N

N

Why is the universe not frozen by the quantum Zeno effect?

Antoine Soulas

» To cite this version:

‘ Antoine Soulas. Why is the universe not frozen by the quantum Zeno effect?. 2025. <hal-04615420v3)

HAL Id: hal-04615420
https://hal.science/hal-04615420v3

Preprint submitted on 18 Jun 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Auto':iiition
HAL Authorization


https://hal.science/hal-04615420v3
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Why is the universe not frozen by the quantum Zeno
effect?

ANTOINE SOULAS?P

?Faculty of Physics, University of Vienna , Boltzmanngasse 5, 1090 Vienna
(Austria); antoine.soulas@univie.ac.at
PIQOQI Vienna, Austrian Academy of Sciences, Boltzmanngasse 3, 1090
Vienna (Austria)

Abstract

We build a discrete model that simulates the ubiquitous competition between the
free internal evolution of a two-level system and the decoherence induced by the inter-
action with its surrounding environment. It is aimed at being as universal as possible,
so that no specific Hamiltonian is assumed. This leads to an analytic criterion, depend-
ing on the level of short time decoherence, allowing to determine whether the system
will freeze due to the Zeno effect. We check this criterion on several classes of func-
tions which correspond to different physical situations. In the most generic case, the
free evolution wins over decoherence, thereby explaining why the universe is indeed
not frozen. We finally make a quantitative comparison with the continuous model of
Presilla, Onofrio and Tambini, based on a Lindblad’s master equation, a find good
agreement at least in the low coupling regime.

Keywords: quantum Zeno effect, decoherence, mathematical physics

1 Introduction

The Zeno effect typically occurs when a quantum system is repeatedly measured: if
the time interval between two successive measurements tends to 0, the evolution of the
system gets frozen. The main reason is that, in quantum mechanics, the general short
time evolution is quadratic, i.e.:

(@) = [(wle )2 =1 V2 + 0 (1),

where V' = Var|y, (H) = (U|H?|¥) — <\II\H'\\I/)2 (we take i = 1). Hence, if n projective
measurements along |¥) are performed during a fixed time interval T, the probability



pr, that all the measurements gave the outcome |¥) is, at leading order:

™2\
png<1_v(>) .
n n—-+oo

Note that to obtain this limit, one has to neglect the higher order terms, as is usually
done in the standard presentations of the Zeno effect [8, §3] [4, §3.3.1.1]. Rigorously
speaking, this is an additional assumption, because when developing the expression

(1 -V (%)2 + 0 (#))n, the number of O (#) actually depends on n.

In the spirit of the theory of decoherence, one might wish to get rid of the ill-
defined notion of (ideal) projective measurement. Since a measurement is nothing but
a particular case of interaction with an environment that entails strong decoherence of
the system in the measured basis, it is tempting to ask what level of decoherence is
required to freeze a system. For example, a particle in a gas is continuously monitored
(~ measured) by its neighbors, yet the gas manifestly has an internal evolution... and
so does the universe in general. It is not obvious a priori whether quantum mechanics
actually predicts that the universe is not frozen.

This question has already been addressed by examining the continuous dynamics of
the pair system - environment for relatively generic Hamiltonian [3]. The Zeno limit
is recovered for strong interaction, and Fermi’s golden rule is recovered in the limit
of small interaction. ‘The model shows that the coupling to the environment leads to
constant transition rates which are unaffected by the measurement if the coupling is
"coarse enough" to discriminate only between macroscopic properties. This may in turn
be used to define what qualifies a property as macroscopic: it must be robust against
monitoring by the environment’ [4, §3.3.2.1]. Similarly, the master equation for the
motion of a mass point under continuous measurement indicates that the latter is not
slowed down because the Ehrenfest theorems are still valid. ‘This may be understood
as a consequence of the fact that, for a continuous degree of freedom, any measurement
with finite resolution necessarily is too coarse to invoke the Zeno effect’ |4, §3.3.1.1].

