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Abstract. In this paper we discuss and review several aspects of the effect of boundary
conditions and structured environments on dispersion and resonance interactions involving
atoms or molecules, as well as on vacuum field fluctuations. We first consider the case of a perfect
mirror, which is free to move around an equilibrium position and whose mechanical degrees of
freedom are treated quantum mechanically. We investigate how the quantum fluctuations of
the mirror’s position affect vacuum field fluctuations for both a one-dimensional scalar and
electromagnetic field, showing that the effect is particularly significant in the proximity of the
moving mirror. This result can be also relevant for possible gravitational effects, since the
field energy density couples to gravity. We stress that this interaction-induced modification
of the vacuum field fluctuations can be probed through the Casimir-Polder interaction with a
polarizable body, thus allowing to detect the effect of the mirror’s quantum position fluctuations.
We then consider the effect of an environment such as an isotropic photonic crystal or a metallic
waveguide, on the resonance interaction between two entangled identical atoms, one excited and
the other in the ground state. We discuss the strong dependence of the resonance interaction
with the relative position of the atomic transition frequency with the gap of the photonic crystal
in the former case, and with the cut-off frequency of waveguide in the latter.

1. Introduction

A peculiar aspect of the quantum theory is the presence of unavoidable quantum fluctuations
of the fields, even in the ground state of the system [1]. Field fluctuations have striking
consequences in quantum electrodynamics; for example: the Lamb shift, the anomalous magnetic
moment of the electron, Casimir and Casimir-Polder forces, vacuum polarization [2, 3]. In
quantum field theory, the vacuum state is not woid, but contains virtual particles or quanta
which give a sort of structure to the empty space [4] and have observable effects on matter. On
the other hand, the presence of matter, i.e. microscopic objects such as atoms or molecules as well
as macroscopic objects, can change the physical features of vacuum fluctuations and ultimately
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of the vacuum state. Thus, macroscopic objects as fixed or moving metallic or dielectric plates
or structured materials such as photonic crystals or photonic crystals waveguides can modify
vacuum field fluctuations and the properties of the vacuum [5, 6], yielding striking observable
effects such as the Casimir effect, that is a force between two neutral conducting plates in the
vacuum, and Casimir-Polder forces [7, 8, 9]. Moreover, this allows us to modify and tailor
radiative processes that are related to vacuum fluctuations, for example spontaneous emission
[10, 11, 12], radiative corrections [13] and radiation-mediated interaction between atoms and
molecules (for example, van der Waals/Casimir-Polder [14, 15, 16, 17] and resonance interactions
[18, 19)).

In this paper we shall discuss and review some aspects related to the role of fixed or moving
boundaries on vacuum field energy densities and Casimir interactions, as well as the influence of
a photonic bandgap environment or a metallic waveguide on the resonance (radiation-mediated)
interaction between two entangled identical atoms, one excited and the other in the ground
state. Specifically, we will first consider vacuum field energy densities near a boundary that is
free to move and whose mechanical degrees of freedom are treated quantum mechanically, thus
subjected to quantum fluctuations of its position. Compared to the case of a fixed configuration,
the effect of the boundary’s position fluctuations is mainly concentrated in the very proximity
of the boundary itself [20, 21] and yields a smearing out of the otherwise divergent field energy
density at the position of the boundary [22, 23]. This fact not only affects the Casimir-Polder
force on a polarizable body placed near the wall, but, in principle, can be relevant from a
gravitational point of view, because the energy density couples to the gravitational field. We
will then consider a photonic bandgap environment, in particular a photonic crystal, and discuss
how it can alter the resonance interaction between two atoms embedded in the crystal [19, 24].
Finally, we briefly mention the case of the resonance interaction between two atoms placed inside
a metallic cylindrical waveguide.

This paper is organized as follows. In section 2 we consider a one-dimensional cavity with
a mobile wall described quantum mechanically and discuss how quantum fluctuations of its
position affect the field energy density inside the cavity and the Casimir-Polder interaction
energy with a polarizable body placed in the proximity of the fluctuating wall, as well as the
observability of this effect. In section 3 we discuss the effect of an external environment such
as a photonic crystal or a metallic cylindric waveguide on the resonance interaction between
two entangled atoms, mediated by the radiation field. Last Section is devoted to our conclusive
remarks.

