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Correspondence should be addressed to Antonio Capolupo; capolupo@sa.infn.it

Received 11 August 2017; Revised 19 October 2017; Accepted 5 February 2018; Published 10 April 2018

Academic Editor: Hernando Quevedo

Copyright © 2018 Antonio Capolupo. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The
publication of this article was funded by SCOAP3.

We study the behavior of the vacuum condensates characterizing many physical phenomena. We show that condensates due to
thermal states, to fields in curved space, and to neutrino mixing, may represent new components of the dark matter, whereas the
condensate due to axion-photonmixing can contribute to the dark energy. Moreover, by considering a supersymmetric framework,
we show that the nonzero energy of vacuum condensates may induce a spontaneous supersymmetry breaking.

1. Introduction

In recent years, many efforts have been made to understand
the nature and the origin of the dark energy and of the dark
matter [1–29], which represent almost the 68% and the 27%,
respectively, of the matter and energy content of the universe
[30–34].

Another important field of study is the supersymmetry
(SUSY) [35–40]. Such a symmetry associates any boson to
a fermion (called superpartner) with the same mass and
internal quantum numbers and vice versa. However, up to
now, no superpartner has been detected. Therefore, SUSY
must be a broken symmetry, which permits the existence
of superpartners heavier than the corresponding particles,
or it must be ruled out as a fundamental symmetry. In
particular, intensive study has been devoted to the analysis
of the possibility of SUSY breaking.

Here we report on recent results [41–47] obtained by
studying the condensate structure of the vacuum of many
phenomena such asHawking effect and fields in curved space
[48–61]. In the framework of the standard model of particles,
we show that the thermal vacuum of the hot plasma present
at the center of a galaxy cluster, the vacuum fluctuations of
fields in curved space [62], and the flavor neutrino vacuum
give nontrivial contributions to the energy of the universe
and have a pressure equal to zero. Thus, such condensates,

in the presence of ordinary matter, can aggregate structures
and to represent a component of the dark matter. A behavior
completely different is the one of the vacuum condensate
induced by the axion-photon mixing. Indeed, in this case the
condensate has a state equation which coincides with one of
the cosmological constants and can contribute to the dark
energy of the universe [41, 42]. Then, the condensates can
provide both the effects of the dark part of the universe, that
is, the dynamical and the gravitational ones.

It is worth stressing that the condensate contributions
are different from the usual zero-point energy contribution
of fields. Indeed they are not originated from radiative
corrections, but they derive from the property of QFT of
being characterized by infinitely many representations of the
canonical (anti)commutation relations in the infinite volume
limit. Values compatible with the estimated ones for dark
matter and dark energy are obtained by using reasonable
values of the cut-offs on the momenta. This result is due
to the drastic decrease in the degree of divergency, for high
momenta, of integrals describing the energy-momentum
tensor of the condensates, in comparison with the case of
the zero-point energy of a free field. Indeed, the usual zero-
point energy contribution goes like 𝐾4 for high momenta.
Such divergence and 𝐾2 one are removed in the vacuum
condensates [63–67].
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We also consider the framework of the supersymmetry
and, by using the freeWess–Zuminomodel, we show that the
presence of nonvanishing vacuum energy at the Lagrangian
level implies that SUSY is spontaneously broken by the
condensates [43–47].

The structure of the paper is the following: in Section 2,we
introduce the Bogoliubov transformations in quantum field
theory (QFT) and we study the energy-momentum tensor
density for vacuum condensates of boson and fermion fields.
In Sections 3 and 4, we present the contribution given to the
energy of the universe by thermal states, with reference to the
Hawking and Unruh effects, by fields in curved space and
by particle mixing phenomena. SUSY breaking induced by
vacuum condensate is presented in Section 5 and Section 6 is
devoted to the conclusions.

