to the eigenvectors | ;) of
His

1 (| Hs97)) 1P

T 2% S Oy — )

Ix;) =

x| 1)) + kZWI%), ©)
n#j "

where A; and |/;) are the eigenvalues and eigenvectors of H,,
and the eigenvectors |x;) are normalized to order k2. The
eigenvalues 1; of H to lowest nonzero order in k~! are

1y = ki + - Z

naéj

(| Hs 1Y) P (10)
Aj— A
if H,, has no degenerate eigenvalues.

We can now evaluate the stability of a system initially
in an eigenstate of the measurement Hamiltonian [i) but
unstable under the action of the system Hamiltonian H, using
an expansion of the solution in the eigenstates of the total
Hamiltonian H,

|‘I’(t)>=Z€7i”jl|Xj><Xj|lﬂo), (1)
j

and substituting from the perturbation theory expression (9).
Then, the time-averaged probability of |®) to order k>

(Wl WO = Y 1(olv )l (12)
J

2
— = Kol Holy ) PAy2. (13)
J#0

Since the maximum of |{v|¥(¢))|* is unity and the oscilla-
tory excursion of the probability is symmetric about the mean,
the second term in Eq. (13) is half the maximum leakage of
probability out of the unstable state |1). It is easily checked
that Eq. (13) agrees with Eq. (8) when H; is the two-state
Rabi Hamiltonian. Consequently, in the general case, as k
increases, the amplitude of probability oscillations decreases
as k2, and state |/) stabilizes.

In the nondegenerate case of Eq. (11), evolution in the QZE
is restricted to simple phase cycling in the one-dimensional
eigenspaces of H,, |¥;(t)) = e *i'|y;), with projection
operators P; = |¥;)(v;|. Similarly, an immediate result of
degenerate perturbation theory is the restriction of evolu-
tion to multidimensional degenerate eigenspaces of H,,, with
evolution in the jth eigenspace governed by the projec-
tion of the perturbing Hamiltonian H; onto the eigenspace,
H,j = P;H,P;, with P; =Y, |1/;;){(;;|, where [ indexes the
eigenspace of the jth eigenvalue [20]. This was obtained
in a more complicated fashion in [4], where the degener-
ate eigenspaces of H,, are called quantum Zeno subspaces.
We can immediately derive an expression for the evolution
operator U(t) = e " using the completeness of the

eigenspace, Zj P =1,

Uty =Y e HH i 1g,) (| (14)
j,l
=) e N e ) (] (15)
j !
— e—i(ka-FZ/ H.;,’)t’ (16)

which was obtained in a more complicated fashion in [4].!
Note that the zeroth order in k is neglected in the nonde-
generate case because it leads to phase cycling and does not
affect the stability. In the degenerate case, however, it couples
the degenerate eigenstates, so the transition rate for a jth
eigenstate of H,,, which is not simultaneously an eigenstate of
H;, does not vanish in the QZE limit, k — o0o. Quantitative
results for finite k can be obtained from Eq. (16) as in the
nondegenerate case.

B. Irreversible interactions representing classical measurements

Finite-measurement Hamiltonians [4] do not generate the
usual properties of measurements in quantum theory. The
latter typically correspond to classical irreversible processes
with a definite outcome and are associated with an entropy
increase [19]. The measurement operator E generating von
Neumann projections in the Introduction has this property,
while evolution for finite Hamiltonians is reversible and the
system eventually returns to its initial state. To attain clas-
sicality, one introduces the thermodynamic limit, using a
measurement apparatus whose number of degrees of freedom
tends to infinity, leading to irreversible evolution of the system
[11,19]. We now consider this limit of H,,, with the unstable
state being an eigenvector. For such interactions the QZE
differs qualitatively from the case at finite k, and there is not
a limit on probability leakage from the unstable state, so the
QZE subspaces of Eq. (16) decay.

1. Measurement by quantum decay

A simple model of irreversible measurement couples the
system to an external field, resulting in the exponential decay
of Weisskopf-Wigner (WW) theory, which registers a system
transition by the irreversible emission of a quantum. Such a
measurement applied to a two-state system was analyzed in
[4,7] without accounting for Lamb shift. Here we establish
notation by rederiving the two-state result and then obtain a
general QZE expression for finite systems using the perturba-
tion expansion of Eq. (10).

