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ABSTRACT 

The vacuum component of the Universe is investigated in both the quantum and the classical regimes of its evolution. 
The associated vacuum energy density was reduced by more than 78 orders of magnitude in 10−6 sec in the quantum 
regime and by nearly 45 orders of magnitude in 4 × 1017 sec in the classical regime. The vacuum energy was spent for 
the organization of new microstates during the expansion of the Universe. In the quantum regime, phase transitions 
were more effective in reducing the vacuum energy than in producing new microstates. Both of these phenomena have 
been recorded in the history of the Universe. Herein, the need for the evolution of the Universe’s vacuum component is 
discussed. Indeed, through this evolution, all 123 crisis orders of dark energy are reduced by conventional physical 
processes. A table of the vacuum energy’s evolution as the function of red shift and a short discussion about vacuum 
stability are presented. 
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1. Introduction 

The dark energy (cosmological constant, Λ-term) prob- 
lem might be solved by the introduction of the holo- 
graphic principle into physics [1] or, more exactly, by the 
introduction of the entropic force [2]. In any case, it is 
definitely necessary to associate dark energy (DE) with 
the vacuum energy of the Universe, the equation of state 
of which is 1w p    . Practically, it is an experi- 
mental fact [3,4]. In the field equations, the cosmological 
constant (Λ-term) was introduced by A. Einstein almost 
100 years ago as a property of space: 

8 NG g G T .       



           (1) 

If we move the Λ-term to the right-hand side of this 
equation, then it will be a form of energy that has been 
named DE because we do not know the exact physical 
nature of this form of energy. The unsolved problem of 
DE has even created a crisis of physics related to the 
large difference (123 orders) between the density of this 
form of energy at the moment of the Universe’s creation 
(z = ∞) and present-day density (z = 0). 
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Many authors have noted that the vacuum energy of 

the present Universe at small red shifts (z < 1) must be 
low and positive [5-8]. Here, we want to demonstrate in 
which physical processes the enormous reduction in the 
vacuum energy (123 orders) take place and also to show 
inevitability of the vacuum energy’s evolution. We ar- 
gued that the Universe spent the vacuum energy for its 
expansion, for the organization of new microstates through- 
out the entire process, but in the initial period of its evo- 
lution, other processes (phase transitions) were more 
effective in providing this reduction. At first, it is neces- 
sary to define the total vacuum energy’s density (Λ). It 
is: 

QF GVC                    (2) 

where the subscript “QF” denotes quantum fields and the 
subscript “GVC” is the gravitational vacuum condensate. 

2. Quantum Regime 

Probably, our Universe has emerged as a result of a tun- 
nelling process after a bounce from a singularity in the 
presence of oscillations, and further arrived at a Fried- 
man regime through a quantum regime [9]. In the quan- 
tum regime, phase transitions as a mechanism for induc- 
ing an enormous reduction of vacuum energy have al- 
ready been discussed by R. Bousso [10]. Phase transitions  
in the early Universe produced condensates of quantum 
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fields that compensated for the positive vacuum energy 
of the Universe by 78 orders of magnitude because the 
equation of state of any vacuum condensate is p = −ρ 
(here, p is pressure). A probable chain of phase transi- 
tions was mentioned some times before [9,11]. In any 
case two last phase transitions should be: 
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Moreover, already on the Planck scale, the 3-dimen- 
sional topological defects (wormholes) of a gravitational 
vacuum condensate diminished the positive initial Λ- 
term [12]: 

 2 2
QF 0 3– 768 c     2            (3) 

where: c3 is a constant and  Note also that 
in the supersymmetric vacuum of our model, the energy 
density of a boson field (ρbos) and the energy density of a 
fermion field (ρfer) have different signs, and the total 
vacuum energy might be, formally, equal to zero: 

  21910 .




bos fer tot; ;       0.       (4) 

