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We investigate the vacuum polarization and Casimir energy of a Dirac field coupled to a scalar potential
in one spatial dimension. Both of these effects have a common cause, which is the distortion of the
spectrum of the Dirac field due to its coupling with the background field. Choosing the potential to be a
symmetrical square well renders the problem exactly solvable, and we can obtain the whole spectrum of the
system analytically. We show that the total number of states and the total density remain unchanged as
compared with the free case, as one expects. Furthermore, since there is a reflection symmetry between
positive- and negative-energy eigenstates of the fermion, the total density and the total number of negative
and positive states remain unchanged, separately. This, along with the fact that there is no zero mode,
mandate that the vacuum polarization in this model is zero for any choice of the parameters of the potential.
It is important to note that although the vacuum polarization is zero due to the symmetries of the model, the
Casimir energy of the system is not zero in general. In the graph of the Casimir energy as a function of the
depth of the well, there is a maximum approximately when the bound energy levels change direction and
move back towards their continuum of origin. The Casimir energy for a fixed value of the depth is an almost
linear increasing function of the width. Moreover, the Casimir energy density (the energy density of all the
negative-energy states) and the energy density of all the positive-energy states are exactly the mirror images
of each other. Finally, we compute the total energy of a valence fermion present in the lowest positive-
energy fermionic bound state. We find that taking into account the Casimir energy does not result in the
appearance of any local minima in the graphs of the total energy as a function of the parameters of the

model, and this is in sharp contrast to the cases where there are levels crossing the line E = 0.
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I. INTRODUCTION

During the last 40 years the concept of the vacuum
polarization (VP) of fermions due to their interactions with
other fields has attracted much interest. It has been studied
extensively in many branches of physics, such as particle
physics [1-10], condensed-matter physics [11], polymer
physics [12], atomic physics [13] and cosmology [14].
Most of the authors have considered the coupling of scalar
and pseudoscalar fields to fermions and obtained many
interesting and unexpected results. In this category of
problems, solitary waves and solitons have been chosen
extensively as background fields. When a fermion interacts
with a soliton, an interesting phenomenon can occur, which
is the fractionalization of the fermion number of the
solitonic states. This was first pointed out by Jackiw and
Rebbi [1]. They showed that in the fermion-soliton models
in which the soliton is in the form of a prescribed scalar
field and the system possesses the charge conjugation
symmetry, the existence of a zero-energy fermionic mode
implies that the soliton is a degenerate doublet with fermion
number +1/2. This interesting result has motivated much
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of the work in VP for many different physical systems in
the literature.

Two important tools for studying the vacuum polariza-
tion were invented in the early 1980s. The first one, called
the adiabatic method, was introduced by Goldstone and
Wilczek [2]. In this method the nontrivial configuration of
the external background field is considered to form con-
tinuously and adiabatically from the trivial configuration.
Using their adiabatic method for coupled fermion-soliton
systems which do not possess charge conjugation sym-
metry, they concluded that the fermion number of the
soliton could be any real value, not just +1/2. Later on, the
limitation of this method, i.e. the requirement of adiaba-
ticity for the external field, was lifted by MacKenzie and
Wilczek [3]. In this modified method one computes the
energy spectrum of the fermion as the prescribed field is
formed. They applied this method to compute the vacuum
polarization of a Dirac field, induced by an infinitely sharp
soliton as an example [15]. Using their method they
concluded that sharply varying solitons do not carry any
fermionic charge. According to their method, there are in
general two contributions to VP. First is the adiabatic
contribution which comes from the change in the total
number of energy levels in the Dirac sea, caused by the
presence of the disturbance. The second contribution,
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which is called the nonadiabatic contribution, is due to the
bound states crossing the line £ = 0. In the expansion of
the Fermi field operator in terms of the fermionic states in
the presence of the disturbance, they chose the coefficients
of the bound states to be always the annihilation operator.
With this choice just the adiabatic contribution is included
in VP and one has to add the other contribution by hand.
However, we choose the coefficients of the bound states
with positive and negative energy to be the annihilation and
creation operator, respectively, as one does for the con-
tinuum states. This choice leads to a complete formula for
VP, in which both contributions are automatically included.
With the aid of the method of MacKenzie and Wilczek,
Gousheh and Mobilia [6] computed the vacuum polariza-
tion by solitons for an exactly solvable model. Their model
is a Fermi field chirally coupled to a pseudoscalar field with
a simple form similar to the kink or the soliton of the sine-
Gordon model. By the use of this exactly solvable model,
they concluded that, for systems without fermion-number
conjugation symmetry, the vacuum polarization induced by
solitons is in general less than or equal to their topological
charge, and only the infinitely sharp solitons can never
polarize the vacuum.

Another manifestation of the distortion of the fermionic
spectrum is the Casimir effect. The Casimir effect was
proposed theoretically by Casimir [16] and Casimir and
Polder [17] in 1948. Their works led to the prediction of the
existence of a net attractive force between two grounded
infinite parallel metallic plates in a vacuum without any
external electromagnetic field. The plates change the zero
energies of the quantized fields and this gives rise to forces
between them. In 1958 Marcus Sparnaay [18] conducted
the first experimental attempt to observe this phenomenon
for two parallel metallic plates. However, the results had a
very poor accuracy since two parallel plates would require
accurate alignment to ensure they are parallel. In 1997
Steve K. Lamoreaux [19] opened the door to precise
measurements of the Casimir force, using a plate and a
metallic spherical shell. Since then, many different experi-
ments have been performed to measure the Casimir forces
for various geometries [20]. Although many theorists refer
to the Casimir force as good evidence for the reality of
quantum zero-point fluctuations, some authors [21] dis-
agree. The Casimir effect can be observed when the
presence of some nontrivial boundary condition or back-
ground field (e.g. a soliton) changes the vacuum energy of a
quantum field. Also, the value of the Casimir energy
depends on the number of spatial dimensions, the type
of fields, type of topology, and geometry. Since the Casimir
work, many papers have been written on the Casimir
energy for different geometries [16,22-24], using many
different techniques [25] to remove the divergences. There
are many recent works in which the authors study the
practical applications of the Casimir effect. The Casimir
forces which are normally neglected in macro systems have
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to be considered for micro and nano electromechanical
systems (MEMS and NEMS) [26].

As mentioned above, the zero-point energy can also be
affected by the presence of nontrivial background fields
such as solitons. Several authors have used various methods
to compute the Casimir energy caused by the presence of
solitons and specially to compute the corrections to the
soliton mass, such as the dimensional regularization, zeta
function analytic continuation and scattering phase shift
method [5,7,27-30]. Also, the Casimir effect appears in
supersymmetric models to investigate the validity of the
BPS saturation by supersymmetric solitons [31]. Choosing
a soliton as the background field for investigating the
Casimir energy in the presence of the nontrivial back-
ground fields, usually makes the problem analytically
unsolvable and the problems of this kind which are exactly
solvable are very rare [28,29]. The use of numerical
methods might hide some important physical aspects of
these problems. Therefore, choosing simple background
fields which give rise to exactly solvable problems could
clarify some of the physical aspects of the Casimir effect and
also the vacuum polarization. For this purpose we choose a
simple model in which a Dirac field is coupled to a scalar
potential in (1 + 1) dimensions. The simple functional form
chosen for the potential which is a symmetrical square well
makes the problem exactly solvable. Our model has the
symmetries C, P and T, separately. The charge conjugation
operator in this model has the property of taking a solution
with positive energy E into the one with the negative energy
—E. Also, we observe that for the scalar potential chosen
here there is no zero-energy bound state. This fact and the
existence of the symmetry between the negative- and
positive-energy eigenstates lead to some interesting results
for VP and the Casimir energy of this model, which we shall
state and study throughout this paper.