We imagine that the emitted photon eigenspace is discrete,
corresponding to a finite apparatus volume, where the contin-
uous limit is approached as the volume tends to infinity. Then,

'Equation (15) is derived using the degenerate eigenvalue equation

for the jth eigenspace Hi;|¢;;) = Eji|¢;;), where Ej; is the first-
order energy correction, so e~ HsHkHn) gy — o=ikxjtg=iEjil|gp )
e *hjlemithit ). Equation (16) is derived using the proper-
ties of projection operators, P; Py = H;jHy = PjHy =0 for j #
k and [P;, Hy]1=0, so that Y, Pjei ™ = ¢Zi%Prthi - while
Y P =H,.
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the measurement eigenspace is that of Eq. (3), with j indexing
the emitted photon energy w; and N = 00.% The photon field
interacts so a system transition |¢;) — |¢o) emits a photon
in state |v;) with coupling constant §;. Including the pho-
ton self-energy at ground-state energy — A, the measurement
Hamiltonian becomes

Hm = Z(a)] - A)l & |§0}><(pj|
J

+ ) Bildo) (1| ® lgj)(wol + He. (17
J

This interaction term entangles system and measurement
states, as per Eq. (4). We set the initial state to |yg) =
|¢2) o), which is a nondegenerate eigenstate of H,,, so that
the interaction is an irreversible measurement of the occu-
pation of |¢,), in accordance with the property of classical
measurements.

Adding a two-state Rabi Hamiltonian H, generating the
transition |¢,) <> |¢1), we solve the Schrédinger equation
using the state vector expansion

| D)) V(1)) = a(t)|p2)lpo) + b(@)|d1)|@o)
+ Y ci(0lgodle)) (18)
J#0
to give the following relations between the expansion coeffi-
cients in Laplace space:

isa(s) —i = ab(s), (19)
isb(s) = aa(s)+kY_ Bic;(s), (20)
J
isci(s) = k(wj — A)cj(s)+ k,B}kb(s). 21
The solution is
151
k*1B; 17
_ 2 J
ais)=|s+a|s+ : —s—i—ik(wj—A) 22)
o? !
N(S+s+kF/2+ikAo> ’ 23)

where we have used the Weisskopf-Wigner approximation
[25] in Eq. (22), with decay rate I' = 27p(A)|B(A)|? and
Lamb shift Ag = ), 1B 12/ (A — w)).

Instead of solving the quadratic pole structure of a(s), it is
more instructive for what follows to note that the second term
in parentheses in Eq. (23) tends to zero as k — oo, producing
a dominant (amplitude squared ~ 1) pole at small s. Then,
dropping terms in s2, we immediately find

()~e ot (24)
at)~exp| ———
Pkt 2 v ikn, )

so that for irreversible measurements the unstable state de-
cays, but the rate tends to zero in the QZE limit. We shall now

>The angular variable in WW decay gives a multiplicity factor
which can be absorbed into a redefinition of the energy eigenstate
amplitudes.

demonstrate this as a more general result of irreversible mea-
surements using the eigenvalue perturbation expansion (10),
which remains valid in the continuous limit as the eigenstates
of H,, are orthogonal. In this case, although the unperturbed
eigenvalues A; of H,, are real since H, is Hermitian, decay
arises from a sum over states vanishing irreversibly in the
thermodynamic limit.

We expand the expression in Eq. (10) for the first-order
correction to the zero eigenvalue Xy of the unstable state
|¢po) over any orthonormal basis |n;) spanning the system
states, so that ) . H|n;)(n;| = Hy. Then, since Ao = 0 for the
unperturbed Hamiltonian H,,, the corresponding eigenvalue
1o of the total Hamiltonian H, corrected to first order due to
the perturbation Hg, is

2

1
o= =7 D | (ol H o) () 25)
n#0 i
1
= = 2V HL o) ol Hlne) (i) )
b n#0
| (26)
1
=~ Dty 1 HL o) Ay (ol Hi ). @7
LJ

where A;; = Zn¢0(ni|1/fn)kgl (W¥uln;) is a matrix dependent
only on the measurement apparatus, while the vector «; =
(Wo|Hg|n;) depends only on the system. If the measurement
is irreversible, the amplitude of at least one state |7;) decays
with time under the action of H,,. We now illustrate the
consequences of this for the example of the Rabi Hamiltonian
H; of Eq. (6).