Later, this supersymmetry was broken, and it is likely 
that at that moment 

SUSY
  ~ 1064 GeV4 (supersym- 

metry is broken if and only if the cosmological constant 
(vacuum energy) is positive). That is, in the early stages 
of the Universe’s evolution, the compensation of the vac- 
uum energy was necessary, obligatory. We cannot calcu- 
late well the energy density for all condensates of the 
probable chain [9,11], but the last two condensates of 
quantum fields in the framework of the Standard Model 
may be calculated exactly. These condensates are called 
the Higgs condensate in the theory of the electro-weak 
interaction (ρEW) and the quark-gluon condensate in 
quantum chromodynamics (ρQCD). For the Higgs con- 
densate, we have [11,12]:  
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   (5) 

Here, besides the masses of known bosons, the mass of 
the t-quark enters the equation. The first term is a proper 
condensate (g is a gauge constant). The second term in 
this formula is responsible for vacuum polarization. If the 
Higgs mass is mH = 125 GeV, then ρEW ≈ −(100 GeV)4. 
For the quark-gluon condensate, we have [11-13]: 

   QCD 32 0 0a ik
s ik ab G    G .     (6) 

A numerical estimate can also be obtained: ρQCD ≈ 
−(265 МeV)4. Only the quark-hadron phase transition 
“quenches” near 10 orders of the vacuum energy den- 
sity’s magnitude; that is,  

 4 10
EW QCD ~ 100 0.265 ~ 2 10   . Phase transitions in 

the early Universe have quenched more than 1078 orders 
of the vacuum energy,  
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Such a tremendous reduction in the vacuum energy ter- 
minated the moment when the Universe was only ~10−6 
sec old; moreover, at that moment, the Universe lost its 
chiral symmetry SU(3)L × SU(3)R [14] and it had the 
vacuum energy’s density ~10−2 (GeV)4 or ~ 1016 gcm−3. 
The chiral QCD symmetry is not an exact symmetry, and 
pseudo-Goldstone bosons are a physical manifestation of 
this symmetry breaking. The spontaneous breaking of 
this symmetry leads to the appearance of an octet of 
pseudoscalar Goldstone states in the spectrum of parti- 
cles (π-mesons). In this process, π-mesons are excitations 
of the ground state, and they determine this ground state 
[14]. Long ago, Ya. Zel’dovich [15] attempted to calcu- 
late a nonzero vacuum energy for our Universe in terms 
of the quantum fluctuations of particles as a high-order 
effect. He inserted the proton or electron mass into his 
formula, but the result was not satisfactory. The situation 
changes if the average mass of π-mesons (mπ =138.04 
MeV) is inserted into Zel’dovich’s formula: 

2 6 4 2 6 2 4 38 cm ; g cN NG m h G m c h  m .  
        (7) 

In this formula, all constants are known, and using the 
definition of a critical density, we can obtain a value for 
ΩΛ: 

2 2 2
0 03 ; 3 8cr cr Nc H H G         .   (8) 

If the Hubble constant is H0 = 70.5 (kmsec−1/Mpc), 
then ΩΛ ~ 0.73. After reaching the energy ~150 MeV 
(the end of the last phase transition), the vacuum energy 
stopped decreasing rapidly, and at a later time, the vac- 
uum energy decreased very slowly. However, even at 
that moment, there was still a large quantitative differ- 
ence between the vacuum energy density values at the 
moment of chiral symmetry breakdown and these in the 
modern epoch: 
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   (9) 