It is worth mentioning that it is traditional to discuss of
and study the Casimir effect when a dynamical field
interacts with nontrivial boundary conditions or a nontrivial
topological background field. However, some authors
extend the notion of the Casimir effect to the situation
in which a nontrivial “nontopological” background field,
like the one we consider in this paper, is present and
changes the vacuum energy of the dynamical field (see for
example [32]).

In Sec. II we introduce the model and present the
complete spectrum of the Fermi field in the presence of
the potential. In Sec. III we compute the vacuum charge of
this system by the use of the method proposed by
MacKenzie and Wilczek [3]. In this section we show that
not only the change in the total number of levels due to the
potential well is always zero, but also the total number of
levels with negative and positive energy, separately, is
exactly the same as the case of free Dirac field. Therefore,
the two contributions for VP in our model always cancel
each other, i.e.the scalar potential coupled to the Fermi field
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never polarizes the vacuum. In Sec. IV we calculate and
depict the densities of bound states and the difference
between the spatial densities of the wave functions in the
presence and absence of the potential for the negative
continuum and also the positive continuum, for comparison.
By the use of these investigations we conclude that the
spatial density of the spectrum remains uniform in the
presence of the square well. Furthermore, for this problem
the total density of states for states with £ < O and E > O are
separately unchanged from the free case. This also happens
due to the symmetry in the energy spectrum of the fermion.
In Sec. V we thoroughly explore the behavior of the Casimir
energy and the energy densities for our model. First, we
present a general expression for the Casimir energy of a
Fermi field in the presence of a general disturbance (a
background field or nontrivial boundary condition), by
subtracting the zero-point energies in the presence and
absence of the disturbance [28]. Then, we obtain an exact
expression for the Casimir energy of our model and
investigate the behavior and properties of this energy as
we vary the depth and width of the potential well. We
conclude that although VP is always zero for our model, its
Casimir energy is in general nonzero. Then, we explore the
behavior of the distortion of the energy densities in the
continua and see that the total negative-and positive-energy
densities are exactly the mirror images of each other. In
Sec. VI we compute the total energy for a system consisting
of a valence fermion in the lowest positive bound state and
conclude that the inclusion of the Casimir energy does not
lead to any stationary points in the graphs of the total energy
as a function of the parameters of the potential. In Sec. VII
we summarize the results and state some conclusions.

II. THE SPECTRUM OF A DIRAC PARTICLE
IN A ONE-DIMENSIONAL SQUARE-WELL
POTENTIAL

The Dirac equation in a one-dimensional scalar potential
can be written as
[iy"0, — (mo + V(X)) Jw(x,1) =0,  p=0.1. (1)
We choose the functional form of V(x) to be a symmetrical
square-well potential with depth —V(; < 0 and width 2a,
where the values for a are in units of the inverse mass of the
fermion, mg. The simple functional form chosen for V/(x)
renders the problem exactly solvable. The potential well
acts as a background field that modifies the Dirac spectrum.
In particular the number of states in the positive and
negative continua changes and bound states appear. As
is well known, these changes are the sources for the vacuum
polarization and Casimir energy. To investigate these
interesting phenomena, we first need to study the complete
spectrum of the fermion in the presence of the background
field. The spectrum of this system can be inferred from
some literature, e.g. [33]. Therefore, we only present the
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wave functions and energies of the Dirac field to set up our
notation. We choose the following representation for the
Dirac matrices: y° = 6, and y! = ic5, in which the Dirac
equation becomes

[i610, — 030, — (mo + V(x))lw(x,7) = 0. (2)

In (1 + 1) dimensions the Fermi field can be written as
W= (Zg ). We define

wwo-cn(2)-(120)

The resulting bound states in this representation are of the
following form

1
N(_ (/HiE))eﬂ(H_a), x < —a,
m
eiyx + de—iyx
E(x) = < c' ‘ ), —a<x<a, (4)
of e 4 df e
1
b ( (A—iE) > e, x> a,
m

where H= VE*—(mg—Vy)?, A=/mj—E*, [, = (r:lf)_;’;;,
fo= (_n;(f;,’; >) From the continuity of &, at x = 4-a and the
normalization condition we obtain the coefficients which
are shown in the Appendix A. The bound state energies are

solutions to the following equation

2

1. (5)

Ui
t(2 =
A cot(2ap) + oV

After some calculations, this equation can be written in the

form %"sin@au) = +1 in which + signs refer to the

parity eigenvalues. Notice that since the Hamiltonian is
invariant under parity, the eigenfunctions of the
Hamiltonian can be chosen to be eigenfunctions of the
parity operator as well. In the first representation the parity
operation is given by Py(x,t) =oyp(—x,1). In the
representation of Eq. (3) (" =06, and y' =is)) it
becomes P&(x, 1) = —6,&(—x, t).

Throughout this paper we demonstrate most of the
results for 0 <V < 4m,. Also, we rescale the quantities
of the system with respect to the fermion mass (m) and
work with the dimensionless quantities, for simplicity. We
illustrate the results of bound state energies obtained using
Eq. (5) in Fig. 1. The parities of the bound states are
indicated on the graphs by = signs. Our Lagrangian has all
the symmetries C, P and T, separately. The charge con-
jugation operator in the first representation (y° = o, and
y' = ioy) is o5 which relates the positive- and negative-
energy eigenstates as o3y = w_g. Therefore, this operator
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Left graph: The energies of the bound states as a function of V|, at a = 5. Right graph: The energies of the bound states as a

function of a at V; = 1.2. The values obtained are the solutions to the transcendental Eq. (5). The parity of each of the bound states is
indicated on the graphs by + signs. Note that no bound state crosses E = 0.

has the property of taking a solution with eigenvalue E into the one with the eigenvalue —E. This symmetry is obvious from

the graphs of the bound energy levels.

