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Large-time limit of the quantum Zeno effect

Paolo Facchi'? and Marilena LigabdP)

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

2Dipartimento di Matematica, Universita di Bari, I-70125 Bari, Italy

(Received 14 February 2017; accepted 5 March 2017; published online 27 March 2017)

If very frequent periodic measurements ascertain whether a quantum system is still in
its initial state, its evolution is hindered. This peculiar phenomenon is called quantum
Zeno effect. We investigate the large-time limit of the survival probability as the total
observation time scales as a power of the measurement frequency, ¢ cc N¢. The limit
survival probability exhibits a sudden jump from 1 to 0 at @ =1/2, the threshold
between the quantum Zeno effect and a diffusive behavior. Moreover, we show that
for @ > 1, the limit probability becomes sensitive to the spectral properties of the initial
state and to the arithmetic properties of the measurement periods. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4978851]

I. INTRODUCTION

The evolution of a quantum system is halted when many measurements are performed in a finite
time, in order to check whether the system is still in its initial state. This phenomenon is called the
Quantum Zeno Effect! (QZE): the survival probability at a given time goes to one as the measurement
frequency increases.

The survival probability after N measurements in a time ¢ is expressed by a product formula
depending on r and N. In this paper we investigate the uniformity in time of the QZE, and study the
behavior of the Zeno product formula for large N and t.

Let us first recall the basics of the QZE. Let a quantum system be prepared, at time ¢ = 0, in the
state ¥, a normalized vector in the separable Hilbert space H . We denote by (-|-) the scalar product in
H . The system evolves under the action of the Hamiltonian H, a self-adjoint operator on H, through
the unitary group ¢ +— exp(—itH /%i). The quantities

Ay =Wlexp (= 2 H)) (1)

and
2

P =A@ = 2)

Wlexp (- i5’1‘1)%

are called survival (or return) amplitude and probability, respectively, and represent the amplitude
and probability that the quantum system is found back in the initial state y at time 7.
If the state ¢ is in the domain of the Hamiltonian H, we have for t — 0

2
p)=1= 3 (H1HY) - WIHYY?) +0 (7). 3)

where (Hy |HY ) — (W |H 1//)2 is the variance of the Hamiltonian in the state .
Let us now carry out N repeated measurements with period 7 =¢/N, in order to check whether the
system remains in its initial state. If at each and every time the measurement has a positive outcome
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and the system is found in its initial state, the state “collapses” and the evolution starts anew from .
Thus, the survival probability after N measurements reads

2N

p%):: = ‘<¢|exp ——H)w> €

This is called Zeno product formula and will be the subject of our investigation.

The limit of infinitely frequent measurements, N — +oo, of the Zeno product formula can be
easily computed using the Taylor expansion in (3): if the initial state ¢ is in the domain of the
Hamiltonian H one gets

lim p™M(r)=1, (5)
N—+oo

uniformly in # on compact subsets of R, see Refs. 2—4. Therefore, if one performs frequent measure-
ments on a quantum system in a given time interval [0, ¢], a QZE takes place:' the transitions to states
different from the initial one are hindered, despite the action of the Hamiltonian (in general the state
Y is not an eigenstate of the Hamiltonian H).

We have derived the QZE (5) from the Taylor expansion (3), which is valid for a state  in
the domain of the Hamiltonian. However, (5) is of more general validity. For a full characterization
of the limit (5) when ¢ does not belong to the domain of the Hamiltonian, and/or the projective
measurements are on a multidimensional subspace, see Ref. 4.

The QZE has been successfully demonstrated in a variety of physical systems, on experiments
involving ionic hyperfine levels,> photons,® nuclear spins,’ optical pumping,® ultracold atoms,’ level
dynamics of individual ions,'® Bose-Einstein condensates,'! optical systems,'? and cavity quantum
electrodynamics.'? For a review on the mathematical and physical aspects of the subject see Ref. 2.