In addition, Presilla, Onofrio and Tambini have studied how the continuous mon-
itoring of a two-level system affects its time evolution and its coherence based on a
Lindblad’s master equation [9, §IV.]. They have in particular confronted their results
to that of a historical experimental test of the Zeno effect [2], and were able to obtain
a better fit of the data than the naive approach (assuming perfect von Neumann col-
lapses) by taking into account the finite duration of the measurements. We will come
back to this approach in Section [5| to make a quantitative comparison between the
latter’s results and ours.

Another interesting model is that of [I, §8.3 and §8.4]. It may at first sight seem
puzzling that an unstable nucleus continuously measured by a Geiger counter can ac-
tually decay. Indeed, if the measurement is treated as an ideal projective one, the
nucleus should continuously be projected onto a non-decayed state. But as soon as the
decoherence process is not supposed immediate anymore (even as short as 107165 see
equation (8.45) in [I]), the deviation from the expected exponential decay is shown to
be negligible.

Although these models are already convincing, our aim is to give a new contribu-
tion to this topic of understanding why the vast majority of physics is not affected



by the quantum Zeno effect, the latter being detectable only in some very specific ex-
perimental setups. Our model also formalizes the competition between free evolution
(no information leaking to the rest of the world) and decoherence (interaction with
the environment), but differs from the previous ones in two respects: its mathematical
structure is discrete and it does not assume anything about the form of the Hamilto-
nian, so as to be as universal as possible. The use of a discrete framework is consistent
with the approach adopted in a lot of mathematical studies on the quantum Zeno effect
(see [7] and references therein).

2 The model: free evolution vs. decoherence

Having in mind the fact that continuous degrees of freedom are less prone to the Zeno
effect (recall the previous quote from [4]), in order to explain why the universe is
not frozen, it may suffice to check it on a two-level system. Our system of interest will
therefore be a gbit, initially in the state |0) and monitored by an environment producing
partial decoherence in the basis (|0),|1)). We consider a fixed time interval 7', divided
into n phases of length § = % dominated by the free evolution. This evolution takes
the general form:

Us |0) = c2(8) [0) + . (9) [1)

Us 1) = ¢%(8) |0) + c2(8) 1),

where the coefficients satisfy [c2(6)]* = |cL(6)]* = 1 — V2 + O (6*) and \007&(5)\2 =
|c;,£(5)|2 = V% + O (6*) (in the sequel, we will drop the argument § whenever the
context is clear). As recalled in the introduction, to stick to the standard derivations
of the Zeno effect, we need to neglect all the higher order terms, so that we actually
suppose |c2(8)]? = [cL(8)|? =1 — V2 and \007&(5) 2= \c;(é) 2=vé2

After the i phase of free evolution, the system meets some neighboring environment

£, initially in the state |5ﬂlit>, and gets immediately entangled according to:

10) — 10) |€5)
1) — 1) |€5),

where [(E}|E)| = n' quantifies the level of decoherence induced by £, i.e. how well
the environment has recorded the system’s state (n° = 1 means no decoherence, n° = 0
perfect decoherence). See Figure .
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Figure 1: Alternating steps of free evolution (f) and decoherence (d)



From now on, we suppose that 7’ = 1 does not depend on i (taken as a mean level of
decoherence), which amounts to assuming that the strength of the interaction is more
or less constant over time. Finally, we also suppose that each environment £ is distinct
from the others and non-entangled at the time it encounters the system.

Recalling that T' = nd, the relevant quantity to compute is the probability p,, that,
at the end of the time interval T', the system is still found in its initial state |0) and
that all the successive environments have recorded 0.