Writing the decay of the unstable states as e "' =
(nile~"Hn|n;) for some y; and expanding the exponential of
H,, in terms of its eigenstates e~ "' =" e=* |3y, ) (1|
give e7%' = 3" e ™| (y,|n;)|*>. Multiplying both sides by
the convergence factor e~¢’, integrating from zero to infinity,
and letting € — 0, we find yl._' = (€4 id) W Wulni) %
which has a real component if the spectrum of H,, has support
at the origin, A, — 0. Comparing the expression for yfl with
the expression for A;;, we have A;; = iyl._l, while A;+; =0
since a WW Hamiltonian does not couple system states. We
thus find ,

po = - M- (28)
k~ v

1

For the Rabi Hamiltonian H; there is a single unstable state
which decays due to H,, |71) = |¢1)|¢o), while the initial
state is |¥o) = |¢2)|@o). Then the system vector has a single
nonzero element (| Hy|n) = . Using the WW decay coef-
ficient y; = I'/2 + i Ay, we recover Eq. (24) from Eq. (28).

2. Measurement by Lindblad operators

We now consider the more general case where the mea-
surement operator obeys the Lindblad equations describing
a Markovian, no-memory interaction with the environment
[11]. An example of such an equation can be derived by con-
sidering the measurement Hamiltonian as a sum of products
of operators with H,, acting just on the system space and H),
acting just on the apparatus space, H, = Y., H! ® H/ [25].
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Choosing for clarity the case when the sum contains a single
term and carrying out a trace over the apparatus states, one
derives [25,26] a Lindblad equation for the reduced density
matrix,

.dp

i = [He pl~ iyk[Hy, [Hy, pll, (29)

where 2y is the decoherence rate. Here p acts only on the
system space, so that the first term on the right-hand side
represents evolution in the absence of measurement, while
the second term embodies the action of the measurement
on the system in terms of the projection of the interaction
Hamiltonian onto the measurement space H,,. Such an equa-
tion of motion with a two-state H; was recently used to
analyze the QZE in a transmon [21].

We now transform this equation to the eigenspace of op-
erator H,,, where H,, is diagonal with eigenvalues A,, and
denote the transformed system Hamiltonian by H;. In this
basis, Eq. (29) becomes

i dpab
dt

where this type of equation for reduced matrix evolution is
typical at small decoherence rates [19]. At large k, H, rep-
resents a small perturbation about a diagonal density matrix,
which solves Eq. (29) when H] = 0, while for k = 0 Eq. (30)
generates Rabi oscillations in the absence of measurement. As
before, the unstable state |1/) is an eigenstate of I:I,n, and so
in the QZE limit, k — o0, the density matrix p() = |¥) (Yol
is a solution of Eq. (30). Therefore, for large k we search for
a solution of the form

p(t) = poo()Yo) (Yol + k' o' (1), (31)

where pgo(0) = 1. Substituting this trial solution into Eq. (30),
we find

= [H], plab — ivk(ka — Ap)* Pab, (30)

. d /7 /

ik~ poo(t) = ;[Ho(l Plo(t) = P () Haol,  (32)
d . ,
i Pho(t) = kHao poo(t) = iy kA2 plo(t), (33)

where we have dropped terms of zeroth order in k on the right-
hand side of Eq. (33) and for clarity of notation replaced H;
by the symbol H. Transforming to Laplace space and solving
the set of simultaneous equations, we find an expression for
the probability of the unstable state |1)

-1
2
| Hyol ) ’ )

= 2

which is similar in form to Eq. (24). In particular, as k — oo,
the right term in Eq. (34) generates a dominant low-frequency
pole, at which a(s) can be evaluated by neglecting the s
dependence in the denominator of the second term. We thus
find

N 2t ) 2
Poo(t) ~ exp (—ﬁ ;Aa | Hyol ) (35)

so that as for measurement by decay, for a Lindblad measure-
ment operator the decay rate of the unstable state vanishes in
proportion to 1/k in the QZE limit.

Since Eq. (30) is a general decoherence result for a
Schrodinger interaction with a measurement system in the
thermodynamic limit, Eq. (35) is a general continuous QZE
result at finite measurement strength which follows from the
Schrodinger equation.