2. Bogoliubov Transformation and Energy-
Momentum Tensor of Vacuum Condensate

Many phenomena, ranging from the BCS theory of super-
conductivity [51] to the Casimir and the Schwinger effects
[50], are represented, in the context of QFT, by a Bogoliubov
transformation [55]. Such a transformation for bosons is
expressed as 𝑎k(𝜉, 𝑡) = 𝑈�퐵k 𝑎k(𝑡) − 𝑉�퐵−k𝑎†−k(𝑡), with 𝜉 parameter
depending on the phenomenon analyzed, 𝑎k annihilators
of the vacuum |0⟩, and 𝑈�퐵k , 𝑉�퐵k , coefficients satisfying the
conditions 𝑈�퐵k = 𝑈�퐵−k, 𝑉�퐵k = 𝑉�퐵−k , and |𝑈�퐵k |2 − |𝑉�퐵k |2 = 1
(similar discussion holds for fermions).

Introducing the generator 𝐽(𝜉, 𝑡) of the Bogoliubov trans-
formation, one can write 𝑎k(𝜉, 𝑡) = 𝐽−1(𝜉, 𝑡)𝑎k(𝑡)𝐽(𝜉, 𝑡). Here𝐽(𝜉, 𝑡) is a unitary operator, 𝐽−1(𝜉) = 𝐽(−𝜉), which allows
relating the original vacua |0⟩ to the vacua |0(𝜉, 𝑡)⟩ annihi-
lated by 𝑎k(𝜉, 𝑡); |0(𝜉, 𝑡)⟩ = 𝐽−1(𝜉, 𝑡)|0⟩. Such a relation is a
unitary operation in quantummechanics, where k assumes a
discrete range of values, but it is not a unitary transformation
in QFT, where k assumes a continuous infinity of values. In
this case, |0(𝜉, 𝑡)⟩ and |0⟩ are unitarily inequivalent and the
proper physical vacua are |0(𝜉, 𝑡)⟩ [54, 55]. Such vacua have a
condensate structure which is responsible for an expectation
value of the number operator𝑁k = 𝑎†k𝑎k on |0(𝜉, 𝑡)⟩ different
from zero; ⟨0(𝜉, 𝑡)|𝑎†k𝑎k|0(𝜉, 𝑡)⟩ = |𝑉k|2. This fact implies
a nontrivial result of the expectation value of the energy-
momentum tensor density 𝑇�휇](𝑥) for free fields on |0(𝜉, 𝑡)⟩;Ξ�휆�휇](𝑥) =�휆 ⟨0(𝜉, 𝑡)| : 𝑇�휆�휇](𝑥) : |0(𝜉, 𝑡)⟩�휆. Here, : ⋅ ⋅ ⋅ : denotes
the normal ordering with respect to the original vacuum |0⟩�휆.
Notice that the off-diagonal components of Ξ�휆�휇](𝑥) are zero,Ξ�휆�푖,�푗(𝑥) = 0, for 𝑖 ̸= 𝑗, then the condensates act as a perfect
fluid, and one can define their energy density and pressure,
by means of the (0, 0) and the (𝑗, 𝑗) components of Ξ�휆�휇](𝑥), as𝜌�휆 = Ξ�휆00(𝑥) and 𝑝�휆 = Ξ�휆�푗�푗(𝑥) [41, 42].

For bosons, in the particular case of the isotropy of the
momenta, 𝑘1 = 𝑘2 = 𝑘3, the energy density, the pressure, and
the state equation, 𝑤�퐵 = 𝑝�퐵/𝜌�퐵, are given by [41, 42]

𝜌�퐵 = 12𝜋2 ∫
∞

0
𝑑𝑘𝑘2𝜔�푘 𝑉�퐵�푘 2 , (1)

𝑝�퐵 = 16𝜋2 ∫
∞

0
𝑑𝑘𝑘2 [ 𝑘2𝜔�푘

𝑉�퐵�푘 2

− ( 𝑘2𝜔�푘 +
3𝑚22𝜔�푘 )

𝑈�퐵�푘  𝑉�퐵�푘  cos (𝜔�푘𝑡)] ,
(2)

𝑤�퐵 = 13
∫ 𝑑3k (𝑘2/𝜔�푘) 𝑉�퐵�푘 2∫𝑑3k𝜔�푘 𝑉�퐵�푘 2 − 13

⋅ ∫ 𝑑3k (𝑘2/𝜔�푘 + 3𝑚2/2𝜔�푘)𝑈�퐵�푘𝑉�퐵�푘 cos (𝜔�푘𝑡)
∫ 𝑑3k𝜔�푘 𝑉�퐵�푘 2 ,

(3)

respectively. For Majorana fermions, one has [41, 42]

