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We reconsider the problem of the spontaneous emission of light by an excited atomic state. We scrutinize the
survival probability of this excited state for very short times, in the so-called Zeno regime, for which we show
that the dynamics is dictated by a coherent, in-phase, response of the on-shell and off-shell vacuum modes. We
also develop a perturbative approach in order to interpolate between different temporal regimes: the Zeno, golden
rule (linear), and Wigner-Weisskopf (exponential) regimes. We compare results obtained with the E -  and A - p
interaction Hamiltonians, using successively the dipole approximation and the exact coupling.
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I. INTRODUCTION

We study the spontaneous emission of light by an atomic
dipole (two-level quantum system) at zero temperature in
which an electronic state is initially excited while all the
electromagnetic modes are taken to be in their vacuum
(zero-photon) state. In the standard treatment of this kind
of problem, one derives the Fermi’s golden rule [1], which
states that the probability that the dipole stays in its excited
state (the so-called survival probability) decreases linearly
with time. At longer times, the standard treatment is the
Wigner-Weisskopf approach [2], in the framework of which
the survival probability is predicted to decrease exponentially.
Itis well known [3], on the other hand, that, under very general
circumstances, the survival probability of a quantum system
decays quadratically, and not linearly, with time at very short
times. This initial quadratic behavior is known as the quantum
Zeno regime.

We investigate in detail the behavior of an atomic dipole in
the Zeno regime. Our calculations predict a small but sudden
decrease of the survival probability, in conjunction with the
emission of off-resonant light. For the 2p — 1 s transition in
atomic hydrogen, within the rotating-wave approximation, we
found that electromagnetic modes with frequency up to a
thousand times larger than that of the atomic transition are
excited.

As we shall show, the transient Zeno regime is dominated
by the collective, in-phase, response of the electromagnetic
field modes. Very quickly, this collective response gets out of
phase (incoherent) so that nonresonant electromagnetic modes
become, in a way, inactive. It is only at this point that the linear
decay of the survival probability arises, as described by the
Fermi’s golden rule. This linear decay is essentially driven by
the resonant modes of the electromagnetic field.

Itis worth noting that spontaneous decay in the Zeno regime
has already been addressed in [4] by Facchi et al. who discuss
in detail the Zeno and anti-Zeno behavior of a spontaneously
decaying atom placed in a high-finesse cavity (the atom-light
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in [5] by Antoniou et al. who perform an analytic perturbation
expansion of the Zeno effect up to power 4 in time.

Our paper is organized as follows. In Sec. II, we summarize
the standard quantum electrodynamical (QED) description of
dipolar decay, including the Fermi’s golden rule. In Sec. III,
we describe a perturbative approach to the problem in which
the outgoing electromagnetic modes are discretized. In this ap-
proach, only nearly resonant (on-shell) modes are considered.
This approach makes it possible to simulate an exponential
decay of the survival probability in full agreement with the
Wigner-Weisskopf (WW) approximation. It also predicts a
Zeno effect which can be considered to be “standard”: for
short times, the parabolic dependence in time of the survival
probability results in a short “plateau” directly followed by
a linear time dependence (Fermi’s golden rule), naturally
merging at longer times into the exponential behavior.

In Secs. IV-VI, we generalize the perturbative approach
of Sec. III by taking account of the response of off-resonant
electromagnetic modes. For very short times, their collective
response results in a nonstandard Zeno effect which is the
essential result of our paper. We first study this effect in the case
for the E - & atom-field coupling (Secs. IV and V), and then
for the A - p coupling (Sec. VI). In both cases, the collective
response of the off-resonant modes induces a small decrease
of the survival probability for short times, followed by the
usual Fermi and Wigner-Weisskopf regimes. The last section
is devoted to open questions and conclusions.

II. BASIC ELEMENTS ON THE DECAY OF A
QUANTUM DIPOLE

A. Hamiltonian of the atom-light interaction

We consider a two-level atom (ground state | g), excited
state | e)) interacting with the electromagnetic field. The atom
sits either in free space or in an ideal metallic cavity. In both
cases, the field can be expanded in terms of normal modes
labeled by an index A. The Hamiltonian reads as

interaction form factor used is Lorentzian in their case) and also H=H,+ Hr + H, (1)
where
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is the atomic Hamiltonian (E, and E, being the energies of
the ground and excited states),

R 1
Ar =Y ho, (a{ax + 5) 3)
A

is the Hamiltonian of the free radiation (a; is the annihilation
operator for photons in the mode A and w, the angular
frequency of these photons). Let us consider for the moment
that the atom-field interaction Hamiltonian reads as
FI,:—&.D(rO), (4)
€0

which is valid in the electric dipole approximation. Here, dis
the atomic dipole operator and D(ry) is the displacement field
at the atom location ry. We shall go beyond this approximation
later, but for the time being we prefer to formulate the
problem at this level of approximation, having in mind that the
techniques that we shall develop in the next sections can easily
be generalized to other choices of interaction Hamiltonians.
Within the two-level atom approximation, the dipole d can be
written as

d=Mdil=Y " [ild|j)jl=)_d;li)jil, &)
iJj ij

where (i, j) € {e,g}* and d;; =i |ﬁ|j). Because of spheri-
cal symmetry, dge = d.. =0 and dg, = dj,. Therefore, the
electric dipole operator can be written

d=dg [g)e| +d’, [e)g] . 6)

Since there are no free charges in the system, the displacement
field is purely transverse everywhere in space (in contrast to
the electric field which is not transverse at ry) and can be
expanded on the transverse modal functions v] as

D(r) _ .~ [, T
?=z; ﬁ[akv{(r)—a;v{ ™ o

if the modal functions are normalized such that
/ vi(r) - v A(r) dr = 8,0 8)

By plugging the expansions (6) and (7) into (4), we can write
the interaction Hamiltonian H; as the sum of two contributions
HIR and HIAR, where

AR =ih) [Gi(ro) af |8)(e] — Gixo) s le)(gl]  (9)
A
contains the rotating interaction terms and
Apf = ihZ[FA(r()) al le)(g| — Ff(ro) &, 1g)(el] (10)
A

contains the counter-rotating interaction terms. The coupling
constants G, (rp) and F)(r() are given by

w

G(rp) = ﬁdgg-vﬁro), (11a)
w

Fi(r) = /Wzo d:, - vI*(xo). (11b)
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The interaction terms appearing in H R (9) are easy to
interpret. The first term corresponds to the creation of a photon
while the atom jumps from its excited to its ground state.
The second term represents the reverse process, that is, photon
absorption.

The interaction Hamiltonian H IAR (10) is sometimes
claimed not to conserve energy [6]. The first term repre-
sents the process of adding one photon to the field while
simultaneously promoting the atom from the ground to the
excited state; the second one represents the reverse process. In
the derivation of the Fermi’s golden rule as well as in the
Wigner-Weisskopf approach, it is common to neglect
the counter-rotating interaction terms H;*F, which is called
the rotating-wave approximation (RWA) [7,8]. As our goal is
ultimately to estimate corrections to the WW predictions, we
shall from now on confine ourselves to the same regime and
thus stick to the rotating-wave approximation. This approx-
imation is particularly justified in studies of the short-time
behavior of the system, because to first order in perturbation
theory, the counter-rotating interaction Hamiltonian (10) does
not contribute, as discussed in the following Sec. I B. On the
other hand, we shall not neglect the emission of off-resonant
photons as is traditionally done.