2. Vacuum fluctuations near a fluctuating wall and Casimir-Polder interactions

We first consider a one-dimensional massless scalar field confined between two perfectly reflecting
mirrors placed at x = 0 and = L(t). The mirror at x = 0 has a fixed position, while we allow
the other mirror of mass M to move in space, assuming it bounded by a harmonic potential of
frequency wyse around an equilibrium position L. We assume Dirichlet boundary conditions for
the scalar field operator at the boundaries, i.e. ¢(0,t) = ¢(L(t),t) = 0. The mechanical degrees
of freedom of the moving mirror are treated quantum mechanically; this permits us to include
quantum position fluctuations of the mirror. We find that their effect is particularly relevant for
small mirror’s masses, such as those attainable in modern optomechanics experiments [25]. Since
the mobile mirror can oscillate, an interaction between the cavity field modes and the mirror’s
mechanical degrees of freedom (phonons) is generated, as well as an effective interaction between
field modes, mediated by the moving mirror. Our system is described by the following effective
Hamiltonian, valid for a small displacement of the moving mirror from its equilibrium position

[26, 27]
H = hwoschb + thkaLak - Z Ck]{ (b + bT> N[(ak + CL;L) (CLj + a;r)} }, (1)
k

kj
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where ay, az are annihilation and creation operators of the cavity field modes relative to the
equilibrium position Lo with wavenumber k, b, b are annihilation and creation operators relative
to the mobile wall (mechanical excitations), A is the normal ordering operator, and

e (YR L e
Clj =(-1)
LovVM N Wose

2
is the effective coupling constant between the moving mirror and the field. In our 1D model,
the field modes are equally spaced in frequency and the allowed frequencies are w; = ck;, where
kj = jm /Lo, with j an integer number.
We now consider the field energy density inside the cavity. The corresponding operator is

2
Hia)= L l;dﬂ(:c) + () ] | (3)

After subtraction of the (divergent) energy density that would be present even in absence of
the wall, in the case of fixed walls its average value on the ground state [{0x}) of the field, is
{0k} H|{0x}) = —mch/(24L3), yielding a constant value inside the cavity. At the position of the
two fixed walls, extra divergent terms are present, as in the case of the vacuum electromagnetic
field fluctuations [22, 28, 29]. In the case of fluctuating boundaries, such divergences can be
smeared out by an average on the probability distribution function of the mirror’s position
[22, 23]. We now consider how the field energy density changes when we allow one of the mirrors
to move around its equilibrium position, using the Hamiltonian (1). Due to the interaction term
in (1), the bare ground state |[{0f},0) of the field-mobile wall system is not an eigenstate of the
total Hamiltonian. The true (dressed) ground state can be obtained by first-order perturbation
theory, and it contains an admixture of states with a mechanical excitation of the mirror and
pairs of virtual excitations of the cavity field. At the lowest order in the mirror-field interaction,
the dressed ground state is

(2)

l9) = 1{0&},0) + > Dijl{1e 15}, 1), (4)
kj

o1 hwrw; 1
Dus — (ki L [ Twnws , 5
ki ( ) Lo | 8Mwose (Wosc“‘Wk: +0Jj> ( )

In Eq. (4), the elements inside the curly bracket in the state vectors refer to field excitations,
while the other element refers to phonons, that is excitations of the wall’s mechanical degrees
of freedom.

We can now evaluate the average value of the renormalized energy density on the dressed
state (4), namely after subtraction of its space-independent value in the absence of the walls
given above, obtaining [20]

where

GIH @) R =~ SO (=15 cos(qr — g,)a] e
g g = 2L8Mwosc er e (Wose + we + wj)(wosc +wr + wjy

(6)

where ¢ = ¢m/Lg, with ¢ an integer number. To evaluate (6), it is necessary to introduce an
upper cutoff frequency weyt, related to a sort of plasma frequency of the cavity walls. To simplify
the numerical calculation, we use a sharp cutoff at the frequency weyt, thus considering a finite
number of field modes in the cavity.