II1. PULSED QZE

The original formulation of the QZE, as described in
the Introduction, is based on pulsed measurements, allowing
periods of unitary evolution between events of instantaneous
collapse. This contrasts with the manifestations of QZE con-
sidered above, which are based on time-independent system
H; and measurement H,, Hamiltonians. Although the two
modes of QZE have sometimes been regarded as being of
separate origin, it is easily shown that the pulsed QZE does
not essentially differ from the continuous case. For a pulsed
measurement Eq. (1) becomes

H = H, + kf(t)Hmv (36)

for which the Schrédinger equation can be integrated to give

|B(1)) = exp (—itHs —ika/ dt’f(t’))ICD(O)). (37)
0

Since the pulsing is periodic, f(¢) can be Fourier expanded,
f(@)=co+ ), cusinnot, so that the evolution operator in
Eq. (37) reads

n

U(t) = exp —itHs—ik|:cot + ! ch(l—cosnwt)/n:|

X Z)xjpj , (38)
J

where we have used H,, = }_; A; P;. In the limit of very fast

measurements kX ja)*l — 0, the time dependence of f(¢) is
lost, and only the constant term remains. Then, the problem
reduces to the continuous QZE previously analyzed, with f(¢)
replaced by its time-averaged mean. This is demonstrated in
the special case considered below.

Continuous QZE is typically analyzed as a function of
measurement strength k, with the unstable state decaying
exponentially, which, using (24) and neglecting the Lamb
shift, gives

la(T)> = exp(—4a>T/ k), (39)

where the measurement strength k determines the decay rate
in the QZE limit. In contrast, pulsed QZE assumes k — 0o
a priori, so collapse is instantaneous on the measurement
timescale, and the measurement frequency 1/t determines
the decay rate in the QZE limit, T — 0 [2]. The latter also
gives rise to exponential decay of the unstable state, which we
can see in the case of the Rabi Hamiltonian of Eq. (6). For
an alternating sequence of unitary evolutions, a(t) = cosat,
interspersed with 7'/t measurements in time 7', we have

la(D))?T/" ~ cos®T/* (at) ~ exp(—a’tT). (40)

This well-known result [2,8] assumes a dual limit. The mea-
surement interval must be short compared to the characteristic
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time of quadratic evolution T < a~!, enabling the approxima-
tion cos?at & (1 — a?7?) to be used, and the measurement
interval must be large compared to the collapse timescale 7 >
(kI")™!, so the decay rate is independent of kI". Comparing
the functional dependence of the unstable state survival prob-
ability in the continuous and pulsed QZE limits, Egs. (39) and
(40), shows the decay rates are equal when tkI" = 4. This was
proposed in [8] as a relationship between the characteristic
response time for continuous measurement, 4(kT)~!, and the
characteristic measurement rate for pulsed observations, t.

Equation (40) for pulsed QZE is rather problematic be-
cause of the assumed dual limit. For practical purposes one
wants an expression valid for finite measurement strengths,
which reduces to Eq. (40) for (kT')™! « 7 < o~! and to the
continuous QZE of Eq. (39) for 1 « kI~ < a~! when
f(t) is replaced by its mean value. In this way the unspec-
ified instantaneous measurement which collapses the state
in the Introduction [1] is replaced by the mechanism of the
Schrodinger evolution of Sec. II B, introducing measurements
of finite strength and duration into the pulsed QZE.

We now perform such an analysis for the Rabi Hamiltonian
H; of Eq. (6) and the decay measurement Hamiltonian H,, of
Eq. (17). The expansion coefficients satisfy equations similar
to (19)—(21) but are now more conveniently solved in the time
domain due to the time dependence of f(¢)

da_ b(t) (41)
T

i% = ota(l‘)+kf(t)zj:,3jcj(t), 42)

dc

dtf = kf(t)(w; — A)e; (1) +kf(O)B7b(r),  (43)

with the initial conditions a(t) = 1, b(0) = 0, and ¢;(0) = 0.
The measurement system amplitudes c;(¢) can be eliminated
from Eq. (42) using Eq. (43). Applying the WW approxima-
tion in the time domain [27], we obtain

i

i% =aa(t)— i%f(t)b(t), (44)

where I' is the WW decay rate and we have neglected the
Lamb shift for subsequent clarity. Differentiating Eq. (41)
and solving it simultaneously with Eq. (44), we obtain a
differential equation for the unstable state amplitude a(t),

d*a n kT

dt? 2
with the initial conditions a(0) =1 and @(0) = 0. Trans-
forming the dependent variable as a(7T) = exp[— fOT s(t)dt],
which automatically satisfies the first initial condition, we find

ds kI’ )
7 + Tf(t)s(t) —a” =0, (46)