B. Decay equations within the rotating-wave approximation

We now consider the problem of an atom that is initially in
its excited state | e) and decays to its ground state | g) due to
its coupling to the electromagnetic field. If the field is initially
unpopulated, the quantum state of the system at any time can
be written as

1 () = (1) e nEHEnd | ¢ 0)

+ Y cqa() e mEFOTE 0 15y (12)
s

where | e,0) means that the atom is in the excited state and the
field contains no photons and |g,1,) means that the atom is
in the ground state and the field contains a single photon in
the mode 1. We also wrote E, = hw, and E, = hw,. In the
absence of any interaction (H; = 0), the coefficients ¢, and Cgh.
do not evolve and each term of the superposition oscillates at its
own eigenfrequency. In the so-called weak coupling regime,
the functions ¢, and ¢, , are expected to be slowly varying
in time. The vacuum energy Ey,c = Y, hw,/2 produces a
phase shift oscillating at an infinite angular frequency Ey,./h.
However, this phase shift can be factored out and appears as a
global phase that can be simply ignored.
By injecting (12) in the Schrodinger equation

d /3 ~ A
ihay W) = (Ha+ Hr + Hf) 1y ), (13)

we find the differential equations governing the evolution of
functions ¢, and c, ;. They read as

Colt) = =Y G(xg) coa(t) e (14a)
A

o) = Gi(xp) co(t) ), (14b)
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Up to the RWA, these equations are exact and apply to both
emission in free space and cavity emission. They possess no
known exact solution [1].

We now turn to the validity of the RWA approximation.
We reinstate for a while the counter-rotating (10) part of
the interaction Hamiltonian. It is well-known [1,9] that to
first order, time-dependent perturbation theory gives us the
probability

2 t
e W O) = — (| H;|e,0)| sinc |:(weg —wx)ﬂ (15)
that the state of the system evolves to an arbitrary eigenstate
|@) of the free Hamiltonian ﬁA + I:IR. We introduced the
notation w,y = W, — W,.
It is easily checked from (9), (10), and (12) that

(e,0| H; |e,0) = (16a)
(e,1,, | Hy|e,0) = (16b)
(¢,01H/|e,0) = (16¢)
(8.1, | Hyle,0) = lﬁGxo(l‘o) (16d)

while all quantum states of the system with more than one
photon present are orthogonal to H, |e,0). We see from (16)
that the counter-rotating part of the interaction Hamiltonian
does not contribute to the short-time dynamics of the system.
We emphasize that this is due to our choice of the initial
state where the atom is in its excited state, with the field in
its vacuum state. For different initial states, we see that, as
found elsewhere [10,11], counter-rotating terms must be taken
into account [12]. For our choice of the initial state, though,
the RWA approximation is valid at short times, which are
the focus of our investigations here. Hence, we discard the
counter-rotating interaction Hamiltonian (10) in the rest of our
paper.

Wigner and Weisskopf [2] attempted to solve the decay
equations (14). They analyzed the case of spontaneous emis-
sion in free space using the ansatz

co(t) ~ e (17)

to explain the universally observed exponential decay of the
excited state population. This solution is not an exact solution,
but is widely considered to be a satisfactory approximation at
long times. Using this ansatz, Wigner and Weisskopf found
that I" is well approximated by

. w3g|dge|2

= Deggel 18
37 hepc? (18)

which coincides with the value found by applying the Fermi’s
golden rule, as we now discuss.

C. Fermi’s golden rule from time-independent
perturbation theory

Consider the interaction Hamiltonian H; as a pertur-
bation. The Fermi’s golden rule is usually obtained from
time-dependent perturbation theory but here we show how
time-independent perturbation theory to the first order also
allows to retrieve the Fermi’s golden rule. This original
approach opens the way to a more general time-independent
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perturbative treatment of the problem that will be developed
later. The eigenstates of the free Hamiltonian A A+ H R are
|e,0) and | g, 1, ), with respective eigenenergies E, = hw, and
E; + hw;, = Mw, + ;). Perturbation theory [1] tells us that,
treating H; to first order, these eigenenergies are unmodified.
The normalized perturbed eigenstates are

. G (rp)
ti Z Weo — W),

L8

le,0)) = %ﬁ[w,m |g,1x>}, (19a)

1 . G(ro)
100 = [ A i — ,0], 19b
lg,15) NiA lg.15) lweg—aa'e ) (19b)
where
|G.(ro)|?
2
N, = 1+%. (20b)
Weg — W),

Note that the perturbed eigenstates (19) are orthogonal to
lowest order in the perturbation. Notice that, to lowest order,

we have
| Na G,\(l'o) |
le, 0 (1) —i )( )
|: Z weg — W,

1)

le,0) =

We can thus write the evolution of the system when the atom is
initially excited, with no photon in the field. Using the spectral
theorem for the total Hamiltonian H with its approximate
eigenstates (19) derived from time-independent perturbation
theory, we get

(e,0] e 71" | ¢,0)

e*i(uegt

ol @eg—)t
= — [1+Z|G,\(ro)| P~ wk)z}. (22)

After a bit of algebra, this yields

I{e.0] e—%ﬁ’ le,0)[?
G, (ro)|?
=1l-— N2 Z

2 t
sin o — —| (23
to lowest order. Let us define Pgecay as 1 minus the sur-
i 2
vival probability: Pyecay(f) = 1 — [{e,0] e~ 7" |¢,0)| . In free
space, the sum over free modes is an integral. The substitution
follows the procedure

&k
_Z Z/ @n)’ &4

where x are the two polarizations, V is the initial quantization
volume, and the modal functions are given by

ik-r

Vv

v (r) = vi(k,r) = €0o(K). (25)
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The unit polarization vectors obey [13] the closure relation
2

- , Lk
Z (€lo) el (k) =8 — —. (26)
x=1

With all this in mind, we compute the decay probability

4wi / Pk ldg - €, (K
2heg ‘ 2m)3 %

Pdecay(t) =
=1

sin? [(weg — cKD%]
(a)eg - C|k|)2

2c d’k )
|dg6| -

x |K|

k

d, —
K

" hey ) @n)y

sin? [(weg — c[k])3]

|
(weg - C|k|)2

1* |dge|2 *© 3 .. 9 t
=—— dw @’ sinc” | (weg — W)= |,
6m%ephc’ Jy 2

x |K|

27

where we performed the angular integration by requiring that
the polar angle 6 be zero when K points in the direction of dg..

In the limit of large times, that is, times larger than 1/w,g,
one finds the usual Fermi’s golden rule with the decay rate
[' (18), that is, Pgecay(t) = I't. In this regime, the cardinal
sine in (27) becomes very peaked around the atomic transition
frequency. One can then consider that only frequencies close
to w,g contribute to (27) and rewrite the integral in the latter

equation as
Weg+A 3 5 t
/ dw o’ sinc |:(a)eg — a))z].
Weg—A

Then, making use of

Weg+A t
/ dw @ sinc? |:(weg — w)—]
Weg—A 2

3 +oo . t y 271
~ W, dw sinc (a)eg—a))z =W, —»

t——+400 00 t
(28)

the Fermi’s golden rule is established. This is only valid at
so-called intermediate times, larger than 1/w,,, but smaller
than 1/ T, so that the perturbative approach still makes sense.

Strictly speaking, taking the limit ¢+ — +o0o under the
integral on the right-hand side of (27), as is usually done
to obtain the Fermi’s golden rule, is not rigorous since that
integral diverges (for all times). For instance, for sufficiently
small times, the cardinal sine in (27) can be taken to be equal
to 1, and hence the integral behaves like f0+°° dww® = +00.
To accommodate this, we introduce a cutoff on frequencies.
A crude but natural [14] cutoff frequency is the one corre-
sponding to the size of the atomic dipole we considered:
K¢ = 2em/|dg.| with e the elementary charge. Note that in
a recent treatment of a similar problem [15], the Compton
frequency was used as a cutoff. We shall see later that when
one goes beyond the dipole approximation, a natural cutoff
appears from the computations and need not be implemented
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artificially (it is of the same order of magnitude as K¢). We
then have, for very small times,

2 2 K
17|dg,| fe 3
6772enFc3 dow
6m2ephc’ Jy

_ c
T 24m2e0h

Pdecay(t) =
ldg.|* K¢ 12 (29)

A parabolic Zeno behavior is thusly obtained. To connect this
initial behavior with that, at longer times, predicted by the
Fermi’s golden rule and the Wigner-Weisskopf approximation,
we make appeal to numerical calculations. As a prerequisite,
we now investigate how results from Wigner and Weisskopf
are retrieved, in a discretized approach in which the two-level
atom is coupled with a finite number of quasiresonant modes
of the electromagnetic field.