Using the dressed ground state (4) we can also evaluate the expectation value of the
renormalized field correlation function for the scalar field, that in a successive part of this Section
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Figure 1. Change of the renormalized field energy density, compared to the static walls case,
in the proximity of the moving mirror. In a) the three curves differ for the value of the cutoff
frequency: weyr = 6- 10 57! (red short-dashed line) , weyr = 810%™ (blue long-dashed line)
and weyr = 100571 (black continuous line). The field energy density change is concentrated
near the mobile wall and grows when the cut-off frequency is increased. b) shows the change of
the field energy density (black continuous line), and its electric (blue dashed line) and magnetic
(red dotted line) components, due to the motion of the wall. The cutoff frequency has been set
t0 Wewt = 1019571, In all plots we have used: wyse = 10°s™1, Lo = 10 um, M = 10~ kg.

we will use to extend our results for the scalar energy density to the case of the one-dimensional
electromagnetic field. Writing explicitly space and time components, the renormalized scalar
field propagator on the dressed vacuum state (4) is given by [21]

Grlz, 2 t) = (glo(@, ), )9V e — ({0, (z, )b, ') {0 un
= (Z Lge_i“’p(t_t,) sin(kpz) sin(kpaz') — @Me—iwp(t—t')eikp(x_gc/))

> Lowy, 2m 2wy
h62 / . : /
+ 8 ; WDMD@T [cos(w;t — wyt')] sin(k;z) sin(k,z'), (7)
Jer

where subscripts bc and un refer respectively to the bounded (Dirichlet) and unbounded case.
The quantity in the second line of (7) coincides with the renormalized propagator of a fixed-wall
cavity, while the term in the third line is the change consequent to quantum motion of the mobile
wall around its equilibrium position.

Figure 1(a) shows the change of the renormalized energy density of the field (6) in
the proximity of the mobile wall, for three different cut-off frequencies, specifically we, =
100571 wewy = 8- 1057, weye = 6 - 1019s™1. This figure clearly shows that the motion
of the mobile wall mainly affects the field energy density in its very proximity and is more
relevant increasing the cut-off frequency. The values for the physical parameters used are
Wose = 10°s7Y Ly = 10 um and M = 10~ kg, which are the typical values of commercial
microelectromechanical systems (MEMS). It should be noted that the effect scales as M.
Although in the limit of infinite upper cut-off frequency the energy density diverges at the
boundaries [28], it is possible to shows that averaging over the probability distribution of the
position of the mobile wall around its equilibrium position at Lg, smears out the divergence
[22, 23].

Using the known relation between the electromagnetic vacuum stress tensor and the
renormalized scalar propagator [30], and the possibility to express the electromagnetic field
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propagator in terms of that for the scalar field [31], our results can be generalized to the case of
the one-dimensional electromagnetic field. By assuming a one-dimensional model with the cavity
length along the x axis, magnetic and electric fields respectively along y and z, the renormalized
electric and magnetic energy densities result,

(E2e) = 5, fm 000(Grle.tiat) = (E2@)o + (EX@). ®)

(By(x)) = lim  8.0.(Gr(x, ;') = (By(2))o + (Bj ()1, (9)
(z' )= (x,t)
where the subscript 0 indicates the fixed-wall contribution, while 1 the modification induced by
the quantum fluctuactions of the boundary.

Using (7), (8) and (9), we obtain an analytical expression of the average value of the
contribution of the wall’s motion to the field energy density in the cavity, [(E?(x))o + (E?(z))1 +
(BZ(x))o + (B2(x))1]/2, after introducing an upper cut-off frequency. Figure 1(b) shows the
energy density as a function of the position in the proximity of the mobile wall, as well as
its electric and magnetic components, using wys. = 10°s7!, Ly = 10 um, M = 10~ kg and
Weut = 8- 10571, As it can be inferred from the figure, also in the electromagnetic case, the
changes are significant mainly close to the mobile wall. This is indeed expected because the
pairs of virtual photons emitted by the mobile cavity wall remain confined close to the wall.

The electric and magnetic energy densities can be probed by using a non-dispersive electrically
and magnetically polarizable body placed in the cavity at position xy, whose interaction energy
with the field fluctuations is given by [32]

ABini = ~gop(B (o)) — son(B (o)), (10)

where ag and aj); are respectively the static electric and magnetic polarizability of the probe.
Therefore the changes of the electric and magnetic energy densities induced by the wall motion
can be measured through an appropriate polarizable body, allowing to detect the effect we have
obtained. These results can be also generalized to a massless scalar field in a three-dimensional
cavity with a mobile wall [21].