𝜌�퐹 = 1𝜋2 ∫
∞

0
𝑑𝑘𝑘2𝜔�푘 𝑉�퐹�푘 2 , (4)

𝑝�퐹 = 13𝜋2 ∫
∞

0
𝑑𝑘 𝑘4𝜔�푘

𝑉�퐹�푘 2 , (5)

𝑤�퐹 = 13
∫ 𝑑3k (𝑘2/𝜔�푘) 𝑉�퐹�푘 2∫𝑑3k𝜔�푘 𝑉�퐹�푘 2 . (6)

The equations presented above hold for all the systems
described by Bogoliubov transformations in QFT. By using
such equations and the explicit form of the Bogoliubov
coefficients, we analyze the cases of thermal states and of
fields in curved spaces. Then, we study the particle mixing
phenomenon which, at the level of the annihilators, is
described by a Bogoliubov transformation and a rotation.
This fact implies that, for particle mixing, (1)–(6) must be
modified, as shown in Section 4.

3. Dark Matter Components from Thermal
States, Hawking and Unruh Effects, and
Fields in Curved Background

We show that thermal vacuum states and vacuum condensate
of fields in curved space can be interpreted as components of
the dark matter.

We start by considering the thermal vacuum state|0(𝜉(𝛽))⟩�휆 introduced in the framework of Thermofield
Dynamics (TFD) (where 𝛽 ≡ 1/(𝑘�퐵𝑇), and 𝑘�퐵 is the Boltz-
mann constant and𝜆 = 𝐵, 𝐹) [53–55]. In such a context, every
degree of freedom is doubled and the thermal Bogoliubov
transformation allows defining, at nonzero temperature, the
state |0(𝜉(𝛽))⟩�휆 such that the thermal statistical average is
given by �휆⟨0(𝜉(𝛽))|𝑁�휒k |0(𝜉(𝛽))⟩�휆, where 𝑁�휒k = 𝜒†k𝜒k, (𝜒 = 𝑎
for bosons and 𝛼 for fermions) is the number operator [54].
The Bogoliubov coefficients are 𝑈�푇k = √𝑒�훽�휔k/(𝑒�훽�휔k ± 1) and𝑉�푇k = √1/(𝑒�훽�휔k ± 1), with − for bosons and + for fermions,
and 𝜔k = √𝑘2 + 𝑚2. The energy density and pressure of|0(𝜉(𝛽))⟩�휆, obtained by (1)–(6) with 𝑈k = 𝑈�푇k and 𝑉k = 𝑉�푇k ,
permit studying many thermal systems.

We obtain that, for temperatures of order of the cosmic
microwave radiation (i.e., 𝑇 = 2.72K), only photons and
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very light particles contribute to the energy radiation with𝜌 ∼ 10−51 GeV4 and state equations, 𝑤 = 1/3, whereas
nonrelativistic particles give negligible contributions [68].
On the other hand, the thermal vacuum of the hot plasma
filling the center of galaxy clusters with temperatures (10 ÷100) × 106 K can contribute to the dark matter. Indeed, such
a vacuum has an energy density of (10−48–10−47)GeV4 and a
pressure 𝑝 ∼ 0. Moreover, since the temperatures related to
Unruh and Hawking effects are very low, their contributions
to the energy of the universe are negligible [68].

Let us now consider fields in curved background. In such
a case, the Bogoliubov coefficients depend on the metric
analyzed [58]. Here, we study boson fields in spatially flat
Friedmann Robertson-Walker metric, 𝑑𝑠2 = 𝑑𝑡2 −𝑎2(𝑡)𝑑x2 =𝑎2(𝜂)(𝑑𝜂2 − 𝑑x2), where 𝑡 is the comoving time, 𝑎 is the scale
factor, and 𝜂(𝑡) = ∫�푡

�푡0
(𝑑𝑡/𝑎(𝑡)) is the conformal time, with 𝑡0

arbitrary constant.
The energy density and pressure are [69, 70]