4 | @a(t) =0 45
f(t)z+aa(t)— ; (45)

where we have neglected the nonlinear term s%(z) since
s(t) < kT" follows from Eq. (40) as a consequence of o <
kI". We have checked by numerical simulation that the nonlin-
ear term has no noticeable effect on the solution to Eq. (46) in
the entire parameter space where a(¢) is dominated by decay
rather than Rabi oscillations.

Equation (46) can be solved analytically for s(#); however,
since we are not interested in the details of short transient
behavior around ¢ = 0 when a(¢) evolves quadratically with
time, but rather in the long-term exponential decay, it is
simpler and more transparent to proceed as follows. For corre-
spondence with standard pulsed QZE, where measurement is
varied in an on-off fashion, we let f(¢) be a square wave with
period T and amplitude 2, so that its mean is unity. Then the
long-term behavior of Eq. (46) is that of relaxation oscillations
with constant amplitude, where s(¢) is entirely positive due
to the o term. There is a period of linear growth satisfying
ds/dt —a* =0 for time 7/2 and exponential decay sat-
isfying ds/dt + kI's(t) — a*> = 0. Solving both differential
equations for s(¢) and setting the growth and decay amplitudes
equal in the steady state, we obtain the following expression
for s,, = max[s(¢)]:

of 1 T 1 4
= \ar e ) @

We now integrate s(¢) over the periods exhibiting linear
growth and decay to yield the decay coefficient of |a(t)|?,

T 1 T
Zf s(t)dt ~ 2T—f s(t)dt (48)
0 T Jo
o?T kIt kTt

The same result is obtained in a more laborious fashion
by solving Eq. (46) exactly and then dropping the transient
behavior.

We now investigate the two limits of Eq. (49). In the
limit of infinite measurement frequency so that k't — O,
the second term in brackets tends to unity, and Eq. (49)
tends to the decay coefficient of Eq. (39), corresponding to
continuous QZE for an f(t) with a mean of unity. This
behavior was predicted above on the basis of Eq. (38). In
the other extreme, kI't — oo, corresponding to sufficiently
strong measurements that the complete collapse of Eq. (40)
is a valid approximation, the measurement strength cancels in
Eq. (49), and the decay coefficient tends to a>t /4. The factor
of 4 difference from Eq. (40) is to be expected since under a
square wave on-off measurement, unitary evolution lasts half
the period, /2, and the appropriate limit in the collapse model
is cos?T/T (at/2) ~ e TT/4,

Thus, Eq. (49) has the expected limiting behavior and
extends the well-known result of Eq. (40) to measurements
of finite strength and duration, when complete collapse is not
achieved during the measurement interval.

Equation (49) was derived with the assumption of the
decay measurement Hamiltonian of Eq. (17), but we now
show that it is more general and applies to Lindblad opera-
tor measurements, Eq. (29). To see this, we write the Rabi
Hamiltonian as H; = « oy, and without loss of generality let
ﬁm = o0,, where o; are the Pauli matrices. The equation of
motion becomes

d
id—f = a[JX9 ;0] - ik}/f(l’)[o’z’ [sz p]]. (50)

We expect a system initially in an eigenstate of o, to display
the QZE and so calculate the expectation value of this state
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as z = tr(o;p). Multiplying Eq. (50) by o, and o, and taking
the trace using the relation tr(A[B, C] = tr([A, B]C) as well
as the commutation relations of the Pauli matrices [0, 0] =
2i€;ji0x, we find

z=2ay, (5D

y=—2az —4kyf(t)y. (52)

Solving simultaneously, we obtain Eq. (45) for z, with double
the oscillation frequency since z () corresponds to the ampli-
tude squared, z = pgo — P11 & pPoo, and with I’ = 4y since 2y
is the decay rate of the amplitude.