3. Resonance interaction between two entangled atoms in an external environment
We now briefly review some recent results we have obtained on the resonance interaction
(mediated by the electromagnetic radiation field) between two identical atoms in the presence
of an external environment, specifically a photonic crystal. In the multipolar coupling scheme
and in the dipole approximation, our system of two identical atoms A and B interacting with
the quantum electromagnetic field is described by the following Hamiltonian [2]

H=Ha+Hp+ Y hwpal o — pa - E(ra) — pp - E(rp), (11)
kj

where Hy and Hp are the Hamiltonian of atoms A and B with dipole moment operators 4
and pp and position ry and rp, respectively. We use the two-level approximation with one
atom in the excited state |e) and the other in the ground |g), whose energy difference is hwg:
we consider the atoms in their symmetric or antisymmetric state and the field in the vacuum

)+ = \}5 (l94,e8,{0k;j}) + lea; 9B, {0x;)}) » (12)

The excitation is thus shared between the two atoms. These are also called superradiant
(symmetric) and subradiant (antisymmetric) states, and the effect of a perfectly conducting
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plate on their spontaneous decay rate has been recently considered as a function of the distance
of the two atoms from the plate [33]. Due to the interaction term in (11), the state (12) is not
an eigenstate of the Hamiltonian and we can evaluate the resulting energy shift by second-order
perturbation theory, assuming a weak coupling regime. In general the expression of the second-
order energy shift depends on the distance between the atoms and gives rise to the so-called
resonance interaction energy, thus to a force between the atoms. In the vacuum space, the
resonance interaction, due to the exchange of one real or virtual photon between the atoms, is
given by [19, 34]

e e cos(kqr

ABY(r) = F(u5)i (1) (—V205 + Vi) costhar)
gey (€9 .

:I:('UJA);W [(5@- — 38;#;) (cos(kqr) + karsin(ker)) — (8;5 — £it5) k2r? cos(k;ar)} ,(13)

where k, = w,/c and r = rp —r4 is the distance between the two atoms, and the upper/lower
sign refers to the symmetric/antisymmetric state, respectively. In vacuum space, the resonance
interaction exhibits a behaviour as =3 in the near zone r < k;! and as r~! in the far zone
r > k. Tt is thus a very long range interaction which can be relatively intense, as it is a
second-order effect, contrarily to the fourth-order van der Waals and Casimir-Polder dispersion
interactions between two atoms. However, in order to observe this interaction, it is necessary to
preserve the fragile entangled state (12) for a sufficiently long time, and this can be a formidable
task from the experimental point of view.

The resonance interaction energy, similarly to other radiative processes, can be changed and
tailored through external boundaries or a structured environment. An important example of
a structured environment is a photonic crystal, that is a periodic array of dielectric slabs with
different refractive index yielding a photonic bandgap, where the photonic density of states
vanishes [12, 18, 35, 36]. Photonic crystals are a powerful tool to manipulate and tailor many
radiative processes, even in the strong-coupling regime [37]. In our analysis we have considered
both the one-dimensional case and the isotropic three-dimensional case, where, in the latter, the
one-dimensional dispersion relation is assumed to be valid, regardless of the photon propagation
direction. In both cases the photonic density of states outside the forbidden gap, and in the
proximity of its edges, can be approximated by a quadratic dispersion relation (effective mass
approximation), wy = wy F A(k — ko)?, where w, can be the lower gap frequency w; or the
upper one w,, occurring at the gap wavenumber kg, A is a positive constant and the minus or
plus sign applies respectively below the lower edge or above the upper edge of the gap. The
quantities wy = wj (wy), ko, A depend on the physical properties of the crystal, for example
periodicity, dielectric constants, etc. This dispersion relation yields a change of the photon
density of states and thus a possible modification of any radiation-mediated physical process: in
the one-dimensional and isotropic three-dimensional cases, the density of states vanishes inside
the bandgap and has a strong peak in the regions external to the gap and in the proximity of
its edges (see [38], for example).