The explicit expression for the eigenfunctions in the continua is as follows (& signs refer to the parity eigenvalues)

1 1
h < » (r+E) )eip(x+a) iy ( ; (p—E) ) e—ip(x-&-a)’ x < —a,
my

my

1 ' (mo—Vy) )
=(x) = Ni( - (Vo) )ew + Ni( (E=#) )e’ﬂx, —a<x<a, (6)
P e —i
(E=p)\ (p+E) .
+ k< mg >elp(xa) + /’l< m )elp(xa)’ x> a,
—i —i

where p? = E* — m}. The explicit expressions for all the
parameters in this equation are given in the Appendix A.
We have normalized the wave functions by the following
relation

> [ T d e i =2mp-p). ()

Moreover, the states of the free Dirac particle are given by

1 .
o ( . (k+E) ) elkx. (8)

free —
gk ( ) 2E(E + k) m

III. THE VACUUM CHARGE

In this section we explore the vacuum polarization of the
Fermi field in the presence of the potential well. The
potential well acts as a background field that generates a
distortion in the whole spectrum of the fermion. First, we
show that the normalized vacuum charge is related to the
difference between the number of negative-energy levels in
the presence and absence of the disturbance, or equally the
difference between the number of positive-energy levels
with an overall minus sign. The eigenfunctions of the free
Dirac Hamiltonian form a complete set. We assume that the
set of solutions in the presence of the disturbance is also

|
complete. Hence, the Fermi field operator can be expanded
in terms of either of these two complete orthonormal bases
as follows,

W) = [ 75 Iban (o) + () ©
teodp Jt
= S el + i
+Z e, (%) + f1 12, (X)), (10)

where we have denoted £¢(x) by u; (x) and v;(x) for the
states with E > 0 and E < 0, respectively. Similarly &, (x)
which are the wave functions for the continua in the
presence of the well, are denoted by x,(x) in the positive
continuum and by v, (x) in the negative continuum. Also,
the bound state wave functions, & (x), are separated into
positive-energy ones denoted by y;, (x) and negative-
energy ones denoted by yy, (x). We choose the annihilation
(creation) operator for the bound states with positive
(negative) energy, as we do for the continuum states. We
shall see one of the advantages of this choice when we
compute the vacuum polarization and Casimir energy.
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Imposing the usual anticommutation relations between U
and U', or the resulting anticommutation relations between
the creation and annihilation operators, the number oper-
ator in the free case becomes

N = bjb; — d}d,. (11)

Using orthonormality of both sets of eigenfunctions, one
can express b and d operators in terms of e, f, a and c.
Then, the number operator becomes

N = ejei + aga{, - C'gc{r + (ra, lxon,) + <VZ:|V§7>
— (i) (12)

The last two terms are the difference between the total
number of levels in the Dirac sea in the presence and
absence of the disturbance and the term (y |yap,) is the
number of the negative-energy bound states. The changes
in the number of levels in the negative continuum (Q,.,)
and positive continuum (Qgy = (b peh) — (ugluy)) are
given by

Osky = Z<§p sky
)

£, sky > = > (erEle)

k

sea sea  Sca
_ fedp [He i g
B 2A 2ﬂ/_oo VP sky 7 sky
= sea  sea
+oo dk +00 §
. = d reet free 13
/_ . 27 /_ - xé:k §k ( )

Our prescription for subtracting the two divergent integrals
in Eq. (13) and the other similar relations to follow is to
combine the integrals and subtract the integrands with the
same values of p and k. The integral over the spatial
variable in Eq. (13) can be performed analytically.
However, the leftover integral over p cannot be performed
analytically and we calculate it numerically and show the
results in Fig. 2, along with the graphical representation of
the number of bound states and the total number of levels as
a function of V, for a = 5. From this figure we observe that
the general trend for Q,., is constant superimposed with
jumps of minus one whenever a bound state peels off
(separates) from the sea (at E = —my). At the points where
the separation occurs, the jump is —1/2. There is a jump of
plus one whenever a bound state joins the sea and at the
points where the joining occurs, the jump is +1/2. As can
be seen from the figure, the deficiency in the number of
continuum states with negative energy is minus one for
Vo > 2 and this happens because for these values of V|
there are only two bound states with the energies approach-
ing E = 0. As expected from the symmetry of the system
for the negative- and positive-energy levels, there is an
exactly similar trend for Qg In this figure we have also
plotted the total number of levels as compared with the free
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FIG. 2. The change in the number of energy levels in the
negative continuum (Qy,), positive continuum (Qg ), and the
number of bound states, all due to the presence of the background
field, and the total number of levels as a function of V for a = 5.
We see that the trend for both O, and Qy, is exactly the same, as
an expected result of the particle conjugation symmetry of the
Lagrangian. Note that the number of states associated with each
of the continua is actually the difference between the number of
levels in that continuum in the presence and absence of the
potential well.

case, i.e. the sum of the changes in the number of levels in
the sea and the sky and the number of bound states. Note
that the change in the total number of levels, as compared
with the free case, is zero for all values of V. If we denote
the number of bound states by N, we can express this
conclusion by the following equation:

Ogea + sty + N, =0. (14)

We can define Ny, = n~ + n=, where n~ and n= denote the
number of bound states with positive and negative energy,
respectively. Since the fermionic vacuum is defined as the
state in which all of the negative-energy states are filled and
the positive ones are empty, the vacuum polarization (VP)
is simply given by the following equation:

VP = Qsea+n< = _(sty+n>)' (15)

The last equality is obtained by the use of Eq. (14). One can
obtain this formula for VP with the aid of the relation we
obtained for the number operatorin Eq. (12). To this end, one
should compute the vacuum expectation value of the number
operator in Eq. (12). Therefore, only three last terms
contribute in the VP. As we mentioned before, the term
(X2v,lxap,) is the number of bound states with negative
energy (n<). The automatically appearance of this term in
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the definition of the number operator is the advantage of
including both annihilation and creation operators for the
bound states in the expansion of the Fermi field in the
presence of the disturbance. By using some changes in
the computation of the number operator, the last three terms
in Eq. (12) could be replaced by —(y, [x1b,) — (h|up) +
(ug|ug), which corresponds to the last equality in
the Eq. (15).

Now, we compute VP of the fermion in the presence of
the potential well by using Egs. (13,15) and the information
contained in Fig. 1 about n=. We conclude that as expected
the vacuum polarization is zero, regardless of the values of
the parameters, i.e. a and V,. Note that this result is mainly
due to the reflection symmetry of the fermion states with
respect to the line £ = 0. Since this symmetry is present in
our problem, the change in the total number of levels with
negative energy is always zero. Then, the absence of a zero-
energy mode mandates that VP is equal to zero. However,
for systems which do not possess this symmetry, the
presence of the potential could in general polarize the

+0.979586
+0.716077
+0.435708

081 +0.047310

0.6

Pround (X)

04

02

0.
-3a

FIG. 3. The bound state densities for the potential well with
a =5 and V; = 1.2. The individual densities are depicted with
various dashed lines, as indicated on the graph, and their total
sum with the solid line.
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vacuum (e.g. [2,3,6,10,34]). On the other hand, in the case
of the Jackiw-Rebbi (JR) model [1], although it possesses
the charge conjugation symmetry and therefore the states
are symmetric with respect to the line £ = 0, the vacuum
polarization is not zero. In fact a zero-energy fermionic
mode which is always present is the origin of the nonzero
VP in the JR model [35].