III. EXPONENTIAL DECAY FOR A TWO-LEVEL ATOM
COUPLED WITH QUASIRESONANT FIELD MODES

A. A discrete approach to spontaneous emission

Instead of a continuum of field modes, we will now
consider a finite amount thereof. We will thus pass from a
continuous regime where Fermi’s golden rule can be applied
to a discrete regime where the sum in (12) is both discrete
and finite. The Hilbert space is accordingly assumed to be
finite dimensional, which opens the way to a considerably
simplified numerical treatment based on matrix equations.
With this discretization, our treatment becomes similar to that
of Swain [16,17], who performed the first numerical study
of spontaneous emission. Contrarily to Swain, though, we
only regard the electromagnetic modes as discrete for the
sake of practicality, and we shall endeavor to construct our
discrete ensemble of modes so that it reproduces the behavior
of the continuous infinity of free-space modes as faithfully as
possible.

The problem that we face is twofold: for each energy there
is a continuous infinity of field modes which corresponds to all
possible spatial directions of emission of a photon; moreover
we must consider a range of energies running from 0 to icK¢.
Usually, only resonant (on-shell) photons are considered, and
the multiplicity of outgoing photonic modes is hidden in the
density of states (DOS) formulation of the Fermi’s golden
rule [1]. We shall adopt here another strategy, in which we
integrate over the continuum of spatial directions of emission
(and over various polarizations) without resorting to any kind
of approximation.

In order to explain the principle of our method, let us first
consider a situation in which two electromagnetic modes of
equal energy only are present. The total (interaction + free)
and free Hamiltonians then read as

[ hwy  —ihGt  —ihG
H=|ihG,  ho 0 |,
ihG» 0 ho
- (30)
hwo 0 0
Hy= |0 ho 0
0 0 hw

023825-4



FERMI's GOLDEN RULE BEYOND THE ZENO REGIME

The corresponding Schrodinger equation is

xo(t) xo(?) —Gix1(t) — Gix(t)
iﬁd— x1(t) | = Ho| x1(¢) | + ih G1xo(t)
"o x(1) Gaxo(t)
(€2
Let us now define the states |A) and | B) through
; 0
4) = ——=———|G1 |, (32)
VIGIIF +1G2)” | G,
; 0
|By = ——— | G5 |. (33)

2
VIG112+ G2 |? -G}

In the new orthonormal basis spanned by the states (1 00)7,| A)
and | B), the Schrodinger equation now reads as

xo(1) Ger xA (1) + wo xo(t)
iE x4(t) | = | Gerxo(t) +wxa(@) |, (34)
xp(1) w xp(t)

where we introduced the effective coupling constant Geg =

|G1]* + |G, |%. Obviously, the interaction only involves the
state |A), while the orthogonal state | B) ignores the coupling
with the “excited-atom” state (1 0 0)7. This is still true even
if an arbitrary number of modes (say N) are coupled to the
excited state: the states orthogonal to

0
1 G
|A) = G, (35)
VIGIE+ G2+ -+ GyI?| ...
Gy

are not coupled to the excited state in the case where we
consider modes with a same energy w. We are thus free
to replace the whole set of modes by an effective state |A)
characterized by an effective coupling constant which obeys

Geit = V|G +1Ga2 + -+ |Gn2, (36)

that can be considered equivalent to the summation rule of the
I" factors over various decay channels which is traditionally
used in the context of the Fermi’s golden rule in QED and
particle physics as well. However, in order to numerically
integrate over slices of various energies, we have to discretize
the energy, in order to implement an approximation scheme
that we can tackle numerically.

Making use of Eqgs. (9), (11), (24), and (36), it is easy to
check that a slice of energy comprised between hck; and
hck,y is characterized by an effective coupling constant
equal to

2 2 T
G = Z/o d¢/0 4o sin6
x=1

l—

bt k2 dk
—— |G, (k,r)* | .
=X 1‘0)|] G37)

78

As shown in Appendix 2a where the effective Hamiltonian
is rewritten in terms of (averaged) ladder operators, if we
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successively perform the integration over the angles and over
energies, we find

1 | he
) f
Ger = 5 670|dge|(kf+1 — k). (38)

We also fixed (see Appendix 2a) the energy of the effective
mode assigned to an energy slice by imposing that it be equal
to the average energy over the slice, weighted by the DOS.
This yields, for an energy slice bounded by k; and ki,
the effective energy wl = (4/5)hc(kd,, — k)/(k},, — kD).
From now on, we drop the . subscripts from these quantities.
The Hamiltonian of the system is as before of the form

[D1H = hwle,0)(e,01 + Y hwslg, 1) (g, 1,
A

+ih ) [G(xo)lg, 1;)(e,0l — G3(xo)le,0)(g, 111,
A

(SIE

(39)

excepted that here again summations run over a finite
amount of modes. We describe the dynamics of this system
by solving the Schrodinger equation

. d
Hly (1) = lﬁEIW(I)% (40)
which can be set in matrix form as
ce(t) —iwy  —G*(w1) ~G*(wn,)
d | 1) G(w1) —liw;
P72 IR R 0
Cg,Ncb(t) G(chb) 0 _incb
ce(t)
Cg,l(t)
X ) 41
Cg,NCb(t)

The eigenvalues (=k;) and eigenvectors (=|«;)) of H are
estimated numerically and thereafter are used to solve for c,(¢)
and c, ;(1):

(1)
Cg,l(t) N+l .
=Y ajleer, 42)
. A=1
Cgchb(t)

To describe a situation in which the atom is initially excited,
in a zero-temperature environment, we consider the initial
conditions

clt =0)=1, cg,(t=0)=0. (43)

B. Numerical results

We now consider N, electromagnetic modes forming a
frequency comb around w,,. The frequency spacing between
two successive modes is taken to be much smaller than w,,.
If one wants to generate the dynamics of the Fermi regime,
one must make sure that the total frequency range Aw of these
electromagnetic field modes satisfies

AwZ T (44)
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log A0 |2
0.007 +
-------- 1 st mode
o006+ ;N ._._. = 25th mode
ek 50 th mode
75 th mode
0.004 + 100 th mode
0.003 +
0.002 4 =
»,’

0.001 s

,

-

3/(41) 1yr

FIG. 1. (Color online) Plot of |cm(t)|2 for various modes for
a system with N, = 100 resonant modes with frequencies within
Aw = 16T of w,,. Note that at short times the behavior is quadratic
for all modes: this reflects the initial, coherent response of the
electromagnetic vacuum.

with T" given by (18), which can be seen as a manifestation of
the time-energy uncertainty AEAt > h/2.

If Aw is taken to be much smaller than advised by (44), then
some modes which are significantly excited by their interaction
with the atom are wrongly ignored. If Aw is taken to be much
larger, then off-resonant modes are needlessly included in the
treatment [18]. One can indeed distinguish the “active” from
the “inactive” modes by looking at the |cg,)\(t)|2 curves of
Fig. 1.

In practice, we varied the comb width Aw in order to
look for the change in behavior when Aw approached a
value close to I'. As to the probability amplitudes |cg,k(t)|2
of the field modes, one would expect from the expression for
|cg, L)% [see (27)] to see a quadratic curve at short times.
Notice that this initial behavior should be entirely independent
of frequency. These expectations are nicely met in Fig. 1.
Figure 2 shows how one gets closer to the Fermi regime,
which constitutes the beginning of the exponential decay,
by widening the electromagnetic frequency comb. If, on the
other hand, the frequency comb is very narrow the resulting
dynamics shows [18] an oscillatory behavior in accordance

L o N [ Aw=25T
----- = Aw=2T
\
061 \ Aw=16T

Exponential decay

0.4+

0.2

-

t t t f time
1T 2/ 3r 4/r

FIG. 2. (Color online) Transition towards exponential decay by
fulfilling better and better the condition Aw Z T.
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LETON

TRV AR T A
T

} time
2.5/ 5/T 7.5T 10/

FIG. 3. (Color online) Decay of the survival probability |c,(¢)|?
for calculations with Ny, = 20 (dotted blue line), Ny, = 40 (dotted-
dashed red line), and N, = 100 (dashed green line) against the
theoretical expected behavior exp (—I'¢) (solid black line). The curves
for N = 20, 40, and 100 are virtually indistinguishable fort < 2.5/
(remember 1/T = 1.60 x 1077 s).

with the narrow form-factor limit considered in [19], where
the situation studied is that of an atom emitting light in a
high-finesse cavity. In the narrow form-factor limit, this is a
good model for the cavity QED experiments carried out by
Haroche and his collaborators [20].