IV. CONCLUSIONS

We have shown that the QZE can advantageously be un-
derstood as a perturbative effect of H; about the measurement
Hamiltonian H, in an approach which readily generates
quantitative results. A bound for probability leakage from
the eigenspaces of H,,, an instance of which is the initial
unstable state, can be calculated in perturbation theory and
tends to zero as a function of measurement strength. For H,, in
the thermodynamic limit, which properly describes classical
irreversible measurements, application of perturbation theory
leads to unlimited probability leakage from the eigenspaces at
finite measurement strength, but the rate of leakage tends to
zero as measurement strength increases. Perturbative expres-
sions are obtained in decoherence theory based on Lindblad
operators with factorization into system and measurement
components. The pulsed QZE mode originally envisaged
in [1] is shown to be based on the same features of the
Schrddinger equation as continuous QZE, with collapse not
essential for its manifestation. In particular, it is shown that
pulsed QZE merges smoothly into continuous QZE as the rate
of measurement increases, and an analytic result is obtained
extending the usual pulsed QZE result to finite measurement
strengths and durations.

APPENDIX

In the von Neumann measurement scheme, a measurement
interaction of a system and measurement apparatus results
in an entangled state |¥) in the Hilbert space of the tensor
product of the system and measurement Hilbert spaces. If the
system and measurement spaces are spanned by bases |¢;) and
lo;), respectively, we have

M N
W) =Y a®lp) @Y bit)lg;).
i=1 j=1

An interaction Hamiltonian
Hy = (Hy i) (1] © ) (o)

representing a measurement entangles these two Hilbert
spaces. The system Hamiltonian H; becomes H; ® 1 in the
total Hilbert space, where 1 = ) ;i l@j){@;| is the identity in
measurement space. We can expand |\W) in terms of a new
one-dimensional basis |n;),

NM
W) =" a@)m),
=1

with [n;) = |¢i)le;), c(t) = a;(t)b;(t), and index [ defined,
for example, by [ =i + Mj. The measurement Hamiltonian
in the new basis is then a two-dimensional matrix coupling
states |n;),

Hy =Y (Hypial i) (-

In

Such a representation of measurement is used in [4].

As a simple example, let M =3 and N =2, so
the total Hilbert space is six-dimensional, with Dbasis
{lg3)l@1), [@2)@1), [d1)1@1), [@3)|@2), [@2)|@2), [¢1)|¢2)}. Let
the system Hamiltonian H; be the Rabi Hamiltonian of Eq. (6)
and the measurement Hamiltonian generate transitions be-
tween system states |¢;) and |¢;) correlated to transitions
between |¢;) and |@;) in the measurement system, Eq. (4).
Then, the total Hamiltonian H = H, + kH,, couples the
states {|¢3)|@1), |¢2)|@1), |#1)|p2)} = |n;), which are decou-
pled from the remaining states. If only states |7;) are initially
populated, we can write the total state |W) as a sum over
the amplitudes of these three states, |®) = 213:1 crn). In the
new basis |1;), the total Hamiltonian H is represented by a
two-dimensional matrix acting on a three-component vector
consisting of the amplitudes of the three basis states ¢,

Hs + kal =

S R O
>~ O© R
o x O

The solution to the Schrodinger equation for the initial occu-
pation of state |¢3)|¢;) is then given by Eq. (8).

However, not all interactions H,, generating QZE-like
effects produce entanglement between the system and the
measurement apparatus, in which case such effects cannot be
attributed to measurement. Consider a system with M =2
coupled to a measurement apparatus with N = 2, resulting
in a four-dimensional Hilbert space. The system Hamiltonian
generating Rabi oscillations is

Hy = a(|91)(d2] + |92)(d1]) ® (1) (1] + 92){@21),

and two states decouple if the interaction Hamiltonian affects
only the self-energy of a single state

Hyz = 21¢1) (1] ® @1) (@1l

In the basis {|¢2)|¢1), |¢1)]¢1)}, the total Hamiltonian is rep-

resented by
0 o
Hs kaZ = 2% .

The initial state |¢,)|¢;) is an eigenstate of H,,, and therefore
becomes stable in the limit k — oo, which is confirmed by the
no-decay probability

k2 + o? cos? wt

2
t =
le1 (o)l 2ol

9

where w = k% + 2. This exhibits the same qualitative fea-
tures as Eq. (8), but in the absence of entanglement.
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