IV. DENSITIES OF THE SOLUTIONS

The change in the density of states for the Dirac sea and
sky is given by

teedp i j
Py @ =3 / Wer  (wE . @)
seZ o 27 " sky sky

+oo dk i
- [ TS e, (16
where 4 signs refer to the positive and negative parity.
Also, the bound state densities are simply

Ppound(X) = ng,i(x)fb.i(x)- (17)

The explicit form of the densities can be found in the
Appendix A. As shown in Fig. 1, there are eight fermionic
bound states in the potential well with @ = 5 and V; = 1.2.
In Fig. 3 we show the density of these bound states, along
with their sum. The individual densities are depicted with
various dashed lines and their energies are indicated on the
graph. Note that each curve shows the density for two
bound states with the same absolute value of energy but
opposite signs and this is due to the symmetry in the
fermionic spectrum. Solid line in this figure shows the total
density of all bound states. Since each of the bound states is
normalized, the area under the graph of total bound states is
eight. When a is large, the densities are contained for the
most part inside the region bounded by =a.

p(x) p(x)
04r 0.4 -
I ! l \
| ‘\ I \
f 02+ \ Bound™ :’ 02+ | Bound"
\ 1 \
\ \
\ \
N ~
L 1 \‘~b~ J x [ 1 i e x
-15 5 10 15 -15 5 10 15
Sea r Sky

~04L

FIG. 4. Left graph: The spatial densities of the negative continuum (Dirac sea) and the bound states with negative energy, and right
graph: The spatial densities of the positive continuum (Dirac sky) and the bound states with positive energy for the potential well with

a=>5and Vy=1.2.
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Now, we compute the total changes in the spatial densities
of the negative (p=(x)) and positive (p~(x)) parts of the
spectrum, separately. These densities are defined by p=(x) =
Psea (x) +p§ound(x) and ,0> (x) = Psky (x) + pgound (x)’ where
Puna(X) denote the densities of all the bound states with
positive and negative energy, and py., (x) and pg (x) denote
the spatial densities of the spectral deficiencies in the
continua. The left graph in Fig. 4 displays pg.,(x) and
Prouna(X) and the right graph of this figure shows pg, (x) and
Pround (¥) for the parameters « = 5and V) = 1.2. From these
graphs, it is obvious that p=(x) and p~(x) are zero,
separately. That is the total spatial density of states, for
the positive- and negative-energy parts of the spectrum
remain unchanged, as compared with the free case, sepa-
rately. This shows that the change in the total density of all
positive-and negative-energy states is identically zero at
each point of space. Therefore, the total number of states and
the total density remain unchanged as compared with the
free case, and the total density remains uniform.

V. THE CASIMIR ENERGY FOR THIS MODEL

In order to obtain the Casimir energy, we should subtract
the zero-point energy in the absence from the presence of
the background field. We have already obtained an expres-
sion for the Casimir energy in Ref. [28], which can be
expressed as follows,

QlH‘Q> O|Hfree|0>

/+oo /+oodp ( p +m0>yﬂl/

+00
+/ dxz Ellaound )KZbZZb

+o0 +0o0
/ / dk( k2+m0)v,tyk, (18)

where the < superscript on E} . denotes the bound state
with negative energy, and we have denoted the vacuum

ECasimlr =

ECasimir

. . . v
0 1 2 3 40

FIG. 5.
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state in the presence (absence) of the background field by
|Q) (|0)). Note that for our problem the whole spectrum is
symmetric with respect to the line E = 0. Therefore, the
expression for the Casimir energy, which is only in terms of
negative energies, is obviously equivalent to the conven-
tional one where one would sum over all modes symmet-
rically with a factor of 1/2, while preserving the sign. It is
worth noticing that we have seen that even for the models
without such a symmetry in the spectrum, like the one in
[28], the same argument is true and as we stated there, we
can calculate the Casimir energy using only the negative-
energy states, or only the positive-energy states, or the sum
of all the states divided by two and these three ways are
equivalent.

Substituting the expressions for the eigenstates in the
absence and presence of the potential into Eq. (18), we
obtain the Casimir energy for our model. In the left graph of
Fig. 5 we show the Casimir energy as a function of V, for
a = 5. As can be seen, there is a maximum in this graph
which occurs when the bound states change the direction
and start to return to their continuum of origin. At Vj = 2,
the Casimir energy becomes zero and when the depth of the
potential well is increased from this value, the Casimir
energy becomes negative. Note that, as can be seen in
Fig. 1, only the first two bound states remain for Vi > 2,
with their energies approaching zero. Therefore, for
Vo > 2, the only effect of the well is the changes in the
continuum states, which in turn affect the Casimir energy.

We also show the Casimir energy as a function of the
width of the potential well, a, for Vj = 1.2 in the right
graph of Fig. 5. As can be seen, the Casimir energy is an
approximately linearly increasing function of a for fixed
V. Since regardless of the value of V|, none of the bound
states crosses £ = 0 (see Fig. 1), there are no cusps in the
graphs of the Casimir energy (see the cusps of the Casimir
energy graphs in [28,34]).

We have observed that in the process in which the depth of
the potential well increases from zero to its final value,
spectral deficiencies develop in both of the continua and
bound states appear. When the bound states return to the

ECasimir
10+

8t

0 . . . . T
0 1 2 3 4 5

Left graph: The Casimir energy as a function of V, at a = 5. Right graph: The Casimir energy as a function of @ at Vj = 1.2.
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&(x)

FIG. 6. The energy densities as a function of x for a potential with parameters a = 5 and Vj, = 1.2. Left graph: Solid (dotted) line
shows the energy density of the negative (positive) continuum states and dashed (dotdashed) line shows the sum of the energy densities
of negative (positive) bound states. Right graph: Solid line shows the sum of the energy densities of the negative-energy bound and
continuum states (the Casimir energy density) and dashed line shows the sum of the energy densities of the positive-energy bound and

continuum states.

continua of their origin, spectral deficiencies in the continua
decrease. We now compute the resulting changes in the
energy densities of the states with £ >0 and E <0,
separately. The changes in the energy densities of the
Dirac sea and sky (i.e. the difference between the energy
densities in the presence and absence of the background
field) are given by

d . 4
€ ky (x) = /+ LE E=g) P sky (X)&p sky (x)

sea sea sea

teodk > g
_/_ 2ﬂ,Efree keeT(x)éireeOC)’

where E= =4./p*>+m}, E free = +\/k* + m}, 5,, =
,u{, (1/ ) for the interacting Dirac sky (sea) (the superscript
j denotes the parity of the states), and & = u;(v;) for the
free Dirac sky (sea). The bound state energy densities are

(19)

ZEboundfb, X)&pi(x), (20)

gbound

E,
10

total

=20

=30

‘ ‘ ‘ Y
0 1 2 3 3 0

where the 2 superscripts refer to the sign of the bound state
energies. The explicit form of the energy densities can be
easily obtained using the expressions given in the
Appendix A for the densities of the states.

We display all these energy densities for a potential well
with a =5 and V; = 1.2 in Fig. 6. The left graph in this
figure shows the energy densities of the sum of bound states
with negative (e,,,4(x)) and positive (e,,.q4(x)) energy,
separately. Moreover, this graph shows the energy densities
of continuum states with negative (g4,(x)) and positive
(€gky(x)) energies. The sum of &, (x) and &,,,4(x) which is
the total energy density of states with negative energy is
depicted in the right graph of this figure. Note that this
density is in fact the Casimir energy density (£cagimir(X))-
Furthermore, we show the total energy density of states
with positive energy (e (x) = egy(X) + €pouna(x)), for
comparison. As can be seen from the figure, ¢<(x) and
€ (x) are exactly the mirror images of each other. This
result shows that for the system chosen here, as we stated
before, the Casimir energy can be calculated by any of the
following relations:

E&ulal

FIG. 7. The graphical representation of the total energy (the sum of the energy of a valence fermion in the lowest positive-energy
bound state and the Casimir energy). Left graph shows the total energy as a function of V, when a = 5 and right graph shows this energy

as a function of @ when Vy = 1.2.
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VI. STABILITY OF THE SOLUTIONS

In this section we consider a system consisting of a single
fermion present in the lowest positive-energy fermionic
bound state, taking into account the Casimir energy. The
total energy for such a system is the sum of the energy of
the bound state and the Casimir energy. Figure 7 shows this
energy. The left graph shows the total energy as a function of
the depth of the potential, V), when a = 5 and the right
graph shows this energy as a function of the width of the
potential, a, when V, = 1.2. As can be seen, there are no
minima in these two graphs. Hence, we conclude that there is
no region in the parameter space where the energy of the
system is stationary with respect to small variations in
parameters. This result is in sharp contrast to the cases (such
as [34]) where there is no reflection symmetry in the
spectrum and the energy levels can cross the line £ = 0.