The QZE can be obtained both by pulsed and continuous measurements as well as by a strong
interaction.'4~!6 Recently it has been realized that by exploiting the quantum Zeno dynamics, one gets
a powerful approach to control. The key idea is to engineer a given evolution by a rapid sequence of
projections.!’~!° This can yield a Berry phase®” or, more generally, non-Abelian geometric phases,”!
a resource for holonomic quantum computation. Moreover, the QZE can be seen as an effective
way of imposing constraints and boundary conditions.>*>?? Finally, notice that the QZE is a purely
quantum phenomenon: in classical mechanics it is not observed, since the measurement process can
be conceived so that it does not interfere with the evolution of the system.

In this article, we want to investigate the behavior of the Zeno product formula (4) as the
observation time becomes large, t — +o0, namely, the double limit

lim p™(r). (6)
t—+00
N—+00

Notice that, since the time dependence in (4) is given through the ratio ¢/7, the long-time limit

(6) is in fact a semiclassical limit, where the Planck constant 7 — 0, namely,

. 2N . 2N
N4y = o s it
Jim p™@)= lim ‘<w|exp( —GH)w) = lim 'mexp( —H ) @
N—+o00 N—>+oo N—+o0

In this respect, the limit (7) answers the following question: what happens to the evolution of the
system when we compare the period between two successive measurements with the quantum scale
given by 7/ Ey, with E( being the relevant energy scale of the state?

For the analysis of the classical limit of the QZE see Ref. 24. By a semiclassical analysis on
phase space,zs’26 it can be shown that the QZE vanishes at all orders in the Planck constant 7, in the
limit 7 — 0, and thus it is a purely quantum phenomenon without classical analogue, at the same level
of tunneling. (Notice, however, that at variance with Ref. 24, in the present situation the state ¢ and
the Hamiltonian H do not depend on 7.)

Heuristically, if we perform first the limit in N and then the limit in # we get QZE, namely,

lim lim p™M(@)=1. (8)

t—+00 N—+00
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Conversely, for a decaying system, if we invert the order of the two limits we obtain a classical
behavior, namely,
lim lim p™(r)=0. ©)

N—+00 t—+00
Therefore, the limit (6) does not exist because it depends on the way in which it is computed.
In order to better understand the transition from (8) to (9), we look at the double limit (6) when
t diverges as a power of N, i.e.,
t=1N°, (10)
where 7 > 0 is a fixed time and & > 0, see the right panel of Fig. 1. In this case, the survival probability
p(N (1) depends only on N, «, and 7. Therefore, in the following we will consider the product formula:

. 2N
Pa(@)i=pNVEN) = pN* T = '<w| exp (—%N"‘IH) | (11)
and investigate the limit
pS7(@)= lim py o(7), (12)
N—+o0
for different values of @ > 0.
The value @ =0 will correspond to the QZE limit (5),
N
(c0) T T
Py = lim p(<) (13)

while the value @ = 1 will correspond to the large-time limit of an evolution stroboscopically measured
with period 7,
()N _ 13 N

py (1) = lim p(7)". (14)
The latter regime, describing a quantum system subject to periodic kicks, has become a paradigmatic
example in the study of quantum chaos.?’-?® It represents a standard test bed for the investigation of
different features of the quantum systems whose classical counterparts have a chaotic evolution. In
Ref. 29, the dynamics of a kicked quantum system undergoing repeated measurements of momentum
has been investigated. A diffusive behavior has been obtained, even when the dynamics of the classical
counterpart is not chaotic and, in general, the system has been shown to have an anomalous diffusive
behavior, characteristic of intermittent classical dynamical systems and random walks in random
environments. >

Thus as a ranges from O to 1, one goes from QZE to a kicked dynamics, and for a decaying
system the limit probability pf,m)(r) goes from 1 to 0. We will show that the transition is abrupt with
a threshold at & = 1/2, as shown in Fig. 1.

Moreover, we will also consider larger values of the exponent, i.e., @ > 1, which correspond to
repeated measurements with a larger and larger period. In such a case, the limit probability pg’o)(r)
of a decaying system is obviously 0, but interesting exceptions will occur at particular values of «
and 7 for systems with recurrences.