We used, for our numerical calculations, the experimental
values for the 2p — 1 s transition in atomic hydrogen, namely,
weg = 1.55 x 10 571 |dg,| = 6.31 x 107° Cm,and 1/T =
1.60 x 1072 s [21]. The mode discretization described above
and in the Appendix is quite robust in terms of its dependence
on N, as illustrated by Fig. 3, where we compared the survival
probability |c.(t)|> found from numerical calculations to the
standard result of Wigner-Weisskopf perturbation theory.

The survival probability displays a “revival” due to the
discretization of the outgoing modes, which results in a
finite recurrence time f..c,,. However, a number of N, = 100
quasiresonant modes are enough to send this recurrence time
to around 10/ T (see Fig. 3), which is more than enough
for what we want to study here. Even with N, = 20, the
discrepancy with the WW theory in the region of interest
(say, 0 <t <2.5/T ~4x107%5s) is not noticeable. Note
that the condition for the “weak coupling limit” I'" < w,,
is de facto met for the system we considered. We can also
detect on Fig. 2 (see curve with Aw = 16 I') the initial
Zeno regime after which the curve indeed approximates the
Wigner-Weisskopf exponential. We shall consider later the
role played by high-frequency, off-resonant modes in the Zeno
zone.

Our results agree with the Fermi’s golden rule in the interval
we’gl < t < I" butalso with the Wigner-Weisskopf perturbation
theory for longer times. For N, = 100 quasiresonant modes,
we plotted in Figs. 4 and 5 the time evolution of Ic,(),,k(t)l2
for two modes, one rather close to the resonant transition
frequency (Fig. 4), and the other one extremely close to
resonance (Fig. 5). Wigner-Weisskopf theory predicts [9]

e*i(wggfw)‘)teff‘tﬂ -1

Co(t) = e Gi(xo) o — o £ iT)2
L T Weg

. (45)
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ICga(1) |2
0.00035 T 100 th mode
” -------- WW theory
0.00083 1 WW limit
0.00025 A
o.0002f ITTFIM |
0.00015 1 l “ “ N
; : + time
2.5/ 5/ 7.5IT

FIG. 4. (Color online) Evolution, for a system with N, = 100
quasiresonant modes of the field, of the probability that the 100th
mode of the field is occupied (solid red line), plotted against the
expected Wigner-Weisskopf behavior (45) (dotted blue line) and the
asymptotic limit (46) of the latter expression (dashed black line).

which tends to

|G.(ro)|?
(w5, — weg)z + (1—‘/2)2

|2 I't—+o0

g (2) (46)

as t — +oo. These expectations are nicely met too in Figs. 4
and 5 where the asymptotic limits (46) are explicitly drawn.

We investigate in several steps the influence of off-resonant
electromagnetic modes on the decay of the survival probability.
First (Sec. IV), we use the E - % interaction Hamiltonian in the
dipole approximation of Sec. II A and discard all frequencies
above the cutoff frequency c K¢ of Sec. Il C, while in Sec. V we
make use of the exact matrix elements for the E - % interaction
Hamiltonian.

Then (Sec. VI), we repeat the same process with the A.
p interaction Hamiltonian. In Sec. VI A, we use the dipole-
approximated coupling derived similarly to that of Sec. Il A
and discard all frequencies above the cutoff frequency cK¢ of

leg a(t) |2

012+

............
----------
------

0.1+

0.08 + 7/

50 th mode
0.06 +

........ WW theory
————— WW limit

0.04 +
0.02 +

2.5/ 5T 7.5T

time

FIG. 5. (Color online) Evolution, for a system with N, = 100
quasiresonant modes of the field, of the probability that the (very
resonant) 50th mode of the field is occupied (solid red line), plotted
against the expected Wigner-Weisskopf behavior (45) (dotted blue
line) and the asymptotic limit (46) of the latter expression (dashed
black line).

PHYSICAL REVIEW A 92, 023825 (2015)

Sec. II C, while ir} Sec. VIB we make use of the exact matrix
elements for the A - p interaction Hamiltonian found in [22].

IV. E - £ COUPLING IN THE DIPOLE APPROXIMATION

We focus here on the dipole approximation. Remember
that the integral (27) diverges at all times, which requires us
to introduce a cutoff frequency, as was done in Sec. II C. If we
follow this prescription, the integral (27) becomes

t2|dge|2 cKc¢ . t
m/(; dw w’ sinc (weg—a))i .

(47)

Pdecay(t) =

This expression of the decay probability is compared with
the result of the usual Wigner-Weisskopf approximation on
Fig. 6. One notices, at very short times (the so-called Zeno
regime), a strong drop during the quadratic decay of the
truncated cardinal sine integral (47). At longer times, the inte-
gral (47) follows the linear decay predicted by Fermi’s golden
rule, with an offset, and fails to reproduce the predictions of
the Wigner-Weisskopf approximation beyond ¢ > 1/T", which
is expected from this first-order approach. As we shall show,
this discrepancy can be suppressed by going beyond first-order
perturbation theory to describe quasiresonant electromagnetic
modes.

Our goal here is to connect the two regimes (Zeno for short
times and WW for long times) observed on Fig. 6. For interme-
diate times, where the Fermi’s golden rule is valid, we know
that first-order perturbation prevails. Besides, it is notoriously
known that perturbation theory is not accurate when we con-
sider nonperturbed states with very close energies. In order to
develop a perturbative approach, we treated the quasiresonant
modes first by diagonalizing the Hamiltonian as done in
Sec. III, before incorporating the off-resonant modes of the
electromagnetic field through time-independent perturbation
theory. Let us denote by Hy the Hamiltonian which describes

1/wc 1/weg 1/
i i }
S P - +
N
\
\
\\
0.8 + \ T
1
)

o \
=06 Card. sine int. ‘\ T
& 1
- m——— WW theory 1

1
1
04+ \ -
1
1
0.2+ -+
10719 10713 107"
time(s)

FIG. 6. (Color online) Linear-log plot of the survival probability
lco()]? from Wigner-Weisskopf theory (dashed black line) and
the truncated cardinal sine integral (47) (dotted orange line) with
le.())?=1— Piecay(t). The two main time regimes (strong emission
at very short times and exponential decay later) can be visualized
on this single graphic. Remember 1/wc = 2.09 x 10720 s, 1/w,, =
6.45x 10775, 1/T =1.60 x 107 s.
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the atom, the field, and the interaction between the atom
and the quasiresonant modes of the electromagnetic field,
and I:Ihigh the Hamiltonian which describes the interaction
between the atom and the other (off-resonant) modes. Namely,

R Neb+Nott shell
Hy = lioggle,0)(e.0+ D haylg,1:)(g. 1]
r=1
Ncb
+ih Y [G(ro)lg, 1;){e,0 — G (xo)le,0)(g, 1,]]
r=1
(48a)
and
A Neb+ Nott shell
Hygn =ih > [Gi(ro)lg.1:)(e.0]
A=Nep+1
—G}(xo)le,0)(g. 1,11, (48b)

where N, is, as previously, the number of quasiresonant
modes and Nogr shenr 18 the number of off-resonant modes. The
effective frequencies w; and couplings G, (rg) are defined
in Appendix 2a. We wrote |g,1;) = |g) ® |1,) where |g) is
the atomic ground state while the single-photon—single-mode
states |1, ) are obtained by the action of the creation operators

(a av&)T (A9) on the electromagnetic vacuum |0). Now, assume

that we diagonalized Hy. Since the off-resonant modes are
uncoupled, the spectral decomposition of Hj reads as

Nep . Neb~+Noft shell
Ho=) hol, 1Y) (Wil + Y hoylg1:)(g.15]
i=0 A=Nep+1
(49a)
with
Neo
[¥:) =€) |e.0) + Zek 8. 1L) =) €l [A),  (49b)
A=0
where we introduced the new notations |e,0) = |0) and

|g,1,) = |A). Itis useful to notice that (49b) can be inverted by
Ncb X
) =" (e) 1)) (50)
A=0

The ei coefficients in (49b) were obtained numerically
in the previous Sec. III by diagonalizing the matrix (30).
Expanding the relations (A[¢) =6, and (Yy|V;) =k
yields, respectively, the useful relations

Neo . .