VII. CONCLUSION

In this paper we have computed the vacuum polarization
and Casimir energy for a very simple model. The model
includes a Fermi field coupled to a scalar potential in (1 + 1)
dimensions. Since the scalar potential has the simple form of
a symmetrical square well, we are able to obtain the whole
spectrum of the coupled Dirac field. This model possesses
all the symmetries C, P and T, separately. In this model the
charge conjugation operator relates the positive-energy
solutions of the fermion to the negative-energy ones. Due
to this symmetry, the energy spectrum of the system is
completely symmetric, i.e. for every positive-energy sol-
ution there is a solution with an energy of the same absolute
value but opposite sign. This symmetry is obvious in the
graph of the bound state energies. We have computed the
spectral deficiencies in the continua and found that as we
increase the depth of the potential with the appearance of the
bound states, deficiencies develop in both continua and
when the bound states re-join the continua, deficiencies
decrease. We also observe that the general trend for
deficiencies in both of the continua is exactly the same,
when the potential depth increases from zero. Moreover, we
have displayed the spatial densities of both the bound states
and the deficiencies in the continua. We have concluded that

PHYSICAL REVIEW D 90, 045027 (2014)

due to the symmetries of the model, not only does the total
density remain unchanged as compared with the free case,
but so do the total negative and positive densities, separately.
The result that the total number of states and the total density
of states remain unchanged, as compared with the free case,
confirms that the spectrum remains complete in the presence
of the potential well. The vacuum polarization has been
computed for this model and as is obvious from the
completeness of negative states, the VP is zero for any
choice of the parameters of the potential well. In the second
part of the paper we have computed the Casimir energy for
our model. Since we have all the eigenfunctions and
eigenvalues of the system, we are able to calculate the
Casimir energy of the system by the direct subtraction of
the zero-point energy in the presence and absence of the
disturbance. The interesting result is that although the
vacuum polarization is always zero for the square-well
scalar potential due to the charge conjugation symmetry, the
Casimir energy is not in general zero. In the graph of the
Casimir energy as a function of the depth of the potential
there is a maximum which occurs when the bound levels are
closest to the £ = 0 line, and after that point they change
direction and start to return to the continua of their origin.
When the potential depth is 2(my), the Casimir energy is
zero and after this depth the Casimir energy is always
negative. We have also displayed the Casimir energy as a
function of the width of the well and found that the Casimir
energy increases almost linearly as the width of the well
increases and since none of the bound energy levels crosses
the line of E = 0, there is no cusp in this graph. Then, we
have depicted the Casimir energy density and the energy
density of all the states with positive energy for comparison
and found that these two densities are exactly the mirror
images of each other. Finally, considering a system con-
sisting of a valence fermion present in the lowest positive-
energy bound state, we conclude that there is no region in the
parameter space where the total energy of the system is
stationary with respect to small changes of the parameters.
This is in sharp contrast to the cases where the bound state
energy levels cross the E = 0 line.

APPENDIX:
The explicit expressions for the coefficients of the bound

states given in Eq. (4) are as follows,

N = Normalization of bound states,
mop

b=N 9 sin[2au] + cos[2au] |,

-N . .
= Dmon eMEVy — mopu + id(mg — V)],

C

e MEVy + mop + id(mg — V)], (A1)

" 2mou

where the normalization factor for the bound states is
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N = {i - mo(mj—VO) + sin [4aRe(u)]
I _wﬁ+wrvwwwW@mWWmemW+ﬂ%>
[4Re(ﬂ) < m|ul* milul*(my — Vo)
(mg — Vo)Re(ﬂ)]
mo|ul?
—AE? + u* = Amg — Vo)* 22(mg—2Vy) —mgV3 1
+ cos {aRe(u) [ 2mo|ul*(my — Vo) - 2moAlul? 2_’1]

+ sinh [4alm(u)]

y [ 1 ( N 2(E? + (mg— V)?) + E2V3E  m|ul* — 2moVoE?|u|* + E4v5>
ATm(u) mg|ul? mglul*(mg — Vo)
" (mo — Vo)Im(ﬂ)}
2
mo|pul
Al + AE* + 2 —Vy)? V2422 -2V 171)-1/2
+ cosh [4alm(x)] { |u|* + 2+ (mo — Vo) ) mo Vo + (mo2 0) _} } . (A2)
2mo|u|*(mg — Vo) 2moA|ul 22

The explicit expressions for the coefficients of the continuum states given in Eq. (6) are as follows:

N = Normalization of continuum states,

R e =

where the normalization of the continuum states is (&£ signs refer to the parity of the states)

2E* (V3 —md) 2E*  4moE(V,y — mO)Re('“)
N = { cosh [2alm(u [ ) > + }
- { Ratmol | e —2EReGe) T (E2+ ul* - e(f‘
moeE  moE(Vy —mg)? -+ 2E>(Vy — E Re(u
F 2cos[2aRe(u { + (A
[2aRe(u)]\ =5 P*(E> + |ul* — 2ERe(

The change in the number of levels of the continua are as follows:

sty Y
sea

1 +oo d .
=+ / 7[—52 {—Zap2 + (IN.|> + |N_|?) sinh[2alm(u)]

X

[ 2my(my — Vo)Im(u) P’ (my — Vy)?
B>+ [uP —2ERe() | Im(u) (1 TR - 2ER3(#)>}
+ (INy? = [N_]) sin[2aRe(u)]
y _m (1 _ (mg — Vy)? ) 2p*(my — Vo)(E — Re(u)) } }

U\ B2+ [uf? — 2ERe(n)) ' Re(u)(E* + [u* — 2ERe(n))] J°

The spatial densities for the bound states and the continua are obtained in the following forms for |x| > a:
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<2m0E(m0 —Vo)(E—Re(y)

. m(z)(mo — V0)2 )
E? + |u> — 2ERe(u)

O B>+ |u] — 2ERe()
2mop(mg — Vo)Im(u)
E? + |u> — 2ERe(u)

+ sinh [2alm(p)] sin 2p(|x| — a)] (

+ (NP = IN_]?) [COS [2aRe(u)] cos [2p(|x| — a)]

B 2m(2)(m0 — Vo)(E — Re(/‘)))
E? + |u|* — 2ERe(u)

moE(mg —V,)?
E? + |u|*> — 2ERe(u)

X (mOE +

. . mop(mo —Vo)*
2aR 2p(|x| = B ’
+ sin [2aRe ()] sin [2p(|x[ — a)] (’"Op E? + |u[> — 2ERe(u)
pgound(x) = 2N2672,1(\x\7a)’ (A6)
and for |x| < a:

(mg —Vp)*
E* + |u|* — 2ERe(u)

+oodp
= — <=1+ (N >+ |N_]}) |1
7ty =2 A APl

] cosh [2Im(u)x]

E —Re(u)
E* + |u|> — 2ERe(u)

+ 20 = Vo) (NP = IN_P)| J cospret1}
2
2mi|ul?