Notice also that, as a consequence of the previous discussion, the limit (12) can be viewed as the
semiclassical limit (7) when 7 goes to zero as a power of NV, i.e.,

T
= (15)
P (7) ¢ , ,

o
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FIG. 1. Left panel: The value of the limit p(*(z) in (12) as a function of the exponent . Observe the abrupt transition at
a =1/2. Right panel: quantum and classical regimes in the N —¢ plane. The QZE effect is along the horizontal axis, but it
keeps holding along all curves under the critical parabola r =7N1/2.
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where 7ip > 0 is a fixed constant. Therefore, for short in the following we will often refer to the
regime with zero limit probability as the classical regime as opposed to a nonzero limit probability
characteristic of a quantum regime, see Fig 1.

The article is organized as follows: in Section II, we discuss the case o < 1 and we show that
a =1/2 is the threshold exponent between quantum and classical behaviors; in Section III, we focus
on the case @ > 1 and we prove that, essentially, the system exhibits always a classical behavior, but
the limit becomes sensitive to the spectral properties of the state i and to some interesting arithmetical
properties of 7 and a.

Il. THRESHOLD EXPONENT BETWEEN QUANTUM AND CLASSICAL BEHAVIORS

In this section, we discuss the case 0 < @ < 1 and we show that @ = 1/2 is the threshold exponent
between quantum and classical behaviors.

Theorem 1. Let y be a normalized state in the domain of H, i.e., ||Hy|| < +oo. The limit (12)

of the product formula (11) has the following behavior:

i) If0<a<1/2then
P =1, (16)

uniformly in T on compact subsets of R.

(i) If @=1/2 then
w 2
P =exp (—;), (17)

z
uniformly in T on compact subsets of R, where

1
2= 2 (<Hw |Hy) - (w|Hy)?) . o

(i) If 1/2<a <1 and ¥ is not an eigenstate of H, then
Py =0, (19)
uniformly in T on compact subsets of R\{0}.
Remark 1. The time vz > 0 defined by (18) characterizes the initial quadratic behavior of the
survival probability and is known in the literature as the Zeno time.”> Notice that the variance of H

given by (18) is zero if and only if the state  is an eigenstate of H. In such a case, the Zeno time is
Tz = +00.

Proof. If 0 <« <1/2 then

PN.a(T)= p( )N, (20)

Nl-«
therefore using (3) we obtain that

2 2 N 2 2
pN,am:[l ’ ( r )] Sio T +0( ’ ) 21

- TZZNZ(l—a) to N2(-a) - TZZNI—Za N2

Since 1 — 2a > 0, we immediately obtain that
lim py () =1, (22)
N—+0c0

uniformly in 7 on compact subsets of R.
Following the same procedure we obtain that for @ =1/2,

2 2\
Pra(T)=|1 _TZZ_N+0(N) ) (23)
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therefore

2
. T
lim pyo(7)=exp (——2) , (24)
N—+00 TZ
uniformly in 7 on compact subsets of R.

Finally, we discuss the case 1/2 < @ < 1. Notice that

PN.a(T)=exp [N logp(r/N'")], (25)
where p is the survival probability (2). By (3), we have

s 5

logp(s)=log| 1 = = +0(s>) | === +o(s), (26)
1z 1z

as s — 0, with a finite 7z, since ¥ is not an eigenstate of H. Therefore for s sufficiently small, say

|s| < o, one gets

§2
logp(s) < ——, 27)
27,
whence
1 Ny o T 28
ogp(t/ )__2_‘1%@’ (28)
for N > (|t|/o)//1-9),
It follows that for 7 € [1], 2] C R\{0} one gets
2
PN.o(T) Sexp( SN, (29)
27,
for N > (ry /o)1=, where 1, = min{|7i], | 72|} > 0 and 7y = max{|71], |72|}. Therefore,
lim pyo(1)=0, (30)
N—+oco
uniformly in T on compact subsets of R\{0}. m|

lll. SENSITIVITY TO THE SPECTRAL PROPERTIES OF THE INITIAL STATE

In this section, we discuss the case @ > 1. We will show that in this regime the limit (12) exhibits
always a classical behavior, but it becomes sensitive to the spectral properties of the state ¢ and to
the arithmetical nature of .