Z (Gi)*éé = 8i»
i=0

Ncb X

D () el =

A=0

(51a)

(51b)

PHYSICAL REVIEW A 92, 023825 (2015)

Treating I:Ihigh to first order in perturbation we get the
normalized perturbed eigenstates

i Neb~+Noft shell
1 . G,.(rp)
i)V = —=| 1¥) + i€ ———1g.12) |,
VNi i /\:%.;Jrl (wO - w*)
(52a)
.l . Gi(rp)
g, 1,00 = —||g.1,) +i—2——1e,0) (52b)
g v Nk L g (a)eg - (1))\)
with
Nep+Noff shell 2
, G
No=1+]el > 1Grol” S (53)
)\:Ncb (0)6 - Cl))\)
G 2
N, =1+ % (53b)
Weg — Wy,

Note that to first order in G, (ro)/[(we, — )], these perturbed
states are orthogonal. This means that, still to first order in
these parameters, the perturbed spectral decomposition of H =
I:IO + I:Ihigh and the corresponding evolution operator are valid.

The initially excited state |@(t = 0)) =|e,0) can be ex-
panded over the perturbed eigenstates, making use of (51)
and (52):

lp(t =0)) =

[Z\F@O) i)

Neb+Noft shell

=Y VR

A= N1 ( eg y,)

Neb+Noft shell 2
1 G,(r
_ |:1 T Z | A( 0) |

VN A=Nep-+1 (a)eg_—w)»)z] le.0) (54)

and thus

Neb+Nott shell 2
G, (r
N1+ Y JDEE (55)

_ 2
A=Nep+1 (weg w)»)

Then, we can compute the survival probability at time 7. For
that we let the evolution operator U (¢) acton | p(¢ = 0)), which
yields

lp(t)) = [Zf TeTebt )
Neb~+Noft shell
. G,(ro) _;,
—i Y VN g )|
A=Ngp+1 Weg — W),

(56)
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1/wc 1/weg 1/
i i }
1 = S =
0.8+ A4
N_
= 06 Numerics T
3«: Card. sine int.
————— WW theory
0.4+ -+
0.2+ A4
10719 10713 107"
time(s)

FIG. 7. (Color online) Decay of the survival probability lc. (1)
with the dipole-approximated E - & coupling from numerical calcula-
tions (solid blue line), Wigner-Weisskopf theory (dashed black line),
and the truncated cardinal sine integral (47) (dotted orange line) with
le.(D))?=1— Pyecay(t). The logarithmic scale for time is used so
that the two main time regimes (strong emission at very short times
and exponential decay later), as well as the transition between them,
can be visualized on this single graphic. Quasiresonant modes are
discretized with Ny, = 100 and off-resonant modes are discretized
with Norshen = 100. Remember 1/wc = 2.09 x 10720 s, 1/w,, =
6.45 x 1077 s,and 1/T = 1.60 x 107°
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The survival probability is then deduced with the help of (52):
Par(1) = {e.09(0)?

Neb+Nott shell

EOMTIEETES

A=Ng+1

(LD

(weg wx)z

(57

To compute this quantity, we resort to numerical calculations.
The main goal here is to link the initial behavior of the survival
probability as given by the cardinal sine integral (27) to the
experimentally observed exponential decay at large times. The
expression (57) of the survival probability is compared in Fig. 7
with the usual Wigner-Weisskopf exponential exp (—I't) and
the truncated cardinal sine integral (47).

We see on Fig. 7 that our method allows the numerical
results to espouse, at short times, the predictions of first-order
perturbation theory, and, at large times, the usual Wigner-
Weisskopf exponential. As we shall show in the next Sec. V,
however, the fast drop at short times seen in Figs. 6 and 7 is
not physical.

V. EXACT E - 8 COUPLING
A. Results

When going beyond the dipole approximation, one can
derive a more exact expression for the matrix element:

3 1 arctan (Z)’—;)

e W)

1
G,.(ro) = e T

+ ()T

42 +— (58)
2L+ W

with natural cutoff frequency wy = (3¢)/(2ap), a result which, as far as we know, is original. This is done in the next Sec. V B.
This time, first-order perturbation theory yields the following cardinal sine integral:

2

o Pdg ) [T 3 . 2 t 1 3 1 arctan(wx)
Paosl) = 5 | e’ sne0s ~ 05 e e e |

The same perturbation method as that exposed in the previous
Sec. IV is used. The frequencies w; and couplings G, (ry) are
defined in Appendix 2b. Results with this coupling are shown
in Fig. 8.

As noted above, the fast drop in the survival probability
is an artifact of the truncated dipole approximation. Note that
our perturbation method again gives precise results at short,
intermediate, and long times (see Fig. 8).

B. Derivation of the interaction matrix element

We now prove (58). In the Power-Zienau-Woolley picture of
quantum electrodynamics, the interaction Hamiltonian reads
as [23]

N 1 N .
H; = —fde(x) - TI(x). (60)
€0
The electric polarization field reads as, in the case of atomic
hydrogen,

1
P(x) = —ef'/ du 8(x — ut), (61)
0

(

where t is the electron position operator and e the elementary
electric charge (charge of a proton), and the canonically
conjugate momentum to the vector potential is given by

2

. A’k /ﬁ k

H(X)=IE f(z )3 C| |[a(%)(k)€lkr€(,()(k) HC]
x=1

(62)

Finally, the interaction Hamiltonian can be cast in the follow-
ing form:

d3k
’_le\/zeoc Z_/(2 )

. 2 ik - £)
X a(x)(k)f(x)(k)z FEST Hec.|. (63)
n=0 .

To compute the matrix element of this interaction Hamiltonian
between the 1 s and 2p levels, the hard part is to compute
(I s|(ik - #)"t|2p m,y) where m; is the magnetic quantum
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1wy 1/ weg 1/r
i } i
1+ = S ECEE L LT L =, T
0.8 + T
N_
= 06 Numerics T
3‘“ Card. sine int.
————— WW theory

0.4+ +
0.2+ T

1072° 10721 10717 10713 107°

time(s)

FIG. 8. (Color online) Decay of the survival probability lc. (1)
with the exact E - & coupling from numerical calculations (solid blue
line), Wigner-Weisskopf theory (dashed black line), and the cardinal
sine integral (59) (dotted orange line) with le. () =1— Piccay ().
At long times, numerical calculations are indistinguishable from
Wigner-Weisskopf decay. A logarithmic scale for time is used.
Quasiresonant modes are discretized with Ny, = 100 and off-resonant
modes are discretized with Nyggpen = 100. Remember 1/wx =
1.18 x 107" s, 1/w,, = 6.45 x 1077 s,and 1/T" = 1.60 x 1077 s.
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number for the 2p sublevel considered. We follow the first
steps given in [22] for the derivation of the corresponding
interaction matrix element in the A - p coupling.

Remember the expressions for the wave functions of the 1 s
and 2p m; sublevels:

x|
exp (— &)
Y1s(X) = ———, (64a)
Jrag
x|
exp (= 2,) V2
Vopms() = ———2=2"x £, (64D)
8/ma;
The &,,, are given by
& =e, (65a)
e, Tie
En=F =, (65b)

V2

The three states (64b) span the 2p subspace for the electron,
such that any state on the 2p sublevel is a linear superposition
of these three states. Choosing a coordinate system for which
k/|K| is the third basis vector, we compute

(1s(ik - )"#2p ma) = / dx(ik - X)"X Y] (X)Y2p my (%)
n 2w e
f(l|k|) / / df sinf cos” 9/ dx exp (‘%%)xn (x- &) x. (66)

In our basis where k/|K| is the third basis vector, we have

(x . sz) X = (Sr(nlz) sin @ cos ¢ + 5,(,,22) sin @ sin ¢ + 5,(,132) cos 9) x|?