E?V2 + m}|ul? 4myVoE*Re(u)?
X 22+A) E? + |uf) — ————— 4+ 22 (my — V;)?
K (mo—Vo)? ( ) (mo — Vi) (mo = Vo)

Pina(3) = 53 {cosh 20m(u)x + )

E* + |y’

(mg — Vo)

4myVoE*Tm(u)?
(mo—Vo)?

+ E*V3 +m3 |/¢|2] + 2sinh [2Im(u)(x + a)]moAIlm(u) { +mgy — VO}

E2VG — mg|u®

- cos 2Relp) s + )] (2 + £ 000 (g Vo)?

R

2 12
= V-4 |+ sin [2Re()x + almudRel)| = = vo . (A7)

[1] R. Jackiw and C. Rebbi, Phys. Rev. D 13, 3398 (1976).

[2] J. Goldstone and F. Wilczek, Phys. Rev. Lett. 47, 986 (1981).

[3] R. MacKenzie and F. Wilczek, Phys. Rev. D 30, 2194
(1984).

[4] R. Blankenbecler and D. Boyanovsky, Phys. Rev. D 31,
2089 (1985); M. Stone, Phys. Rev. B 31, 6112 (1985); S. S.
Gousheh, Phys. Rev. D 45, 2920 (1992).

[5]1 J. A. Bagger and S. G. Naculich, Phys. Rev. Lett. 67, 2252
(1991); Phys. Rev. D 45, 1395 (1992); S. G. Naculich, Phys.
Rev. D 46, 5487 (1992).

[6] S.S. Gousheh and R. Lépez-Mobilia, Nucl. Phys. B428,
189 (1994).

[7] E. Farhi, N. Graham, R. L. Jaffe, and H. Weigel, Nucl. Phys.
B585, 443 (2000); Phys. Lett. B 475, 335 (2000).

[8] E. Farhi, N. Graham, R. L. Jaffe, and H. Weigel, Nucl. Phys.
B595, 536 (2001).

[9] S.S. Gousheh, Phys. Rev. A 65, 032719 (2002); G. V.
Dunne, Nucl. Phys. B, Proc. Suppl. 108, 155 (2002);
S. Yasui, A. Hosaka, and M. Oka, Phys. Rev. D 77, 054007
(2008).

045027-11


http://dx.doi.org/10.1103/PhysRevD.13.3398
http://dx.doi.org/10.1103/PhysRevLett.47.986
http://dx.doi.org/10.1103/PhysRevD.30.2194
http://dx.doi.org/10.1103/PhysRevD.30.2194
http://dx.doi.org/10.1103/PhysRevD.31.2089
http://dx.doi.org/10.1103/PhysRevD.31.2089
http://dx.doi.org/10.1103/PhysRevB.31.6112
http://dx.doi.org/10.1103/PhysRevD.45.2920
http://dx.doi.org/10.1103/PhysRevLett.67.2252
http://dx.doi.org/10.1103/PhysRevLett.67.2252
http://dx.doi.org/10.1103/PhysRevD.45.1395
http://dx.doi.org/10.1103/PhysRevD.46.5487
http://dx.doi.org/10.1103/PhysRevD.46.5487
http://dx.doi.org/10.1016/0550-3213(94)90198-8
http://dx.doi.org/10.1016/0550-3213(94)90198-8
http://dx.doi.org/10.1016/S0550-3213(00)00371-0
http://dx.doi.org/10.1016/S0550-3213(00)00371-0
http://dx.doi.org/10.1016/S0370-2693(00)00108-8
http://dx.doi.org/10.1016/S0550-3213(00)00665-9
http://dx.doi.org/10.1016/S0550-3213(00)00665-9
http://dx.doi.org/10.1103/PhysRevA.65.032719
http://dx.doi.org/10.1016/S0920-5632(02)01320-8
http://dx.doi.org/10.1103/PhysRevD.77.054007
http://dx.doi.org/10.1103/PhysRevD.77.054007

S.S. GOUSHEH, S.S. MOUSAVI, AND L. SHAHKARAMI

[10] L. Shahkarami and S. S. Gousheh, J. High Energy Phys. 06
(2011) 116.

[11] W.P.SuandJ. R. Schrieffer, Phys. Rev. Lett. 46, 738 (1981);
A.J. Niemi and G.W. Semenoff, Phys. Rep. 135, 99
(1986).

[12] M. J. Rice and E. J. Mele, Phys. Rev. Lett. 49, 1455 (1982);
R. Jackiw and G. Semenoff, Phys. Rev. Lett. 50, 439 (1983);
A.J. Heeger, S. Kivelson, J. R. Schrieffer, and W.-P. Su,
Rev. Mod. Phys. 60, 781 (1988).

[13] A.R. Neghabian, Phys. Rev. A 27, 2311 (1983); Y. Gu,
Phys. Rev. A 66, 032116 (2002); A.I. Milstein, LS.
Terekhov, U.D. Jentschura, and C.H. Keitel, Phys. Rev.
A 72, 052104 (2005).

[14] E.R. Bezerra de Mello and A. A. Saharian, Phys. Rev. D 75,
065019 (2007); E. R. Bezerra de Mello, V. B. Bezerra, A. A.
Saharian, and A.S. Tarloyan, Phys. Rev. D 78, 105007
(2008); E.R. Bezerra de Mello and A. A. Saharian, Phys.
Rev. D 78, 045021 (2008); S. Bellucci, E.R. Bezerra de
Mello, A. de Padua, and A. A. Saharian, Eur. Phys. J. C 74,
2688 (2014).

[15] R. MacKenzie and F. Wilczek, Phys. Rev. D 30, 2260
(1984).

[16] H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 51, 793 (1948).

[17] H. B. G. Casimir and D. Polder, Phys. Rev. 73, 360 (1948).

[18] M.J. Sparnaay, Physica (Amsterdam) 24, 751 (1958).

[19] S. K. Lamoreaux, Phys. Rev. Lett. 78, 5 (1997); 81, 5475(E)
(1998).

[20] A.Roy and U. Mohideen, Phys. Rev. Lett. 82, 4380 (1999);
G. Bressi, G. Carugno, R. Onofrio, and G. Ruoso, Phys.
Rev. Lett. 88, 041804 (2002); H. B. Chan, Y. Bao, J. Zou,
R. A. Cirelli, F. Klemens, W. M. Mansfield, and C. S. Pai,
Phys. Rev. Lett. 101, 030401 (2008); G. Bimonte, D. Born,
E. Calloni, G. Esposito, U. Huebner, E. II’ichev, L. Rosa,
F. Tafuri, and R. Vaglio, J. Phys. A 41, 164023 (2008);
M. Masuda and M. Sasaki, Phys. Rev. Lett. 102, 171101
(2009); R. S. Decca, Int. J. Mod. Phys. A 26, 3910 (2011).

[21] R. L. Jaffe, Phys. Rev. D 72, 021301(R) (2005).