We recall here some basic aspects of spectral theory; see, e.g., Ref. 31. Let ¢ be a vector in the
Hilbert space H, and let H be a self-adjoint operator. By the spectral theorem there exists a unique
Borel measure u, on R such that

(plf (H)e) =/(H)f(/1) dpg (), 3D

for all f € C,(R), where o-(H) denotes the spectrum of H and C,(R) denotes the space of bounded and
continuous functions on R with complex values. The spectral properties of the Hamiltonian induce a
canonical decomposition of the Hilbert space H into the direct sum

H=H.&Hpp, He=Hae ® Hse, (32)
where
He ={p e H : j1, is a continuous measure}
is the continuous subspace,
Hpp ={@ € H : p1, is a pure point measure}
is the pure point subspace,

Hye ={@ € H : p1, is absolutely continuous}
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is the absolutely continuous subspace, and
Hse ={p € H : u, is singular continuous}

is the singular continuous subspace.
We recall that a Borel measure y. on R is continuous if it does not concentrate at any point, that
is, if

uec({x) =0, for all x eR, (33)
while a measure up,, is pure point (or discrete) if
Hop(B) = D ppp(1x), (34)
x€eB

for all measurable sets B C R. Moreover, a measure p,. is absolutely continuous (with respect to the
Lebesgue measure dx) if it has a density function p locally integrable so that

dftac(x) = p(x)dx. (35)

Finally, a singular continuous measure . is continuous but not absolutely continuous; a paradigmatic
example is the Cantor measure.’!

In this section, we investigate how the limit (12) changes if the initial state  belongs to the
spectral subspaces Hpp, Hae, and Hye, which physically correspond to bound states (made up of
eigenstates), scattering states, and unbound weakly recurrent states, respectively.

In the following theorem, we study the case a = 1.

Theorem 2. If a =1 the product formula (11) is given by

itH 2N
@ =|wle” F 0 =pr* (36)
and its limit
PV = lim p(r) (37)

has the following behavior:

1) If p(r) <1 forall T e R\{0} then
P =0, (38)
uniformly in T on compact subsets of R\{0}.

(i) If there exists 1o € R\{0} such that p(t9) = 1, then € H,, and there exists a positive integer
m such that

(), ~_ | 1if T/ToeiZ
P (T)_{O otherwisrg. (39)

Proof. The assertion (i) is obvious. Now assume that

p(10) = [ le™ ™y =1 (40)
for some 75 € R\{0}. Then, we have that
(W|e im0 /Myyy — g=iToaln 41)
for some a € R. By the spectral theorem, we have that
/(T . e DM gy, ()=1, (42)
and thus
/ (1 = cos(ro(A — a)/h)) dpy (1) =0. (43)
o(H)

Since (1 — cos(1p(A — a)/h)) = 0, we have that
(1 = cos(mp(A —a)/h)=0 44)
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almost everywhere with respect to . Therefore, there exist r € N U {+co} and a subset of integers

{kj:j=1,...,r} CZ such that the support of the spectral measure p, is the set
2nkih
dj=a+ g=1...,rp. 45)
70

Therefore the state i€ H |, and has the form

r

VS Z ciy, (46)
j=1
where ¢/; is anormalized eigenvector belonging to the eigenvalue 4; and ¢; € C\{0}, forallj=1,...,r;
see Ref. 31. Using (46) it is easy to check that p(7) can be written as follows:
. 2 r ) 2
p(0)=| / e gy (| =| Y pre |
o(H) i=1
4 2n(k; — k)t
= > pipicos (’—) , 47)
=1 R
where p; = chlz,j =1,...,r, with