0

sin 6 cos ¢
sinf sing |. 67)
cosf

The E,Sf; stand for the components of &,,, in that basis. After carrying out the easy integrations over ¢ and changing variables

(n = cos ), we get

(Is|(ik-B)'E|2p my)

INGLDE /ld
4\/§a3 —1

ED (1 —n?)
£2 (1 -
2%-(3)

+o00 3
) | " / dx x*" exp (——i>. (68)
0 2a9

Since, according to (63), the dot product of (68) with the polarization vectors €,)(K) is to be taken, its component along k/ k|
can be discarded [24]. One can thus simply compute the scalar quantity

(1s|Gk - £)"¢)2p m
44/2ag

1 + (_1)11
(14+n)(3B+n)

BEW;i 4(| D"

. n 1 +00
gy = D e ®) / dn( — " / dx £+ exp (—§ﬁ>
—1 0

2610

3 —(n+5)

Then, we compute the sum over all values of n, according to the expression found in (63):

o Eny fm(k)( ) L1y (i)_"w
IZ( T PP =T ey Z('k') A+mG+m\2a) @+ D!
_ 2 2 o (D +2)
—2«fz<§> aosmz-e@)(k);(ykmo) T (70)
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It then comes in handy to notice that

n+Dn+2) 1
Qn+1) 2

to rewrite (70) as

. (k- )" 2\°
(Is| ) ———12pmy) = ﬁ(—) ao &, 'G(x)(k){
; (n+ 1! 3

Using (63) and the following relations [21]

dge (A7) ¥§m2 , (733)
3h 1

eg ) (73b)
8 m, af

we then retrieve (58).

VI. A -p COUPLING

A. Dipole approximation

In the dipole approximation, the matrix element of the
interaction Hamiltonian A - p is [22]

We
G(rg) = -

A/ 2h€()a))\

This time, first-order perturbation theory yields the following
cardinal sine integral:

dge : VZ:*(I‘O) (74)

2 2
Pldgel” 5
Fieen ) = Grreohes s

cK¢ t
X / dw w sinc? [(a)gg — w)i] (75)
0

The same perturbation method as that exposed in Sec. IV is
used. The frequencies w; and couplings G, (r() are defined in
Appendix 2c. Results with this coupling are shown in Figs. 9
(short times) and 10 (long times). A comparison of Figs. 9
and 7 shows that, even in the dipole approximation, the Zeno
effect obtained is very much reduced in the A - p coupling
compared to what it is in the E-x coupling.

B. Exact A - p coupling

When going beyond the dipole approximation, one can
derive a more exact expression for the matrix element,
namely [22],

W, *
G(rg) = £ dg, - v} *(ro) (76)

1
V2heow;, [1+ (ﬂ)z]z
wx
with natural cutoff frequency wyx = (3c)/(2ap). A mode
discretization is similar to that used in Sec. IV, and the
important results given in Appendix 2d. This time, first-

PHYSICAL REVIEW A 92, 023825 (2015)

3 1
[(n+1>+5(1+2n—+1>] 1)

(O]

272 + _|: 1 2
[1+ Gaolk)]" 2L 1+ (Faolk])

n arctan (§a0|k|) ] }

p
sa0lK|

(72)

(

order perturbation theory yields the following cardinal sine
integral:

P (t) = t2|dge|2 2 /ood w
decay - 67T26()h6'3 Weg o @ [1 + (£)2]4
wx

x sinc? [(a)eg — a))%] a7

The same perturbation method as that exposed in Sec. IV is
used, with the following modifications. The frequencies w;
and couplings G, (ry) are defined in Appendix 2d. Results
with this coupling are shown in Figs. 11 (short times) and 12
(long times). Figures 8—12 show that the strong decay of the
survival probability observed on Fig. 7 for very short times
is an incorrect prediction. This highlights the fact that, if the
dipole approximation is to be used at all, this should be done
with much care. Note that for short times our perturbative
approach fits the analytical results derived in [4], by a
“tour de force” which allowed the authors of [4] to estimate
departures from exponential decay for short but also very long
times in an exact fashion.

It is worth noting that while Facchi and Pascazio consid-
ered [4] the ratio between the Zeno time 77 and the lifetime g

1we
1
1+ T ——— ==
1-2x1078 + T
Q..
] "'x
= 1-4x1078 - -
s \\J
2 Numerics
1-6x1078 T
Card. sine int.
1-8x1 0_8 < m——— WW theory 1
fio- 20 1o 18 o8
time(s)

FIG. 9. (Color online) Decay of the survival probability le.())?
with the dipole-approximated A - p coupling from numerical calcula-
tions (solid blue line), Wigner-Weisskopf theory (dashed black line),
and the truncated cardinal sine integral (75) (dotted orange line)
with |e,()> =1 — Pyecay(t). A logarithmic scale for time is used.
Quasiresonant modes are discretized with N, = 100 and off-resonant
modes are discretized with Nyggpen = 100. Remember 1/wc =
2.09 x 1072 s, 1/w,e = 6.45 x 1077 s,and 1/T" = 1.60 x 1077 s.
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1/wc 1/weg 1/
i i 1
14+ P e S S OO o4
0.8 + 1
N_
= 0.6 + Numerics T
3«: Card. sine int.
————— WW theory
0.4+ T
0.2+ 4
10719 10715 10-11
time(s)

FIG. 10. (Color online) Decay of the survival probability lc. (1)
with the dipole-approximated A - p coupling from numerical calcula-
tions (solid blue line), Wigner-Weisskopf theory (dashed black line),
and the truncated cardinal sine integral (75) (dotted orange line)
with |cg(t)|2 =1 — Pyecay(t). At long times, numerical calculations
are indistinguishable from Wigner-Weisskopf decay. A logarithmic
scale for time is used. Quasiresonant modes are discretized with
Ng = 100 and off-resonant modes are discretized with Ny gpen =
100. Remember 1/wc =2.09 x 10725, 1/w,, = 6.45 x 1077 s,
and 1/T =1.60 x 10~ s.

of the excited level, where Py, (t) No 1—(/ ‘L’Z)2 and tp =
t—

1/ T, as the relevant parameter concerning the experimental
observability of the Zeno region, we argue that the relevant
ratio is that between the “cutoff time” 7y and the Zeno time
77. The cutoff time is simply defined as tx = 1/wx with wy
the cutoff frequency of the atom-field interaction. Indeed, the
response of the electromagnetic modes is no longer coherent
after a time of order tx (as can be seen for instance on Fig. 6

1wy 1 weg
'l 'l
1 e -
. “\\
’.. \\
-8 | “ 1
1-2x10 \ 8
. N
Y N\
= 1-4x1078 ¢ \ \ T
o
£ Numerics
1-6x1078 \ T
Card. sine int. \‘
1-8x1 0_8 T fm——— WW theory
\
\
: Ll
10720 10719 40718 40717 10716
time(s)

FIG. 11. (Color online) Decay of the survival probability lc. (1)
with the exact A - p coupling from numerical calculations (solid blue
line), Wigner-Weisskopf theory (dashed black line), and the cardinal
sine integral (77) (dotted orange line) with le. ()] =1— Piccay ().
Numerical calculations are indistinguishable from (77). A logarithmic
scale for time is used. Quasiresonant modes are discretized with
Ng = 100 and off-resonant modes are discretized with Nyt ghen =
100. Remember 1/wx = 1.18 x 107 s, 1/w,, = 6.45 x 10717 s,
and 1/T = 1.60 x 107 s.
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1wy 1/ weg 1
} i }
et e o4
0.8 + A4
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FIG. 12. (Color online) Decay of the survival probability lc.(1)]?
with the exact A - p coupling from numerical calculations (solid blue
line), Wigner-Weisskopf theory (dashed black line), and the cardinal
sine integral (77) (dotted orange line) with le. (> =1— Piccay().
At long times, numerical calculations are indistinguishable from
Wigner-Weisskopf decay. A logarithmic scale for time is used.
Quasiresonant modes are discretized with Ny, = 100 and off-resonant
modes are discretized with Nyggen = 100. Remember 1/wx =
1.18 x 1077 s, 1/w,e = 6.45 x 1077 s,and 1/T" = 1.60 x 1077 s.