𝜌curv = 2𝜋𝑎2 ∫�퐾
0

𝑑𝑘𝑘2 (𝜙�耠�푘2 + 𝑘2 𝜙�푘2 + 𝑚2 𝜙�푘2) ,
𝑝curv = 2𝜋𝑎2 ∫�퐾

0
𝑑𝑘𝑘2 (𝜙�耠�푘2 − 𝑘23 𝜙�푘2 − 𝑚2 𝜙�푘2) ,

(7)

where 𝐾 is the cut-off on the momenta, 𝜙�푘 are mode
functions, and 𝜙�耠�푘 are the derivative of 𝜙�푘 with respect to the
conformal time 𝜂. The numerical value of 𝜌curv, of 𝑝curv, and
of the state equation 𝑤curv are depending on the choice of 𝐾.
However, it has been shown in [62] that, in infrared regime,
by using a cut-off on the momenta much smaller than the
comoving mass of the field, 𝐾 ≪ 𝑚𝑎, and setting 𝑚 ≫ 𝐻,
one obtains the state equation of the dark matter, 𝑤curv ≃ 0.
The energy density, in this case, is𝜌curv = 𝑚𝐾3/12𝜋2𝑎3, which
is much smaller than 𝑚4/12𝜋2. Therefore, the contributions
of light particles are compatible with the value estimated for
the dark matter.

4. Dark Matter Component from Neutrino
Mixing and Dark Energy Contribution from
Mixed Bosons

We now compute the contributions to the energy given by
the vacuum of mixed fields. The particle mixing concerns
fermions as neutrinos and quarks and bosons as axions,
kaons, 𝐵0, 𝐷0, and 𝜂-𝜂�耠 systems. The mixing of two fields is
expressed as

𝜑1 (𝜃, 𝑥) = 𝜑1 (𝑥) cos (𝜃) + 𝜑2 (𝑥) sin (𝜃) ,
𝜑2 (𝜃, 𝑥) = −𝜑1 (𝑥) sin (𝜃) + 𝜑2 (𝑥) cos (𝜃) , (8)

where 𝜃 is the mixing angle, 𝜑�푖(𝑥) are free fields, and 𝜑�푖(𝜃, 𝑥)
are mixed fields, with 𝑖 = 1, 2.

The generator of the mixing, 𝐽(𝜃, 𝑡), allows writing (8) as𝜑�푖(𝜃, 𝑥) ≡ 𝐽−1(𝜃, 𝑡)𝜑�푖(𝑥)𝐽(𝜃, 𝑡) and the mixed annihilation
operators as 𝜒�푟k,�푖(𝜃, 𝑡) ≡ 𝐽−1(𝜃, 𝑡)𝜒�푟k,�푖(𝑡)𝐽(𝜃, 𝑡). Here we
denote with 𝜒�푟k,�푖 the annihilators of bosons 𝑎k,�푖 and the

ones of fermions 𝛼�푟k,�푖 [59, 60]. One can see that the mixing
transformation, at the level of annihilators, is a rotation plus
a Bogoliubov transformation [59, 60]. Then the physical
vacuum, |0(𝜃, 𝑡)⟩ ≡ 𝐽−1(𝜃, 𝑡)|0⟩1,2 (where |0⟩1,2 is the vacuum
annihilated by 𝜒�푟k,�푖), generates a condensation density given
by

⟨0 (𝜃, 𝑡)| 𝜒�푟†k,�푖𝜒�푟k,�푖 |0 (𝜃, 𝑡)⟩ = sin2 𝜃 Υ�휆k 2 , (9)

where 𝜆 = 𝐵, 𝐹. The Bogoliubov coefficient, Υ�휆k , appearing in
the condensates, assumes the following form for bosons and
fermions:

Υ�퐵k  = 12 (√Ω�푘,1Ω�푘,2 − √Ω�푘,2Ω�푘,1) , (10)

Υ�퐹k  = (Ω�푘,1 + 𝑚1) − (Ω�푘,2 + 𝑚2)
2√Ω�푘,1Ω�푘,2 (Ω�푘,1 + 𝑚1) (Ω�푘,2 + 𝑚2) |k| , (11)

respectively, where Ω�푘,�푖 are the energies of the free fields, 𝑖 =1, 2. The other coefficients of the transformations are Σ�퐵k =
√1 + |Υ�퐵k |2 and Σ�퐹k = √1 − |Υ�퐹k |2.