D=1, (48)

since |||l = 1. Consider now the greatest common divisor of the k;s
m=ged{k;:j=1,...r}, 49)

so that k; =ml~cj with I~<j eZforj=1,...r. We get

27r(l~<j — kymt )]N

(50)
o

prn1(@) =p)" = [ Zr: pipi cos (
jI=1

Therefore, if m7/7y is an integer then all cosines are equal to one and py 1(7) =1 for all N. On the
other hand, if m7 /7 is not an integer then there exists at least a pair of integers Ich and k; which are
coprime, and thus (k; — k;)mt /7 is not an integer and the corresponding cosine is not 1. Therefore
(39) holds. O

Remark 2. Notice that |to|/m is the first return time of the survival probability (2), that is,
p(ltol/m) =1 and p(t) < 1 for 0 < T < |19|/m. Moreover, observe that in the proof of assertion (ii) of
the previous theorem, we have retraced the proof of a well known result in probability, see Ref. 32,
Theorem 5 p. 288.

Now we discuss the case a > 1.

Theorem 3. If a > 1, the product formula (11) is given by

iT B 2N o
Pra(=[Wlexp (= = NH)p[ T =paNeh (51)
and its limit (12) has the following behavior:
(i) If H is bounded from below then
pe’(@)= lim pyo(1)=0, (52)
N—+o0

almost everywhere in T € R.
(i) If ye H o then the limit (52) holds uniformly in T on compact subsets of R\{0};
(iii)  If there exists 7o e R\{0} such that p(t9) = 1, then € Hy, and
lim sup py.o(M 70) =1, (53)

N—+c0

foralla €Qandall M €Z.
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Proof. Notice first that if H is bounded from below, say H > Ey,, then H=H —Ep,+1>1is
a strictly positive self-adjoint operator, and

Kle 2 = [y le My 2 = p(r), (54)

so we can assume that the Hamiltonian is strictly positive with spectrum

o(H) C[1,+00). (55)
Then observe that
_ir iTNa_l/l ~ Na_lT
Wle ik = Rexp (—T) d,ul/,(/l)zluw( . ), (56)

where /i denotes the Fourier transform of the measure u. Let py x be the spectral measure of the self
adjoint operator N~ H in the state ¢. Notice that the spectrum of the operator N®~'H is

oc(N*'H)=N""'o(H)={N""'A: A o (H)). oD

Using the property of the Fourier transform it is easy to see that

(oo s )5 )
where
VN =My N ¥ Uy N 59)

and * denotes the convolution product, defined by

/Rf(/l) de,N(/l)=/RNf(/11 +oo+ Ay duy n(AD) - dpy N (AN), (60)

for all f € Cp(R).
We prove assertion (7). First we prove that

Jim / £ dvg x () =0, 1)

for all f € Cy(R), where Cy(R) denotes the space of continuous functions vanishing at infinity. Indeed,
if we fix a function f € Cyp(R), we have that

/Rf(/l)dw,zv(/l)=/ f+. o+ An)duy n(Ar) ... dpy N(AN)

N

/ (N‘“Z )dﬂzp(/h) Ay (An)

Noa
/ ( azﬁ’)dw(ﬂl)...dw(ﬁzv)

j=1
= [ i )y (1) .- dptg (A, (©)
Laco)V 5 N
Therefore, by the mean value theorem, we have that
/Rf(/l) dvy N (D) =f(N“EN), (63)
where 5 5
+...+
bv=" 2 L, (64)

for some (A1, ..., Ay) €[1l,+c0)" and thus N¥&y — 400 as N — +o0. Therefore, the limit (61) holds.