Proposition 2.1. Neglecting all the higher order terms, we can write:

pn21—ZPRWH—1M+%n—%¥+~~+ﬁthﬁ-

2

Proof. The cases n = 1 or 2 are easy to treat. Indeed, the successive iterations go as
follows (f stands for the free evolution and d for the decoherence step):

0) = o) e [0) + ek |1)
5 2 10) [€5) + ek 1) €]) = [w1)
L[ 10)+ k(1) | 1€9) + ek 0) + L 1) | 1)
— 10) |e2e &) + ek &) | + 1) [k |ed) + Lok Jeh) |
10} [ el |€g) + ek €D | 16]) + 1) [kl 1E]) + cLek el | 1eR) = wa).
The (|¥,,))nen seem to live in different Hilbert spaces only because we omit to write all

the environments (£%);>,+1 with which the system is not entangled yet. Consequently,
neglecting all the higher order terms yields:

o p1 = (061 W)[* = |2]? =1 - Vo2
o py = |06 E3|Ws) |
|c_ + 07&67& (50\51>’
= (1= V)2 + 12 (Ve?)? + 20 (L ek (£51e) )
~1-2(1+n)Vs
The last step is not obvious and comes from the following argument. A priori, the quan-

——2
tity §R(00: cg,éc;é (&Leh ) lies in [-nV'6%,nV 82| up to a O (6?), but the coefficients of the
matrix Us are not unrelated. Using the general parametrization of a 2 X2 unitary matrix,

0 0
c. ¢ b
Us = <c;é Ci) can be written (_;% eiﬂpa)' Moreover, for small § (this approxi-

mation may be rough for the case n = 2 but gets better as n increases), Us — 1 hence
det(Us) = €% — 1 and @ — 1. We also expect (£3|&1) to be close to the real number 1

(infinitesimal decoherence). Combining all this, EQC(;Cié (E|1ELY = —e¥a?|b|? (£3|1E1)
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is close to be a real negative number, therefore its real part is approximately the oppo-
site of its modulus.

In general, p, = |<05(:)l e 53|Wn>|2 is the square modulus of a sum of terms of the
form
2o=dh o (&1 - (EGIEL),

« aq *“ay,

where @ = aj...ap and b = by ...b, are words on the alphabets {=,#} and {0,1}
respectively. The word b is entirely deduced from «; ... «a; according to:

bo=0 : b= { bi—1 if a; is = (state preserved)

o bi_1+1 mod 2 if o; is # (state flipped),
with the additional requirement that b, = 0 (system finally measured in state |0})), so
that « actually contains an even number of #. Note that only the indices ¢ such that
b; = 1 contribute non-trivially in the product of brackets, since (£§|E}) = 1.

We now use the fact that |3, z|> = 32, |2n]® + Y i<t 2R(Zxz) for all complex
numbers (23)x. In our case, the leading term is clearly |22-0 |2 = |c2"|? = (1 -V §2)" ~
1 —nV 62, while all the other square moduli are of order 6% or less because they contain
at least two factors ]cl;z'|2 = V62, Furthermore, repeating the above argument, the real
parts can be approximately replaced by their opposite moduli (and this approximation
is better as n gets larger). Therefore, only the cross-products of the form 2%(@ X zg),
where o contains exactly two #, contribute at order §2. The power of 1 that appears
in this cross-product (i.e. the number of non-trivial brackets (£3|£%)) is the number of
indices ¢ such that b; = 1, that is the number of steps elapsed between the two #. For
instance, if the two # happen at the i*" and j** step, the contribution is:

AR(AT™ x 2 el LT T el L gg e )
o o
2|y e (&€ - (& 1ET)]
~ o T 2.
There are obviously n — k words a with exactly two # separated by k steps, corre-

sponding to the n — k possible choices for i, whose contribution is 27V §2. Finally, the
general expression for p,, when neglecting all the higher order terms is:

We can check the consistency of this result on two particular cases:

e if » =1, no decoherence occurs, so we recover the free evolution case during a
time interval né instead of d, i.e. P, = 1 — V(nd)?;

e if n =0, a perfect decoherence means that the environment acts as an ideal mea-
suring device, so we recover the Zeno case recalled in the introduction, that is

pp=1-nVs%~(1-Vs)"