In the following, we use the relation 𝐽−1(𝜃, 𝑡) = 𝐽†(𝜃, 𝑡) =𝐽(−𝜃, 𝑡) to write
�휆⟨0 (𝜃, 𝑡)| : 𝑇�휆�휇] (𝑥) : |0 (𝜃, 𝑡)⟩�휆 =

=�휆 ⟨0| 𝐽−1�휆 (−𝜃, 𝑡) : 𝑇�휆�휇] (𝑥) : 𝐽�휆 (−𝜃, 𝑡) |0⟩�휆 . (12)

Then, we denote with Θ(−𝜃, 𝑥) = 𝐽−1(−𝜃, 𝑡)Θ(𝑥)𝐽(−𝜃, 𝑡)
the operators transformed by 𝐽(−𝜃, 𝑡). Let us now analyze
the contributions induced by the mixing of bosons and of
fermions.

(i) Boson Mixing. The energy density and pressure of the
vacuum condensate induced by mixed bosons are

𝜌�퐵mix = 12 ⟨0| : ∑
�푖

[𝜋2�푖 (−𝜃, 𝑥) + [→∇𝜙�푖 (−𝜃, 𝑥)]2

+ 𝑚2�푖 𝜙2�푖 (−𝜃, 𝑥)] : |0⟩ ;
(13)

𝑝�퐵mix = ⟨0| : ∑
�푖

([𝜕�푗𝜙�푖 (−𝜃, 𝑥)]2 + 12 [𝜋2�푖 (−𝜃, 𝑥)
− [→∇𝜙�푖 (−𝜃, 𝑥)]2 − 𝑚2�푖 𝜙2�푖 (−𝜃, 𝑥)]) : |0⟩ ,

(14)

respectively. One can see that the kinetic and gradient terms
of the mixed vacuum are equal to zero [41, 42]:

⟨0| : ∑
�푖

𝜋2�푖 (−𝜃, 𝑥) : |0⟩ = ⟨0| : ∑
�푖

[→∇𝜙�푖 (−𝜃, 𝑥)]2 : |0⟩
= ⟨0| : ∑

�푖

[𝜕�푗𝜙�푖 (−𝜃, 𝑥)]2 : |0⟩ = 0.
(15)
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Therefore, (13) and (14) reduce to

𝜌�퐵mix = −𝑝�퐵mix = ⟨0| : ∑
�푖

𝑚2�푖 𝜙2�푖 (−𝜃, 𝑥) : |0⟩ , (16)

and the state equation is the ones of the cosmological
constant, 𝑤�퐵mix = −1. Denoting by 𝐾 the cut-off on the
momenta and by setting Δ𝑚2 = |𝑚22 − 𝑚21|, one has

𝜌�퐵mix = Δ𝑚2 sin2 𝜃8𝜋2 ∫�퐾
0

𝑑𝑘𝑘2 ( 1𝜔�푘,1 −
1𝜔�푘,2) . (17)

Such an integral, solved analytically, gives the following
results.

(i) For axion-photon mixing, considering magnetic field
strength 𝐵 ∈ [106–1017]G, axion mass 𝑚�푎 ≃ 2 × 10−2 eV,
sin2�푎 𝜃 ∼ 10−2, and a Planck scale cut-off, 𝐾 ∼ 1019 GeV, one
obtains a value of the energy density𝜌axion

mix = 2.3×10−47 GeV4,
which is of the same order of the estimated upper bound on
the dark energy.

(ii) For the mixing of neutrino superpartners, assuming𝑚1 = 10−3 eV, 𝑚2 = 9 × 10−3 eV, and sin2𝜃 = 0.3, one has𝜌�퐵mix = 7 × 10−47 GeV4 for 𝐾 = 10 eV. For smaller values of
sin2𝜃, one obtains 𝜌�퐵mix ∼ 10−47 GeV4 also in the case inwhich𝐾 = 1019 GeV [41, 42].