We now report some of our results on the resonance interaction between two two-level
quantum emitters (atoms or quantum dots) embedded in an isotropic three-dimensional photonic
crystal, in two specific cases: (i) when their transition frequency is outside the gap and not far
from its upper edge [19]; (ii) when it is inside the forbidden gap and in the proximity of its
lower edge [24]. We use in both cases the effective mass approximation with the appropriate
interpolation w; = AkZ, which is necessary to obtain the correct linear dispersion relation for
very low-frequency photons, i.e. having wavelength larger than the periodicity of the crystal: in
this case, indeed, the photon propagation is essentially the same as in free space. Both results
have been obtained by second-order perturbation theory.
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In the case (i), we obtain

Wy,

cos(kor)
2/ A(wg — wy) '

AE: =+ ()i (—V205 + ViV;) (14)

kor

Comparison of (14) with (13) shows that the interaction energy scales with the distance as
r~1 asymptotically (r > k; ! ~ ko 1), as in the vacuum space; however in the photonic crystal
case there is the extra numerical factor wy,/(2/A(wq —wy)). When the transition frequency
is close to the edge of the gap, but not so close to require a nonperturbative calculation, this
factor can provide a significant increase of the resonance interactions energy and force, up to
a factor 102 for realistic values of the parameters involved [19]. It must be said, however, that
in such situations also the spontaneous emission rate is increased, making the correlated state
more fragile and difficult to preserve in time. Similar results are obtained when w, is below the
lower edge w; of the gap.

On the other hand, in the case (ii), that is when the atomic transition frequency w, is
inside the gap and in the proximity of its lower edge w;, an explicit evaluation of the resonance
interaction energy yields a scaling with the distance as 7—2 in the far zone, rather than the !
behaviour obtained in the vacuum space. Using typical values for the parameters of a photonic
crystal and an optical transition frequency of the two identical atoms, we find that, although
the interaction energy can be reduced asymptotically with respect to the free-space case, it is
still significant and much stronger than dispersion interactions between atoms [24]. However,
contrarily to the case (i), spontaneous emission is strongly suppressed by the presence of the
photonic crystal, making more stable the entangled state (12), thus improving the possibility to
detect the elusive resonance interatomic interaction.

Another structured environment we have recently investigated to control the resonance
interatomic interaction is a cylindric metallic waveguide, when the two entangled atoms are
placed on the axis of the guide. In this case the main difference is the presence of a lower cut-off
frequency of the guide, directly related to its diameter. This yields an asymptotical exponential
behavior of the interaction with the distance when the atomic transition frequency is below the
waveguide’s cut-off frequency [39].

All the results reported in this section prove that a structured environment, for example a
photonic crystal or a waveguide, allows to control and tailor the resonance interaction between
two entangled atoms, permitting to increase or reduce the strength of the interaction, as well as
controlling the collective spontaneous emission rate.

Conclusions

In this paper we have reviewed some recent results related to the effect of boundaries on several
radiative processes, in particular a fluctuating reflecting plate or a photonic crystal. We have
first considered a one-dimensional model of a massless scalar field in a cavity with a mobile
wall, whose degrees of freedom have been treated quantum mechanically, thus allowing the
possibility of quantum fluctuations of its position. We have then extended this model to
the case of the one-dimensional electromagnetic field. We have discussed how the position
fluctuations of the wall affect the field energy density in the cavity and the related Casimir
interaction energies with a polarizable body. We have found significant changes in the very
proximity of the mobile wall, which are particularly relevant for masses of the wall as low as
those currently realizable in state-of-the-art optomechanics experiments. Successively, we have
considered the resonance interaction energy between two atoms or quantum dots embedded in a
photonic bandgap material such as a photonic crystal, showing how the presence of the crystal
significantly changes the features of the interaction, depending on the position of the atomic
transition frequency with respect to the edges of the bandgap. We have also discussed how this
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setup is promising in the perspective of the direct observation of the elusive quantum resonance
interaction between atoms. Finally, we have briefly mentioned preliminary results obtained for
the resonance interaction when the two quantum emitters are placed within a cylindrical metallic
waveguide.