Now, a Zeno effect will freeze the system in the limit of large n if and only if

_ A
pn  — 1, that is (using § = %) if (mlnt(n=2)n7d 4 — 0. After some
n—+o0 n n—+o0

algebra, this expression can be simplified and leads to the following criterion:

nn(l —n) +n(n" —1)
’I’L2(1 — 1’])2 n—-+0o00

Zeno effect < 0

We immediately note that if n € [0, 1] is a constant independent of n, the criterion
is satisfied. This is natural because, as the duration of each free evolution phase goes to
0, a constant (even weak) decoherence is applied infinitely many times, so the system
freezes.

From now on, we will suppose that the level of decoherence depends on n, with

M —+> 1. A global factor n can thus be dropped in the above criterion. Our task
n—-+00o

in the following sections will be (i) to check the criterion on some common classes of
functions 7, (section (ii) to estimate the level of decoherence really encountered in
physical situations (section .

Remark 2.2. How finely should the time interval be divided so that the quadratic

approximation be valid? Let’s forget for a moment that our system is finite dimensional

5:1, starting from the initial state

and consider the Hamiltonian of a free particle

202
— /= ¢ 5% centred around z = 0 and p = 0, and compute:
1) (p) NG p=0, p
- - - 2
Varyy) (H) = 1 | (212 9) = (| P*0)’]
1|t o 2 oo g %2 P
= — e h2 d — _— n2 d
4m2[_oop\/7?he b (_Oopﬁhe P
h4
~ 8m2sl
Hence the quadratic approximation is valid for times shorter than ¢, = ——o =
Var|g) (H)

%. Taking for instance m = 10~%6kg and o = 107'1%m, we get ¢, = 4.10~3s. This
is way shorter than the mean free time of a particle in a gas in standard conditions, which
is of order 1071%. So it seems at first sight that the decoherence steps could in practice
be too separated in time for the quadratic approximation to be valid all along the free
evolution step. However, decoherence doesn’t need any actual interaction to take place
(a ‘null measurement’ is still a measurement [6]). The fact that all the other surrounding
particles do not interact with the particle of interest is still a gain of information for
the environment, which suffices to suppress coherence with other possible histories in
which they would have interacted. In this case, information is continually leaking to
the environment, so it seems legitimate to divide the time interval T as finely as desired
so that the quadratic approximation become valid, and the resulting behaviour is then
determined by the intensity of infinitesimal decoherence only. The philosophy of this
argument is not specific to the infinite dimensional case, and may be applied to our

6



two-level system. It relies, however, on the already mentionned assumption that the
strength of the interaction is more or less constant over time. This will be discussed in

Section §6}

3 Analytic study of the criterion

Whenever (n(1 — 7,))nen admits a limit in Ry = Ry U {400}, the following lemma
allows to check immediately the criterion of the previous Section.

Lemma 3.1. Suppose n(1 —ny) T Q€ R,. Then
n—-+0oo
% ifa=0

”(1—7771)—!—772—1
TL2(1 — nn)2 n——+00

0 ifa=+x

1 e”*—1 .
S+ otherwise.

Proof. Let u, = n(1 —ny,). If u, = +o0, since 7, — 1 is bounded, the result is
n—-+0oo

immediate. If 0 < a < +00, notice that n)' = entn(l-52) e~ %, and rewrite:

n— 00
nt—m) -1 _ 1 -1 1 e®-1
n2(1 —n,)? Un uZ  notoo a?
Finally, if o = 0:
nn = enln(li%) — eiu"l*u%/2n+o(“i/n2)
n
2 3 2 3\72
— uTL un 1 un un 3
2 2
2 n
n(1—nn)+nn—1 _ u%/2+0(u%/n) 1
Consequently, iy = 2z n_>_+>oo ) 0O

Two natural candidates for the level of short-time decoherence are , =1 — % and
nn = 1—ae P for a, B > 0. These cases can be treated by the lemma, and the different
possible situations are summarized in the following table.