(ii) Fermion Mixing. The energy density and pressure of the
condensate induced by mixed fermions are

𝜌�퐹mix = − ⟨0| : ∑
�푖

[𝜓†�푖 (−𝜃, 𝑥) 𝛾0𝛾�푗𝜕�푗𝜓�푖 (−𝜃, 𝑥)
+ 𝑚𝜓†�푖 (−𝜃, 𝑥) 𝛾0𝜓�푖 (−𝜃, 𝑥)] : |0⟩ ;

𝑝�퐹mix = 𝑖 ⟨0| : ∑
�푖

[𝜓†�푖 (−𝜃, 𝑥) 𝛾0𝛾�푗𝜕�푗𝜓�푖 (−𝜃, 𝑥)] : |0⟩ ,
(18)

where 𝜓�푖(−𝜃, 𝑥) denote the mixed fields. With the kinetic
terms equal to zero, that is,

⟨0| : ∑
�푖

𝜓�푖 (−𝜃, 𝑥) 𝛾�푗𝜕�푗𝜓�푖 (−𝜃, 𝑥) : |0⟩ =
⟨0| : ∑

�푖

[𝜓†�푖 (−𝜃, 𝑥) 𝛾0𝛾�푗𝜕�푗𝜓�푖 (−𝜃, 𝑥)] : |0⟩ = 0, (19)

then (18) reduces to

𝜌�퐹mix = − ⟨0| : ∑
�푖

[𝑚�푖𝜓†�푖 (−𝜃, 𝑥) 𝛾0𝜓�푖 (−𝜃, 𝑥)] : |0⟩ ,
𝑝�퐹mix = 0.

(20)

Then, the vacuum condensate of fermion mixing behaves as
a dark matter component, being 𝑤�퐹mix = 0. Explicitly, one has

𝜌�퐹mix = Δ𝑚 sin2 𝜃2𝜋2 ∫�퐾
0

𝑑𝑘𝑘2 ( 𝑚2𝜔�푘,2 −
𝑚1𝜔�푘,1) . (21)

By considering 𝑚�푖 ∼ 10−3 eV and 𝐾 = 𝑚1 + 𝑚2, one has𝜌�퐹mix = 4×10−47 GeV4. For Plank scale cut-off, one has 𝜌�퐹mix ∼×10−46 GeV4.

We also note that the condensates of quarks, kaons, and
other mesons should not contribute to the dark matter and to
the dark energy, since the quarks confinement inhibits other
interactions.

5. SUSY Breaking and Vacuum Condensate

Up to now we have analyzed condensed systems in the
context of the standard model. Let us now extend our
formalism to a supersymmetric framework.We show that the
vacuum condensate provides a new mechanism of sponta-
neous SUSY breaking. To do that, we consider a system in
which SUSY is preserved at the Lagrangian level. Then, in
order not to break SUSY explicitly, we consider a Bogoliubov
transformation which acts simultaneously and with the same
parameters on boson and on fermion operators. Such a
transformation leads to a vacuum condensate with nonzero
energy. In general, a nonzero vacuum energy implies the
spontaneous SUSY breaking in any field theory which has
manifest supersymmetry at the Lagrangian level [37]. Hence,
the nontrivial energy of vacuum condensate breaks SUSY
spontaneously.

We consider the Wess–Zumino Lagrangian which is
invariant under supersymmetry transformations [71]:

L = 𝑖2𝜓𝛾�휇𝜕�휇𝜓 + 12𝜕�휇𝑆𝜕�휇𝑆 + 12𝜕�휇𝑃𝜕�휇𝑃 − 𝑚2 𝜓𝜓
− 𝑚22 (𝑆2 + 𝑃2) .

(22)

Here 𝜓 is a Majorana spinor field, 𝑆 is a scalar field, and 𝑃 is a
pseudoscalar field. Denoting by 𝛼�푟k, 𝑏k, and 𝑐k the annihilators
for 𝜓, 𝑆, and 𝑃, respectively, the vacuum annihilated by such
operators is defined as |0⟩ = |0⟩�휓 ⊗ |0⟩�푆 ⊗ |0⟩�푃. Let us
now carry out simultaneous Bogoliubov transformations on
fermion and boson annihilators:

𝛼�푟k (𝜉, 𝑡) = 𝑈�휓k 𝛼�푟k (𝑡) + 𝑉�휓−k𝛼�푟†−k (𝑡) , (23)

𝑏k (𝜂, 𝑡) = 𝑈�푆k𝑏k (𝑡) − 𝑉�푆−k𝑏†−k (𝑡) , (24)