Acknowledgments

F.A. acknowledges the Marie Curie Actions of the EUs 7th Framework Program under REA
[grant number 317232] for their financial support. S.B. acknowledges support from the EPSRC
CM-CDT Grant No. EP/403673X/1.

References
[1] Milonni P W 1994 The Quantum Vacuum: An Introduction to Quantum Electrodynamics (San Diego, CA:
Academic Press)
[2] Compagno G, Passante R and Persico F 1995 Atom-Field Interactions and Dressed Atoms (Cambridge:
Cambridge University Press)
Buhmann S'Y 2012 Dispersion Forces I and II (Heidelberg: Springer)
Aitchison I J R 1985 Contemp. Phys. 26 333
Simpson W M R and Leonhardt U 2015 Forces of the Quantum Vacuum. An Introduction to Casimir Physics
(Singapore: World Scientific Publishing Co.)
| Lamoreaux S K 2005 Rep. Prog. Phys. 68 201
] Casimir H B G 1948 Proc. K. Ned. Akad. Wet., Proc. K. Ned. Akad. Wet. 51 793
] Casimir H B G and Polder D 1948 Phys. Rev. 73 360
| Milonni P W 2007 Phys. Scr. 76 C167
| Purcell E M 1946 Phys. Rev. 69 674
] Kleppner D 1981 Phys. Rev. Lett. 47 233
|
|
|
]

SE

N

= ———
09

T W N~ O ©

Yablonovitch E 1987 Phys. Rev. Lett. 58 2059

Wang X H, Kivshar Y S and Gu B Y 2004 Phys. Rev. Lett. 93 073901

Haakh H R and Scheel S 2015 Phys. Rev. A 91 052707

Hood J D, Goban A, Asenjo-Garcia A, Lu M, Yu S P, Chang D E and Kimble H J 2016 Proc. Natl. Acad.

Sci. 113 10507

| Messina R, Passante R, Rizzuto L, Spagnolo S and Vasile R 2008 J. Phys. A: Math. Theor. 41 164031
] Shahmoon E, Mazets I and Kurizki G 2014 Proc. Natl. Acad. Sci. 111 10485
] El-Ganainy R and John S 2013 New J. Phys. 15 083033
| Incardone R, Fukuta T, Tanaka S, Petrosky T, Rizzuto L and Passante R 2014 Phys. Rev. A 89 062117
| Butera S and Passante R 2013 Phys. Rev. Lett. 111 060403
]
]
]

= = =

Armata F and Passante R 2015 Phys. Rev. D 91 025012

Ford L H and Svaiter N F 1998 Phys. Rev. D 58 065007

Bartolo N, Butera S, Lattuca M, Passante R, Rizzuto L. and Spagnolo S 2015 J. Phys. Condens. Matter 27
214015

| Notararigo V, Passante R and Rizzuto L 2016 Preprint quant-ph/1512.05253

] Aspelmeyer M, Kippenberg T J and Marquardt F 2014 Rev. Mod. Phys. 86 1391

] Law C K 1994 Phys. Rev. A 49 433

] Law C K 1995 Phys. Rev. A 51 2537

] Sopova V and Ford L H 2002 Phys. Rev. D 66 045026

| Bartolo N and Passante R 2012 Phys. Rev. A 86 012122

| Deutsch D and Candelas P 1979 Phys. Rev. D 20 3063

] Brown L S and Maclay G J 1969 Phys. Rev. 184 1272

|

]

|

|

]

]

|

]

TP =

Passante R, Power E A and Thirunamachandran T 1998 Phys. Lett. A 249 77

Palacino R, Passante R, Rizzuto L, Barcellona P and Buhmann S Y 2017 preprint submitted to J. Phys. B
Salam A 2010 Molecular Quantum Electrodynamics (Hoboken, NJ: John Wiley & Sons)

John S 1987 Phys. Rev. Lett. 58 2486

Angelakis D G, Knight P L and Paspalakis E 2004 Contemp. Phys. 45 303

Liu Y and Houck A A 2017 Nature Phys. 13 48

Lambropoulos P, Nikolopoulos G M, Nielsen T R and Bay S 2000 Rep. Prog. Phys. 63 455

Fiscelli G, Rizzuto L and Passante R 2017 Preprint in preparation