Mn Regime lim p,

n—-+0o0
1 Free evolution 1-VT?
Constant € [0, 1] Zeno effect 1
1 — % with 8 €]0,1[ | Zeno effect 1
1— % with 3> 1 | Free evolution 1-VT?
1 -1
1-= Intermediate | 1 — 2(— + 672) VT?
o)
_:> 0 : Zeno effect
j) 1 : free evolution
1—ae P Free evolution 1-VT?

4 Physical considerations concerning 7,

1. As previously remarked, the constant case corresponds either to the absence of
decoherence (n = 1) or to infinite decoherence (n € [0,1[): these are not physi-
cally expected, except in some particular experimental setups (perfectly isolated
systems for the first, experiments specifically designed to probe the Zeno effect
for the second).

2. For now, we have not yet introduced any duration for the decoherence step, which
was considered immediate. Let’s at present assume that the time evolution can be
divided into alternating steps dominated by either the free Hamiltonian, or by the
interaction Hamiltonian. The time of interaction between the system and each
environment &, governed by Hgg: of variance Var(Hggi) = Vi, = Vint (constant
strength of interaction), is still taken proportional to %, say equal to % This
is a new assumption we make: that the time increments of both steps scale as
%, and that the two phases can be considered on an equal footing, means that

the two Hamiltonians are of relatively comparable strength. Then the quadratic

approximation recalled in the introduction can be applied to the whole {system -+

environment}. Thus [(€}|E8)]? = [(0EL |0EH > ~ 1 — Ving (%)2 Since moreover

(€8 |EL) is close to the real number 1 (infinitesimal decoherence), R((EL . |EL)) ~
(EE €D = 1 — 3 Ving (%)2 is quadratic in time, and similarly for R((E%|E1)).
This will also be the case for 1, = [(E4|€1)], because:

V2~ 2(EIEN] ~ \/2 — 2R((EIED) = lll&o) — €D

< Nwie) — 1€ + €5} — 1ED]

— /2 2ROELIEN) + /2 — 2R(EL D)
~ 2 Vvintgv
n

hence 7, = [(EJEN)] = 1 — 2Vint (%)2 is also at least quadratic. Said differently,
because quantum mechanical short time evolutions are always quadratic, and this

8



is true also for the environment’s evolution, infinitesimal steps of decoherence in-

duced on a system by its surrounding environment are likely to be of the form

e =1—-% with 8 2 2. This could constitute a universal reason why the universe

is not frozen by the quantum Zeno effect.

An example of such an interaction is the following. Consider that the system

is a gbit in the state %, and the environment is a particle initially centered

22
around x = 0 with momentum py, that is |¥q,,) = \/17611’0"36_272 € L*(R).
o

The system’s state is recorded in the (|0), |1)) basis due to the interaction Hgg =
vo, ® P so that, after some time d %:

10) [0,p5) — 10} [Wos o)

D 1W0,p0) — [1) [Wv5po) 5

627:}701)(5 _a;2+('u5)2
— | e o2 dz| =
vro Jr

so this interaction induces indeed a short time quadratic decoherence as long as
the increment of time satisfies § < 2.

Here,

Mn = ‘(‘1105:100‘\1/*115400” =

. What if the assumption of comparable strengths of the Hamiltonians fails, for
instance if the free evolution term is negligible compared to the coupling with
the environment? This amounts to taking ¢ or Viyy — +o00, hence to lift the
quadratic approximation for the interaction Hamiltonian. A possibility then is
to consider that |E(t)) and |Ei(t)) follow two independent Brownian motions
starting in |E.,.) on the sphere of all possible states in Hg: during the duration
0 of the decoherence step. If the latter exceeds the typical time of diffusion on
the sphere, we recover the case of a constant n € [0,1[ (infinite decoherence,