𝑐k (𝜂, 𝑡) = 𝑈�푃k 𝑐k (𝑡) − 𝑉�푃−k𝑐†−k (𝑡) , (25)

where the coefficients for scalar and pseudoscalar fields
are equal to each other, 𝑈�푆k = 𝑈�푃k and 𝑉�푆k = 𝑉�푃k . We
denote such quantities as 𝑈�퐵k and 𝑉�퐵k , respectively. The
annihilators in (23)–(25) can be expressed as 𝜒�푟k(𝜉, 𝑡) =𝐽−1(𝜉, 𝜂, 𝑡)𝜒�푟k(𝑡)𝐽(𝜉, 𝜂, 𝑡), with 𝜒k = 𝛼k, 𝑏k, 𝑐k and 𝐽(𝜉, 𝜂, 𝑡) =𝐽�휓(𝜉, 𝑡)𝐽�푆(𝜂, 𝑡)𝐽�푃(𝜂, 𝑡), where 𝐽�휓, 𝐽�푆 and 𝐽�푃 are the generators
of transformations (23), (24), and (25), respectively.

The supersymmetric transformed vacuum, which is the
physical one, is given by |0(𝜉, 𝜂, 𝑡)⟩ = |0(𝜉, 𝑡)⟩�휓 ⊗ |0(𝜂, 𝑡)⟩�푆 ⊗|0(𝜂, 𝑡)⟩�푃. Here |0(𝜉, 𝑡)⟩�휓 = 𝐽−1�휓 (𝜉, 𝑡)|0⟩�휓, |0(𝜂, 𝑡)⟩�푆 =
𝐽−1�푆 (𝜂, 𝑡)|0⟩�푆, and |0(𝜂, 𝑡)⟩�푃 = 𝐽−1�푃 (𝜂, 𝑡)|0⟩�푃 are the trans-
formed vacua of fermion and boson fields. Then one has|0(𝜉, 𝜂, 𝑡)⟩ = 𝐽−1(𝜉, 𝜂, 𝑡)|0⟩. As shown above, the vacua|0(𝜉, 𝑡)⟩�휓, |0(𝜂, 𝑡)⟩�푆, and |0(𝜂, 𝑡)⟩�푃 have nontrivial value of
their energy density. This fact implies a nonzero energy
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densities for |0(𝜉, 𝜂, 𝑡)⟩. Indeed, denoting by 𝐻 = 𝐻�휓 + 𝐻�퐵
(where 𝐻�퐵 = 𝐻�푆 + 𝐻�푃) the free Hamiltonian corresponding
to the Lagrangian (22), one has

⟨0 (𝜉, 𝜂, 𝑡) 𝐻�휓 0 (𝜉, 𝜂, 𝑡)⟩
= −∫𝑑3k𝜔k (1 − 2 𝑉�휓k 2) ,

⟨0 (𝜉, 𝜂, 𝑡) 𝐻�퐵 0 (𝜉, 𝜂, 𝑡)⟩ = ∫𝑑3k𝜔k (1 + 2 𝑉�퐵k 2) .
(26)

Then the total energy density is

⟨0 (𝜉, 𝜂, 𝑡) 𝐻 0 (𝜉, 𝜂, 𝑡)⟩
= 2∫𝑑3k𝜔k (𝑉�휓k 2 + 𝑉�퐵k 2) , (27)

which is different from zero and positive. Such a result holds
for all the phenomena characterized by vacuum condensate.
Recent experiments on cold atoms-molecules trapped in two-
dimensional optical lattices [72] could permit testing the
SUSY breaking mechanism here presented [44, 45].

6. Conclusions

We have shown that, in the framework of the standard
model of the particles, the vacuum condensates of many
systems can contribute to the energy of the universe. In
particular, dark matter components can derive by thermal
vacuum of intercluster medium, by the vacuum of fields in
curved space, and by the neutrino flavor vacuum. On the
other hand, the condensate induced by axion-photon mixing
can contribute to the dark energy. We have also studied a
supersymmetric field theory. In this framework, considering
the Wess–Zumino model, we have shown that vacuum
condensates may lead to spontaneous SUSY breaking.
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[14] R. Schützhold, “Small Cosmological Constant from the QCD
Trace Anomaly?” Physical Review Letters, vol. 89, no. 8, 2002.