032103-9 P. Facchi and M. Ligabd J. Math. Phys. 58, 032103 (2017)

Now we recall that, by the Riemann-Lebesgue lemma, for all ¢ € LI(R) its Fourier transform

$ € Co(R), and thus
T ~f A
% —|dr = —|d A 0 65
/ﬂ§¢<r)v¢,N(h) T /R¢(h) vy () = (65)

as N — +oo. Therefore we have proved that

lim Py (3) = lim ((z,ble’ "N?71”¢>)N =0 (66)
N—o4oco 77 h N—+00
almost everywhere in 7 € R, whence
T 2
lim pua(r)=lim [y (7)[ =0 (67)

almost everywhere in 7 € R.
Now we prove assertion (ii). If we assume that iy € H ¢, then d uy (1) = p(1) dA (where the density
p(1) = |§()]> € L'(R) is the squared wave function of ¢ in the energy representation), and thus

2
/ e i p(D)dAa
R

as t — +oo, by the Riemann-Lebesgue lemma. Therefore we have that

pty=1w, e H g = -0 (69)

p(eN*H< <1 (69)
definitively in N, for 7 # 0, and thus
lim pyo(t)= lim p(zNe N =0, (70)
N—+00 N—+o0

uniformly in 7 on compact sets of R\{0}.
Finally we prove (iii). In the proof of Theorem 2 we have shown that if the survival probability

p(10) = Ky le ™ /Myy2 = 1 (71)

for some 79 # 0, then y € H ,, and the survival probability has the form (47). Therefore, we have that

r
ije—iTN“_I/lj/h
Jj=1

! 2m(k; — kDN T\ N
=[Zp/pzcos(—)] ; (72)
JI=1 70

LN 2N
PNa(T)=p(TN*) =

with ) p;=1andk; € Zforj=1,...r. Notice thatif @ € Q, then @ —1=n;/n, for some ny, ny € N\{0}.
Therefore if we consider the subsequence N, := m" we have that

r Nm
PrpaM 1) = | " piprcos 2l = kom™ M) | =1, (73)
J=1
for all m € N and M € Z, therefore we have that
lim py, oM7) =1. (74)
m—+0o
Since py o(7) <1 for all T €R and N € N, we conclude that
lim py,, oM 10) =lim sup py oM 19)=1. (75)
m—+co

N—+oo

O

Remark 3. Inthe case of a finite-dimensional Hilbert space, dim H <+ o0, all states y are bound,
H =Hyp, and are a (finite) linear combination of eigenstates of H. Therefore, the assertion (ii) of
Theorem 3 is empty, while the assertions (ii) of Theorem 2 and (iii) of Theorem 3 correspond to the
case of a closed orbit on a (finite-dimensional) torus, which happens if and only if the eigenvalue
differences are in complete resonance (all their ratios are in Q).
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IV. CONCLUSIONS

Let us summarize the main results obtained in this article in more intuitive terms, by focusing
on those quantities that are more directly related to physical intuition. We have analyzed the double
limit

lim p™ (1) (76)

t—+00
N—o+co

in the case f oc N, for all possible values of @ > 0.

We have shown that if 0 < @ < 1/2 the limit equals 1, namely, the system is frozen in its initial
state and the QZE takes place. At @ =1/2, the limit (76) is strictly smaller than 1 for all times and
decays in time as a Gaussian (17). If 1/2 <a < 1 the limit (76) is equal to O for all times, thus we
observe a classical behavior, see Fig. 1.

Moreover, if o > 1 the limit probability is a strange beast and becomes sensitive to the spectral
properties of the state . In general, the limit (76) is O for almost all times, and if the state is decaying,
we H e, the limit (76) is always O for all times.

The existence of times ¢ at which the limit (76) is nonzero has been clarified, at least for bound
states, i € H pp. In fact there are bound states with a periodic dynamics. Thus, if one performs repeated
measurements at the natural period, namely, if one looks stroboscopically at the particle dynamics, the
presence of the measurements becomes immaterial: the classical and the quantum behaviors simply
coincide and the limit (76) at that time is equal to 1.

Concerning the existence of times at which the limit (76) is not O for states in the continuous
singular spectrum € H g, i.e., recurrent unbound states, we can only say that the set of those times is
negligible. It is more difficult to grasp this situation by physical intuition and its full comprehension
would require a further analysis which is beyond the scope of this paper.

Summarizing, we have unveiled the presence of two threshold exponents: the threshold between
quantum and classical behaviors at @ = 1/2, and the threshold of sensitivity to the spectral properties
of the initial state at @ = 1.
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