case n°l above) with n ~ W as shown in [II]. If it is shorter than the
gL

diffusion time (but still longer than the quadratic regime), |E§(d)) lies in the
vicinity of |€fnit> on the sphere, which is approximately a ball. It is well known
that the typical length of diffusion goes as |||EL ) —[E4(5)) || = D+/$, which implies
[(ELNEE(O))] = /1 — (DVE)2 ~ 1~ %25. If § is still taken o< L, we are now in the
intermediate regime studied above, with 3 = 1 and « o« D?. This corresponds to
situations where the system’s evolution is slowed down because of its monitoring
by the environment. In the limit of strong interaction, the diffusion constant D
will go to infinity and we recover the Zeno effect, whereas a weak interaction tends

to the free evolution case.



5 Comparison with Presilla et al.’s continuous
model

The situation explored by Presilla, Onofrio and Tambini in [9, §IV.] is very similar
to ours — a two-level system undergoing some external monitoring in addition to its
free evolution — but the major difference relies in the continuous nature of the model.
Precisely, they solve the Lindblad’s master equation governing the competition between
the system’s internal evolution in presence of a resonant field (producing Rabi oscil-
lations between levels 1 and 2) and a continuous probing of the occupancy of level 1,
whose intensity can modulated by a factor x(t). The equation, which can in this case
be solved analytically, reads:

PO _ L i1).00)] -~ Lr) [A, [4.00)]].

where A is the monitored observable.

It is interesting to check whether their findings are compatible with our model,
in particular to determine the level of short time decoherence 7 and the parameter
5 that correspond to their situation and see if our conclusions still apply. To do so,
recall that the density matrix of a system entangled ;vith an environment in a state

_ o _ 1] c102 (€2|€1)

W) = c1|1) |€1) + c2]2) |E2) is given by p = (Clc2 (E115) o2 ) Therefore,
although the environment’s evolution is not specified in Presilla et al.’s model, one can

still deduce [(£1]€2)|, and in particular its short-time behaviour corresponding to our 7,
lp12(8)]

p11 (1) (1=p11(t))

for p11(t) and p12(t) given in [9], we can plot n(t) for different values of the parameters.

In Figure [2, we show n(t) for the initial conditions p11(0) = 1, p12(0) = p21(0) = 0,

corresponding to a system starting in the pure state |1), and different values of x (we

have set the Rabi frequency wr = 1, so that we actually plot in units of & and wpt).

Crucially, we see that n(t) has a non-vanishing first derivative in 0 (except in the
extreme case k = 0, where of course no decoherence occurs). When plotting the latter
as a function of s, we observe that 7'(0) = —%. This means that the short-time
decoherence is of the form n(J) ~ 1 — 5£J, which corresponds to the case f = 1 and
a = % in our model (recalling that § = -~ and equating T'= 1 = w;il the characteristic
times of the two models).

Are the two models consistent? According to the table of Section [3] we expect an
intermediate regime between Zeno freezing and free evolution, the system still evolving
but slowed down. This is indeed what happens in Presilla et al.’s model. Importantly,
they conclude that ‘strong Zeno inhibition [k — oo limit| as well as full Rabi oscillations
[ — 0 limit| are two trivial extreme regimes. However, [their model| tells us that
another interesting and unexplored regime exists. It is the regime which occurs when
the measurement coupling is comparable to the critical value. In this case a strong
competition between stimulated transitions and measurement inhibition takes place’.