where the cutoff frequency is w¢). This means that after 7y,
one exits the Zeno regime in which the survival probability
decays quadratically. With this in mind, we take an interest
in the scaling properties of the ratio 7y /tz. For hydrogenlike
atoms with Z protons, the Zeno time scales, as noted in [4],
like Z~2. For such systems, since the Bohr radius scales like
Z~ ! the cutoff frequency scales like Z, and the cutoff time
like Z~!, so that the ratio Ty /tz scales like Z, while Facchi
and Pascasio’s parameter (tz/7r) scales like Z2. There is a
general method to obtain the Zeno time 7z: in the Taylor
series of the survival probability around ¢ = 0, the coefficient,
which, up a factor, is [22] the expectation value of the squared
Hamiltonian A2 of the system in the initial state, that multiplies
t? is the squared inverse of the Zeno time. The next term in this
series is generally proportional to #*. Then, the most consistent
way to evaluate what we called the cutoff time tx is [5] to
compare the ¢> and * terms in the Taylor series: when the
t* term becomes non-negligible compared to the ¢ term, the
decay is no longer quadratic and we exit the Zeno regime.
With this method, the authors of [5] found a cutoff time (they
call it differently) of Tx = 5.8 x 107! s, in good agreement
with our numerical result (see Fig. 11). Elsewhere, another
study [19] of the Zeno regime (this time of an emitting atom in
a high-finesse cavity) has focused on the transition between the
Zeno and anti-Zeno behavior, leading the authors to carefully
inspect the role played by the Zeno time.

VII. CONCLUSION AND OPEN QUESTIONS

We scrutinized the onset of the exponential decay of a
quantum dipole in the Zeno regime. We focused on the role
played by excitations of the off-shell electromagnetic modes
that are usually neglected. Our main result is that, before an
exponential behavior is manifest and even before the linear in
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FIG. 13. (Color online) Decay of the survival probability |ce(t)|2
for the exact E - % coupling if one takes into account either only
resonant electromagnetic modes (dashed green line), only off-
resonant modes (solid violet line), and all modes (dotted orange
line). Remember 1/wy = 1.18 x 107 s, 1/w,, = 6.45 x 10717 s,
and 1/T =1.60 x 107°

time decrease of the survival probability characteristic of the
Fermi’s golden rule appears, a sudden decrease occurs for very
short times, quadratic in time, which is directly related to the
so-called quantum Zeno effect.

As can be seen in Fig. 13 [where the on-shell and off-
shell contributions to the decay of the survival probability
as expressed by the integral (59) are plotted separately], the
off-shell modes play a crucial role in the Zeno regime. They
are activated very quickly but after a time of the order of
the inverse of the cutoff frequency they do no longer respond
coherently and their contribution to the decay vanishes. The
linear behavior predicted by the Fermi’s golden rule occurs
much later and is due to on-shell contributions only.

As a by-product of our analysis, we developed a pertur-
bative scheme that interpolates between the Zeno (parabolic)
regime and the WW (exponential) regime, passing through the
Fermi (linear) regime. In the case of the 2p — 1 s transition we
cover a very large interval of time (from 107'? to 10~ s). Our
results fit with the exact solution of Facchi and Pascasio [4]
if we treat the A - P coupling without approximation, but our
perturbative approach also makes it possible to treat the exact
E-g coupling as well as the A-pand E-% coupling in the
dipolar approximation.

It is natural to ask whether the Zeno effect predicted in our
paper is likely to be observed experimentally. The effect that
we predict, in the case of the 1 s — 2p transition is, indeed,
very small and does not occur during a measurable time period
(typically, of the order of an attosecond). This explains why
our counterintuitive predictions have not yet been verified
experimentally. This verification, however, is not impossible
in principle, but requires the following:

(1) To measure the change of population of the emitters
carefully.

(2) To investigate other unstable quantum systems (mag-
netic dipoles [15,25], solid state or NMR qubits, Rydberg
states [20], and so on). The reason is that the duration and
intensity of the Zeno effect is strongly dependent on the
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off-shell coupling parameters while the WW and Fermi’s
golden rule regimes are dominated by the on-shell coupling.
Up to now, we limited ourselves to the study of a single transi-
tion (the 1 s — 2p transition for atomic hydrogen) but we are
convinced that there exist in Nature other transitions (quantum
jumps) where the particular type of Zeno effect predicted by us
(collective response of the off-shell modes at zero temperature)
is enhanced. Magnetic dipolar transitions [15,25] for instance
are characterized by very long lifetimes (in some cases, a
million times longer than the 1s — 2p transition), which
suggests that the Zeno time could approach the picosecond,
a temporal regime which can be probed by sophisticated
pump-probe techniques such as the so-called ultrafast transient
absorption spectroscopy in which very quick responses (of the
order of 200 fs) are reachable experimentally.

Another interesting question concerns causality. It is known
that, in accordance with Hegerfeldt’s theorem, even if we stick
to the WW approximation, a nonzero component of the single-
photon wave function will be present outside from the light
cone expanding centered in space-time on the atom at time
t = 0[26-28]. The reason therefore is that only positive spatial
frequencies are present in the spectrum of this wave function,
so that, in virtue of Paley-Wiener theorem, the domain of
the wave function cannot be bounded. We investigated the
departures from causality in the WW regime in another paper
and found that they are extremely small [29].

One could wonder whether more significant violations of
Einsteinian causality might be present in the Zeno regime. In
order to tackle this question, it is necessary to have at one’s
disposal extremely accurate estimates of the wave function of
the emitted photon. This is possible in our approach which
provides an accurate estimate of the solution c.(t) of the
equations of motion (14) that interpolates between the Zeno
time and the lifetime of the dipole. This suffices in order to
compute the field emitted by the atom. Indeed, the formal
solution of (14b) reads as

t
Ce (1) = G (ro) / co(t) & meDNdr . (18)
0

The information about the single-photon field (and in particular
of its Glauber wave function) emitted by the atom is entirely
encoded in the coefficients ¢, ;(f). We expect therefore to
be able to study in depth possible violations of Einsteinian
causality for very short times. Of course, we performed several
approximations in our approach (RWA for instance) and it
remains an open question to know whether violations of
causality are due to the approximations, as suggested in [8],
or whether they are unavoidable features of QED. These
questions are complex but at least our approach makes it
possible to tackle the problem in an original manner.
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APPENDIX: MODE DISCRETIZATION:
ENERGY SLICE LADDER OPERATORS

1. Position of the problem

In this Appendix, we show how to discretize the continuous
modes of free space through the introduction of creation
and annihilation photon operators for energy slices. We are
interested in the spontaneous emission of light in a vacuum and
hence our starting point will feature a continuous infinity of
modes. Hence, we first want to adapt the equations of Sec. IT A
to this situation. In Sec. I C, we gave part of the prescription for
switching from a discrete sum over arbitrary modes to a contin-
uous sum over the free—space modes. This was done by writing

ISP L an
e
where » are the two possible photon polarizations, V is

the initial quantization volume, and the modal functions are
given, in the Coulomb gauge, by

ik-r

Vv

v (r) = vi(k,r) = €00(K). (A2)
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It will come in handy here to choose linear polarization
vectors as a basis. These are given by

€1)(k) = cos 6 cos pe, + cos 0 sin pe, — sinfe,,
€ (k) =

where 6 and ¢ are the spherical coordinates of the wave vector
k with respect to an arbitrary Cartesian frame (here, we will
take e; in the direction of d,.). A prescription for going over
to the continuous case for ladder operators needs to be added.
It consists in the substitution

— sin ge, + cos pe,, (A3)

[8:.4]] = 810 — [0, (K).8] ()] = Q)8 — Q)3 (Ad)

Now, we want to be able to perform numerical computations,
and hence have to discretize this continuum in some way.