[15] E. C. Thomas, F. R. Urban, and A. R. Zhitnitsky, “The cosmo-
logical constant as a manifestation of the conformal anomaly?”
Journal of High Energy Physics, vol. 2009, no. 8, article 043, 2009.

[16] F. R. Klinkhamer andG. E.Volovik, “Gluonic vacuum, q-theory,
and the cosmological constant,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 79, no. 6, Article ID
063527, 2009.

[17] F. R. Urban and A. R. Zhitnitsky, “Cosmological constant from
the ghost: a toy model,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 80, no. 6, Article ID 063001,
2009.

[18] F. R. Klinkhamer and G. E. Volovik, “Vacuum energy density
kicked by the electroweak crossover,” Physical Review D: Parti-
cles, Fields, Gravitation and Cosmology, vol. 80, no. 8, Article ID
083001, 2009.

[19] S. Alexander, T. Biswas, and G. Calcagni, “Erratum: Cosmo-
logical Bardeen-Cooper-Schrieffer condensate as dark energy,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 81, no. 6, Article ID 069902, 2010.

[20] N. J. Poplawski, “Cosmological constant from quarks and
torsion,” Annalen der Physik, vol. 523, pp. 291–295, 2011.

[21] G. Bertone, D. Hooper, and J. Silk, “Particle dark matter:
evidence, candidates and constraints,” Physics Reports, vol. 405,
no. 5-6, pp. 279–390, 2005.

[22] I. De Martino, “f(R)-gravity model of the Sunyaev-Zeldovich
profile of the Coma cluster compatible with Planck data,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 93, Article ID 124043, 2016.

[23] I. De Martino, M. De Laurentis, F. Atrio-Barandela, and S.
Capozziello, “Constraining f(R) gravity with planck data on
galaxy cluster profiles,”Monthly Notices of the Royal Astronom-
ical Society, vol. 442, no. 2, pp. 921–928, 2014.



6 Advances in High Energy Physics

[24] G.D’Amico,M.Kamionkowski, andK. Sigurdson, “DarkMatter
Astrophysics,” https://arxiv.org/abs/0907.1912.

[25] G. Bertone, Particle Dark Matter: Observations, Models and
Searches, (Paris, Inst. Astrophys.), Cambridge, UK: Univ. Pr.,
Cambridge, UK, 2010.

[26] A. Bottino and N. Fornengo, Dark matter and its particle
candidates, Trieste 1998, Non-accelerator particle physics, 1988.

[27] S. Derraro, F. Schmidt, and W. Hu, “Cluster abundance in f(R)
gravity models,” Physical Review D: Particles, Fields, Gravitation
and Cosmology, vol. 83, Article ID 063503, 2011.

[28] L. Lombriser, F. Schmidt, T. Baldauf, R. Mandelbaum, U. Seljak,
and R. E. Smith, “Cluster density profiles as a test of modified
gravity,” Physical Review D: Particles, Fields, Gravitation and
Cosmology, vol. 85, no. 10, Article ID 102001, 2012.

[29] F. Schmidt, A. Vikhlinin, and W. Hu, “Cluster constraints on
f(R) gravity,”Physical ReviewD: Particles, Fields, Gravitation and
Cosmology, vol. 80, no. 8, Article ID 083505, 2009.

[30] P. de Bernardis, P. A. R. Ade, and J. J. Bock, “A flat Universe from
high-resolution maps of the cosmic microwave background
radiation,” Nature, vol. 404, pp. 955–959, 2000.

[31] D. N. Spergel, L. Verde, and H. V. Peiris, “First-Year Wilkin-
son Microwave Anisotropy Probe (WMAP)* Observations:
Determination of Cosmological Parameters,”The Astrophysical
Journal Supplement Series, vol. 148, no. 1, pp. 175–194, 2003.

[32] S. Dodelson, V. K. Narayanan, and M. Tegmark, “The three-
dimensional power spectrum from angular clustering of galax-
ies in early sloan digital sky survey data,” The Astrophysical
Journal, vol. 572, no. 1, p. 140, 2002.

[33] A. S. Szalay, B. Jain, and T. Matsubara, “Karhunen-Loève
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