[22] T. H. Boyer, Phys. Rev. 174, 1764 (1968).

[23] L. L. DeRaad and K. A. Milton, Ann. Phys. (N.Y.) 136, 229
(1981).

[24] K. A. Milton, L. L. DeRaad, and J. Schwinger, Ann. Phys.
(N.Y.) 115, 388 (1978); M. Bordag, E. Elizalde, K. Kirsten,
and S. Leseduarte, Phys. Rev. D 56, 4896 (1997); G.J.
Maclay, Phys. Rev. A 61, 052110 (2000); X.-Z. Li and X.-H.
Zhai, J. Phys. A 34, 11053 (2001); H. Cheng, J. Phys. A 35,
2205 (2002); F. D. Mazzitelli, M. J. Sanchez, N. N. Scoccola,
and J. von Stecher, Phys. Rev. A 67, 013807 (2003); P. A. M.
Neto, J. Opt. B 7, S86 (2005); D.A.R. Dalvit, F.C.
Lombardo, F. D. Mazzitelli, and R. Onofrio, Phys. Rev. A
74, 020101 (2006); V.B. Bezerra, G. Bimonte, G.L.
Klimchitskaya, V. M. Mostepanenko, and C. Romero, Eur.
Phys. J. C 52, 701 (2007); S. S. Gousheh, R. Moazzemi, and
M. A. Valuyan, Phys. Lett. B 681, 477 (2009); H. Cheng,
Phys. Rev. D 82, 045005 (2010); R. Zandi, T. Emig, and
U. Mohideen, Phys. Rev. B 81, 195423 (2010); E. K. Abalo,
K. A.Milton, and L. Kaplan, Phys. Rev. D 82, 125007 (2010);
A. Seyedzahedi, R. Saghian, and S. S. Gousheh, Phys. Rev. A
82, 032517 (2010); L.P. Teo, Phys. Rev. D 84, 025022
(2011); X.-H. Zhai, X.-Z. Li, and C.-J. Feng, Eur. Phys. J. C

PHYSICAL REVIEW D 90, 045027 (2014)

71, 1654 (2011); L.P. Teo, Phys. Rev. D 85, 045027
(2012).

[25] K. A. Milton, L. L. Deraad, and J. Schwinger, Ann. Phys.
(N.Y.) 115, 388 (1978); R. Balian and B. Duplantier, Ann.
Phys. (N.Y.) 112, 165 (1978); I. H. Brevik, V. V. Nesterenko,
and I. G. Pirozhenko, J. Phys. A 31, 8661 (1998); K. A.
Milton, A. V. Nesterenko, and V. V. Nesterenko, Phys. Rev. D
59, 105009 (1999); V. V. Nesterenko and I. G. Pirozhenko,
J. Math. Phys. (N.Y.) 41, 4521 (2000); M. Bordag and
K. Kiresten, Int. J. Mod. Phys. A 17, 813 (2002); A. Romeo
and K. A. Milton, Phys. Lett. B 621, 309 (2005); S. Ichinose,
Int. J. Mod. Phys. A 23, 2245 (2008); K. A. Milton, P.
Parashar, J. Wagner, and 1. Cavero-Pelaez, J. Vac. Sci.
Technol. B 28, C4A8 (2010); M. F. Maghrebi, S.J. Rahi,
T. Emig, N. Graham, R. L. Jaffe, and M. Kardar, Proc. Natl.
Acad. Science U.S.A. 108, 6867 (2011); A.R. Kitson and
A. L Signal, Phys. Rev. D 85, 025021 (2012).

[26] H.B. Chan, V. A. Aksyuk, R.N. Kleiman, D.J. Bishop,
and F. Capasso, Science 291, 1941 (2001); Phys. Rev. Lett.
87, 211801 (2001); A. Ashourvan, M.F. Miri, and
R. Golestanian, Phys. Rev. Lett. 98, 140801 (2007); Phys.
Rev. E 75, 040103 (2007); M. F. Miri and R. Golestanian,
Appl. Phys. Lett. 92, 113103 (2008).

[27] R.F. Dashen, B. Hasslacher, and A. Neveu, Phys. Rev. D
10,4130 (1974); J.-L. Gervais and A. Neveu, Phys. Rep. 23,
237 (1976); H.J. de Vega, Nucl. Phys. B115, 411 (1976);
J. Verwaest, Nucl. Phys. B123, 100 (1977); L. D. Faddeev
and V. E. Korepin, Phys. Rep. 42, 1 (1978); R. Rajaraman,
Solitons and Instantons: An Introduction to Solitons and
Instantons in Quantum Field Theory (North-Holland,
Amsterdam, 1982); M. Bordag, A.S. Goldhaber, P. van
Nieuwenhuizen, and D. Vassilevich, Phys. Rev. D 66,
125014 (2002); A. Rebhan, P. van Nieuwenhuizen, and
R. Wimmer, New J. Phys. 4, 31 (2002); G. Mussardo,
V. Riva, and G. Sotkov, Nucl. Phys. B699, 545 (2004); S. S.
Gousheh, A. Mohammadi, M. Asghari, R. Moazzemi, and
F. Charmchi, J. High Energy Phys. 07 (2012) 060.

[28] L. Shahkarami, A. Mohammadi, and S. S. Gousheh, J. High
Energy Phys. 11 (2011) 140.

[29] S.S. Gousheh, A. Mohammadi, and L. Shahkarami, Phys.
Rev. D 87, 045017 (2013).

[30] S.S. Gousheh, A. Mohammadi, and L. Shahkarami,
arXiv:1212.2089.

[31] A. Rebhan and P. van Nieuwenhuizen, Nucl. Phys. B508,
449 (1997); A.S. Goldhaber, A. Litvintsev, and P. van
Nieuwenhuizen, Phys. Rev. D 67, 105021 (2003); A.
Rebhan, P. van Nieuwenhuizen, and R. Wimmer, Nucl.
Phys. B679, 382 (2004).

[32] A. A. Actor and 1. Bender, Phys. Rev. D 52, 3581 (1995);
N. Graham, R.L. Jaffe, V. Khemani, M. Quandt, M.
Scandurra, and H. Weigel, Phys. Lett. B 572, 196
(2003); N. Graham, R. L. Jaffe, V. Khemani, M. Quandt,
O. Schroeder, and H. Weigel, Nucl. Phys. B677, 379 (2004).

[33] W. Greiner, Relativistic Quantum Mechanics 3rd ed.
(Springer-Verlag, Berlin, 2000).

[34] Z. Dehghan and S.S. Gousheh, Int. J. Mod. Phys. A 27,
1250093 (2012).

[35] F. Charmchi and S.S. Gousheh, Phys. Rev. D 89, 025002
(2014).