2. Results
a. Detailed treatment in the case of the dipolar E.g coupling

We then rewrite the rotating interaction Hamiltonian (9)
with the use of (A1), (A2), and, in the second step, (A3) as

R =Y he [ s
AR = —— / d(p/ do sinf —/ dk k [a,(k,0,0)€(60,9) - d*,|e)(g] — H.c.]
"oy ; 0 0 260 Jo “ ¢

. 2
N s |ge|f dgo/ o smef dk kS (= sin0)[a1 (k.6.9) | ) (g] —al(k.0.0) | g)e]l.
~en) )

where we took d,, as the reference axis for the polar coordinate 6, and used the fact that, for the 2p —

(A5)

1s transition in atomic

hydrogen, the dipole matrix element is real [21]. With the prescription to obtain an effective coupling given below (34) in mind,

we introduce the spherically averaged creation operators

(A6)

2w b4 2w T % 27T
/ de / do sin®0 a,(k,0,9) = asph(k)< / de / do sin39> = 2,/?asph(k).
0 0 0 0

In the leftmost member of (A6), sin” 6 is the product of a first sine coming from the differential solid angle element, with another
one coming from the coupling [see (AS); according to our prescription, the coupling of one particular mode (here, with angular
orientation (6,¢)] should be squared to obtain, after summing over a given ensemble of modes and taking the square root, the
effective coupling constant of that ensemble, hence the third power of sin 6 in the central term of (A6). With these new operators,
the interaction Hamiltonian (A5) can be rewritten

A 2i herm '
Hi = (27;)3 | 3e 1% f dk I [agn(k) |e) (2| — aly () [ 8) (e

It can be checked from (A4) and (A6) that the spherically integrated ladder operators obey the following commutation relation:

(AT)

. @n)’
[aspn(k), asph(q)] = kg 3k — q). (A8)
We further define
1
; ki1 ki1 3 k4 k 2
i) / dkaagph(k)_aavg< f dkk3> =<%) il (A9)
k) kA
to rewrite (A7) as
%
AEF = o / e |Z< L A) [k, le)(g] +(ake) 18) (el ], (A10)
g 2

023825-14



FERMI's GOLDEN RULE BEYOND THE ZENO REGIME PHYSICAL REVIEW A 92, 023825 (2015)

where &j vg = &f&:‘*‘ defined through (A9) and the intervals [k;,k; 4] are taken to have empty intersections and [0, +oo[ as their

union. It can be checked from (A8) and (A9) that the energy slice ladder operators obey the following commutation relation:

[02g050] = 8c- (A11)

avg’ avg
From this we can compute the matrix elements of the interaction Hamiltonian between the excited state | e,0) and the energy
slice field state (aavg) | g,0), which reads as

(e.01Hf () fg,0) = — / |dgg| (ki — k)2

For a complete description we also need to compute the matrix elements of the free-field Hamiltonian for these energy slice field
states. The electromagnetic field Hamiltonian (3) is rewritten, in free space,

m\_

(A12)

2
Hp = (271)3 Zf do / do sm@/ dk k* al (k,0,0)a, (k,0,0). (A13)

As seen from (A3), electromagnetic modes polarized orthogonally to the atomic dipole vector dg,. are not coupled to the atom
and thus evolve freely. It is thus only useful to consider

(8,014}, Hr a5, 12.0). (A14)

To that end, it is best to first compute the commutator

1

3
—> sinf /g [0(q — k) — O(q — kri1)], (A15)

J[ 3
ai(q.0,9),(dy,) | = —(271)2—(
b)) (ks k)P \27

where k; and k;; are the bounds of the ith interval (energy slice). This can be seen to be true from (A4), (A6), and (A9).
Noticing that since k; 1 > k;, we have

[0(g — k) — Og — ki )]* = O(g — k) + O(q — krs1) — 20(q — k;)O(G — kiy1)

=0(q — k) +0O(q — kiy1) —20(q — k1) = O(g — ki) — O(g — kg 1), (A16)
we compute (A14) as follows:
2 o0
(8,010 xS, 18.0) = S 0 / dy / 4 sin’ 6 / dk ————[0(g — k) — Og — ;1)
0 k)\+1 - k
3h 2 kv k4
—Csuf d(p/ d@sm&f dk ————
ki kx+1 k)\
kg1 kS kS
= 4hc 8, / dk4— hc 8p S (A17)
ki, kx+1 k kx+1 k

Notice that if one writes k;,| — k; = Ak;, and lets Ak; — 0, then (A17) tends towards hck; =~ hck;+;. The matrix
elements (A12) and (A17) are the ones we use for our numerical calculations. In the body of the article, we denote them

as (e,0| HR (a avg) | g,0) = —ihG;(rp) for the coupling matrix [see (9) in the text] element and (g, 0|at dge Hy (éﬁvg) |g,0) = hw;
for the d1ag0nal field energy matrix elements.
b. Results for the exact E - % coupling
For the exact E - % coupling (76) we define
k2 1 3 1 arctan (X
F(k) = — ——+5 — + k(k) (A18)
+(5)] I+ (%) ox
and obtain
qR L [he @) @ (k. y]-
(e,0|H[(a avg) 1g.0) = I |dge| Weg 1™ (k1) — I (k)] 2, (A19)
where
ki1
1Y) — 1Dy = / dk k* F*(k) (A20)
k.
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with a%,, = ayig™" defined through

k1 k1 2
i2n)"3 / dk I F(k) agpn(k) = a;vg[ f dk k? Fz(k):| : (A21)
kk k}\
‘We also find that
. 19U 11) — 19(ky)
AN ~CT _ A+l A
(801 Hlr g 18:0) = e bne 5 =N @k (A2
where
ki1
19U 1) — 1Ok, = / dk k> F*(k). (A23)
k.

As far as we know, the integrals (A20) and (A23) cannot be solved by hand and we compute them numerically. The matrix
elements (A19) and (A22) are the ones we use for our numerical calculations. In the body of the article we denote them as

*Ar (@) g,0) = hw, for the diagonal field

avg avg

(e,0lHF (@ ) 1g,0) = —ihG3(ro) for the coupling matrix element and (g,0|a

avg
energy matrix elements.

¢. Results for the dipolar A - p coupling
For the A - p coupling in the dipole approximation (74) we obtain

1
A R t 1 he kf 1 k% ?
(01 (i) 19.0) = 5 /3= [dee| wg(*T (A24)
with &jvg = &f&'g‘*‘ defined through
N [S¥S N ki1 >
i2m)"2 / dk k? agpn(k) = aj,, ( / dk k) (A25)
k,\ k}\
and
. 2 ST o
(8.0lag,, Hr a5l,18.0) =  he 8; 55—3. (A26)
3 k2, — K

The matrix elements (A24) and (A26) are the ones we use for our numerical calculations. In the body of the article, we denote

s Y AN
avg Hpg (aavg

them as (e,0| I-?IR @ .)'g,0) = —ihG3(rp) for the coupling matrix element and (g,0]a )T |g,0) = hw, for the diagonal

avg
field energy matrix elements.

d. Results for the exact A. p coupling
Finally, for the exact A. P coupling (76) we obtain

N 1 hC 1
OIAR (2 )112,0) = — | == |dye] @ee TP (Kpsr) — IP(h)] 72, A27
(e,01H; (aavg) lg,0) 7 360| gel @eg[ 17 (kst1) (k)] (A27)
where
k2 1
1P(k) = _FX — (A28)
[1+ ()]
with a},, = ay;e" defined through
1
(2 )‘2 /‘kw dk K Ason(k) = & o dk k 2 (A29)
iem) 2 272 Gsph() = gy / FOREAENC Y S
b [1+ ()] b 1+ ()]
We also find
. Iy — 19(ky)
o) N _ A1 A
{8 0ldag Hi Gl 0) = he e 3 100k (A3
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where

kit1 k2
19k 1 1) — 19k, = / dk
k.

[1+ ()7

PHYSICAL REVIEW A 92, 023825 (2015)

T 48

_ [kxkx(ki = 3k5) (K + 3K%) ki (K — 3K5,1) (k) + 3k%)
(K} + k%)’

k k
— 3 arctan il + 3arctan s .
kx kx

(k3 + k%()%

(A31)

The matrix elements (A27) and (A30) are the ones we use for our numerical calculations. In the body of the article, we denote
them as (e,0| A (&f}vg)T |g,0) = —ihG*(ro) for the coupling matrix element and (g,0a’,, Hg (&Q\,g)ng,O) = Aw,, for the diagonal

field energy matrix elements.

avg
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