We can even be more precise and compare quantitatively the slowing down of the

system as a function of a = §. In our model, the quadratic evolution term 1 — VT? is

by computing the quantity: n(t) = . Using the expressions (84) and (85)

10
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Figure 2: Plot of n(t) for different values of

replaced by 1 — 2(% + %)VT 2 so that the time unit is effectively replaced by:

T T
TWTeﬂ': =

—a_ 1 —r/2_1
2<§+7e = 1) 2/ +25—=—

In the continuous model, the proper frequency wg of the system becomes under moni-

toring w%% — ’f—;, so that the time unit is effectively replaced by:

T

T
V-5

Of course, these two correction factors are not equal, but they turn out to coincide
quite well, at least in the small k case. For instance, on the whole range x € [0, 2.5],
they deviate by no more than 5% to each other, as can be seen by plotting the function

T~ Tog =

/1, 5e"%/2_1

x

F:.:z— . For larger k, though, the two models completely disagree at

2
xT
-5

the quantitative level. This may be due to the fact that our model, by considering free
evolution steps of finite time but immediate steps of decoherence, implicitly assumes
some relatively weak coupling with the environment. In particular, it is unable to
account for the critical transition that happens at x = 4.

As a final comment in this section, it is interesting to remember that a continuous
Lindblad’s master equation corresponds to the intermediate regime § = 1. This does
not necessarily affects the argument given in Section [4] to justify that the most typical
physical situation might be 5 2 2. Indeed, although Lindblad’s equation is somehow

11



universal (being the most general equation governing an open quantum system interact-
ing with a Markovian environment), picking a preferred observable Ais not. In reality,
the mutual monitoring between all the subsystems in the universe arise from complex
interactions between a huge number of particles and it far from obvious to determine
which observables are more recorded than the others (this discussion is related to the
famous preferred-basis problem, see [10] for an updated bibliography).

6 Discussion

We have presented a model designed to check whether quantum mechanics indeed
predicts that the universe should evolve. To remain as universal as possible, no specific
form of Hamiltonian was assumed. It allowed to determine the level of decoherence
(induced by a surrounding environment) needed to freeze a two-level quantum system,
arguably the kind of system the most prone to the Zeno effect. We have found that
if, during a time interval %, the environment distinguishes between the two states
according to |(EEH] ~ 1 — <% with 8 > 1, then free evolution wins over decoherence
and the system is not frozen. In the most generic case, because quantum mechanical
short time evolutions are always quadratic (and this is true for the system as well as
for the pair {system + environment}), we find 8 2 2, hence the universe is indeed not
frozen. We have finally made a quantitative comparison with the continuous master
equation model by Presilla, Onofrio and Tambini [9]. The links between the two models
are non-trivial but we have found a good agreement at least in the low coupling regime.

The main weaknesses of the model, leading to possible improvements, are the fol-
lowing.

e Is the discrete setup legitimate? A succession of infinitesimal steps is not neces-
sarily the same as a joint continuous evolution.

e What happens if the coupling with the environment is not supposed roughly con-
stant anymore? Mathematically, this means that the 1’ are not equal, and the
infinitesimal decoherence rate (i.e. the flow of information) at time ¢ could be
modelled in the limit n — 400 as a continuous quantity 1 — dn(¢). It is natural
to ask for the set of such functions which entail a Zeno freezing. Besides, the du-
rations of the steps could also be non-constant (like following a Poisson process,
as done in [5]).

e Assuming the environments £ distinct and non-entangled is a very unphysical
assumption. In some cases, previous entanglement among the environments can
dramatically change the efficiency of decoherence. As an example, take an envi-
ronment composed of two qbits called €' and £? initially maximally entangled;
the system interacts with £! then with £2 via a C-NOT gate:
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1 1 1
—(|0) +11)) ® —=(|00) + |11 — —(]000) + |011) + |110) + |101
0+ 1D)© Z5000) +[11) (1000} +[011) +[110) +[101))
3 grie? (1 0)
ps= 2 1 | : S is perfectly decohered
0 3
1
= 11 111 1
o vah.  3U1000)+ I011) £ 1111 + [100))
1 1
=—(0) +11)) ® —=(]00) + |11)).
\/i(H 1)) \/i(‘ )+ [11))
11
p5:<% %) : coherence has revived
2 2
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