045027-12


http://dx.doi.org/10.1007/JHEP06(2011)116
http://dx.doi.org/10.1007/JHEP06(2011)116
http://dx.doi.org/10.1103/PhysRevLett.46.738
http://dx.doi.org/10.1016/0370-1573(86)90167-5
http://dx.doi.org/10.1016/0370-1573(86)90167-5
http://dx.doi.org/10.1103/PhysRevLett.49.1455
http://dx.doi.org/10.1103/PhysRevLett.50.439
http://dx.doi.org/10.1103/RevModPhys.60.781
http://dx.doi.org/10.1103/PhysRevA.27.2311
http://dx.doi.org/10.1103/PhysRevA.66.032116
http://dx.doi.org/10.1103/PhysRevA.72.052104
http://dx.doi.org/10.1103/PhysRevA.72.052104
http://dx.doi.org/10.1103/PhysRevD.75.065019
http://dx.doi.org/10.1103/PhysRevD.75.065019
http://dx.doi.org/10.1103/PhysRevD.78.105007
http://dx.doi.org/10.1103/PhysRevD.78.105007
http://dx.doi.org/10.1103/PhysRevD.78.045021
http://dx.doi.org/10.1103/PhysRevD.78.045021
http://dx.doi.org/10.1140/epjc/s10052-013-2688-z
http://dx.doi.org/10.1140/epjc/s10052-013-2688-z
http://dx.doi.org/10.1103/PhysRevD.30.2260
http://dx.doi.org/10.1103/PhysRevD.30.2260
http://dx.doi.org/10.1103/PhysRev.73.360
http://dx.doi.org/10.1016/S0031-8914(58)80090-7
http://dx.doi.org/10.1103/PhysRevLett.78.5
http://dx.doi.org/10.1103/PhysRevLett.81.5475
http://dx.doi.org/10.1103/PhysRevLett.81.5475
http://dx.doi.org/10.1103/PhysRevLett.82.4380
http://dx.doi.org/10.1103/PhysRevLett.88.041804
http://dx.doi.org/10.1103/PhysRevLett.88.041804
http://dx.doi.org/10.1103/PhysRevLett.101.030401
http://dx.doi.org/10.1088/1751-8113/41/16/164023
http://dx.doi.org/10.1103/PhysRevLett.102.171101
http://dx.doi.org/10.1103/PhysRevLett.102.171101
http://dx.doi.org/10.1142/S0217751X1105436X
http://dx.doi.org/10.1103/PhysRevD.72.021301
http://dx.doi.org/10.1103/PhysRev.174.1764
http://dx.doi.org/10.1016/0003-4916(81)90097-X
http://dx.doi.org/10.1016/0003-4916(81)90097-X
http://dx.doi.org/10.1016/0003-4916(78)90161-6
http://dx.doi.org/10.1016/0003-4916(78)90161-6
http://dx.doi.org/10.1103/PhysRevD.56.4896
http://dx.doi.org/10.1103/PhysRevA.61.052110
http://dx.doi.org/10.1088/0305-4470/34/49/320
http://dx.doi.org/10.1088/0305-4470/35/9/310
http://dx.doi.org/10.1088/0305-4470/35/9/310
http://dx.doi.org/10.1103/PhysRevA.67.013807
http://dx.doi.org/10.1088/1464-4266/7/3/012
http://dx.doi.org/10.1103/PhysRevA.74.020101
http://dx.doi.org/10.1103/PhysRevA.74.020101
http://dx.doi.org/10.1140/epjc/s10052-007-0400-x
http://dx.doi.org/10.1140/epjc/s10052-007-0400-x
http://dx.doi.org/10.1016/j.physletb.2009.10.058
http://dx.doi.org/10.1103/PhysRevD.82.045005
http://dx.doi.org/10.1103/PhysRevB.81.195423
http://dx.doi.org/10.1103/PhysRevD.82.125007
http://dx.doi.org/10.1103/PhysRevA.82.032517
http://dx.doi.org/10.1103/PhysRevA.82.032517
http://dx.doi.org/10.1103/PhysRevD.84.025022
http://dx.doi.org/10.1103/PhysRevD.84.025022
http://dx.doi.org/10.1140/epjc/s10052-011-1654-x
http://dx.doi.org/10.1140/epjc/s10052-011-1654-x
http://dx.doi.org/10.1103/PhysRevD.85.045027
http://dx.doi.org/10.1103/PhysRevD.85.045027
http://dx.doi.org/10.1016/0003-4916(78)90161-6
http://dx.doi.org/10.1016/0003-4916(78)90161-6
http://dx.doi.org/10.1016/0003-4916(78)90083-0
http://dx.doi.org/10.1016/0003-4916(78)90083-0
http://dx.doi.org/10.1088/0305-4470/31/43/009
http://dx.doi.org/10.1103/PhysRevD.59.105009
http://dx.doi.org/10.1103/PhysRevD.59.105009
http://dx.doi.org/10.1063/1.533358
http://dx.doi.org/10.1142/S0217751X02010170
http://dx.doi.org/10.1016/j.physletb.2005.06.073
http://dx.doi.org/10.1142/S0217751X08040949
http://dx.doi.org/10.1116/1.3292607
http://dx.doi.org/10.1116/1.3292607
http://dx.doi.org/10.1073/pnas.1018079108
http://dx.doi.org/10.1073/pnas.1018079108
http://dx.doi.org/10.1103/PhysRevD.85.025021
http://dx.doi.org/10.1126/science.1057984
http://dx.doi.org/10.1103/PhysRevLett.87.211801
http://dx.doi.org/10.1103/PhysRevLett.87.211801
http://dx.doi.org/10.1103/PhysRevLett.98.140801
http://dx.doi.org/10.1103/PhysRevE.75.040103
http://dx.doi.org/10.1103/PhysRevE.75.040103
http://dx.doi.org/10.1063/1.2898707
http://dx.doi.org/10.1103/PhysRevD.10.4130
http://dx.doi.org/10.1103/PhysRevD.10.4130
http://dx.doi.org/10.1016/0370-1573(76)90041-7
http://dx.doi.org/10.1016/0370-1573(76)90041-7
http://dx.doi.org/10.1016/0550-3213(76)90497-1
http://dx.doi.org/10.1016/0550-3213(77)90343-1
http://dx.doi.org/10.1016/0370-1573(78)90058-3
http://dx.doi.org/10.1103/PhysRevD.66.125014
http://dx.doi.org/10.1103/PhysRevD.66.125014
http://dx.doi.org/10.1088/1367-2630/4/1/331
http://dx.doi.org/10.1016/j.nuclphysb.2004.08.004
http://dx.doi.org/10.1007/JHEP07(2012)060
http://dx.doi.org/10.1007/JHEP11(2011)140
http://dx.doi.org/10.1007/JHEP11(2011)140
http://dx.doi.org/10.1103/PhysRevD.87.045017
http://dx.doi.org/10.1103/PhysRevD.87.045017
http://arXiv.org/abs/1212.2089
http://dx.doi.org/10.1016/S0550-3213(97)80021-1
http://dx.doi.org/10.1016/S0550-3213(97)80021-1
http://dx.doi.org/10.1103/PhysRevD.67.105021
http://dx.doi.org/10.1016/j.nuclphysb.2003.11.030
http://dx.doi.org/10.1016/j.nuclphysb.2003.11.030
http://dx.doi.org/10.1103/PhysRevD.52.3581
http://dx.doi.org/10.1016/j.physletb.2003.03.003
http://dx.doi.org/10.1016/j.physletb.2003.03.003
http://dx.doi.org/10.1016/j.nuclphysb.2003.11.001
http://dx.doi.org/10.1142/S0217751X12500935
http://dx.doi.org/10.1142/S0217751X12500935
http://dx.doi.org/10.1103/PhysRevD.89.025002
http://dx.doi.org/10.1103/PhysRevD.89.025002