3. Classical Regime 

Here, we arrive to an important point in our considera- 
tion. The Universe expands, and new microstates are 
produced for any of its components. The particle density 
dilutes as 1/R3, but the law of vacuum dilution is other- 
wise (1/R2). The vacuum energy is spent to produce new 
microstates. The physical and mathematical basis of this 
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statement must be discussed because it is an entirely new 
idea. The physical bases are: 1) the holographic principle 
[1]; 2) the idea that gravitation on the macroscopic scale 
is a manifestation of vacuum thermodynamics [16]; and 
3) the idea that thermodynamics of a de Sitter universe is 
similar to the thermodynamics of a black hole in special 
coordinates [17]. The Ostrogradsky-Gauss theorem em- 
ployed in cosmology by G. Smoot [18] provides a 
mathematical basis. According to the holographic princi- 
ple, the physics of a 3D system may be described by the 
theory acting on its 2D boundary. J. Bekenstein [19] has 
shown that the entropy (the number of microstates) of a 
black hole is equal to 1/4 of its event horizon area ex- 
pressed in Planck units. In cosmology, E. Verlinde’s idea 
[2] of an entropic force is better for understanding holo- 
graphy. At temperature T, the entropic force F of a gravi- 
tational system is given as: 

or ~F x T S F T N x            (10) 

where: ΔS is the change in the entropy at a displacement 
Δx. The information about a holographic system is given 
by N bits forming a gas N = 4S/kB, where kB is the 
Bol’tzmann constant). A more detailed discussion can be 
found in the paper [20]. C. Balazs & I. Szapidi [21] ob- 
tained a formula for determining the Universe’s energy 
density in the holographic limit: 2

Pl3 8 2M R   , where 
R is the apparent horizon of the Universe. Using the W. 
Fischler & L. Susskind [22] cosmic holographic conjec- 
ture, C. Balazs & I. Szapidi asserted that the entropy of 
the Universe (S) is restricted by its “surface” measured in 
Planck units: . It is easy to see that a rela- 
tionship between the energy density and the number of 
quantum states (microstates) of the Universe is estab- 
lished because new quantum states arise due to expan- 
sion. Thus, in the holographic limit, the vacuum energy 
density of the Universe is related to its entropy by the 
simplest formula: 

2 2
PlS R M 

4
Pl3 8M S  ,              (11) 

which in some sense, is the Friedmann equation. By sub- 
stituting into (11) the size of the observed Universe R ~ 
1028 cm, we obtain the energy density in the holographic 
limit: ρ ~ 10−57, if MPl = 1. In the quantum regime of the 
Universe’s evolution, the holographic concept does not 
hold. The Universe entered the classical regime after the 
last phase transition at E ~ 150 MeV. If RQCD ~ 3 × 104 
cm, then (RQCD/R)2 ~ 10−47. The simplest approximation 
formula for calculating the vacuum energy density ρΛ(z) 
in the classical regime of the Universe’s evolution is: 
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  (12) 

R(z) can be calculated using the “cosmological calcu- 

lator” of E. Wright [23]. As demonstrated in [24], we have 
already performed calculations of the vacuum energy’s 
evolution from z = 0 to z = 1011. At small red shifts (z < 1), 
a smooth increase in the vacuum energy density must take 
place with increasing z, which is not easy to detect. This 
difference is greater at high read shifts (z > 1) which may 
be detected. This shorten table is taken of our paper [24]. 

 

109t = 13.76 13.62 13.36 13.09 12.47 11.88 11.34

z = 000 0.01 0.03 0.05 0.1 0.15 0.2

1047ρ = 0.24 0.25 0.26 0.27 0.3 0.33 0.36

109t = 10.35 9.48 8.71 5.98 3.36 2.21 1.58

z = 0.3 0.4 0.5 1 2 3 4 

1047ρ = 0.43 0.51 0.61 1.3 4.12 9.6 19.1

 
From the foregoing table time is in milliards years 

from creation of the Universe. If these trends will not be 
detected in the nearest DE experiments, DES, LSST, 
Euclid, Big BOSS [25], then it is likely that the DE may 
be a mixture of vacuum energy and a condensate of an- 
other field. The other field may be a field of dark matter 
that is a rather natural possibility. Moreover, the decay of 
dark energy into dark matter may determine the coinci- 
dence problem. However, this notion pertains to another 
approach and other trends [26]. 

4. Summary 

Thus, in the quantum regime of the Universe’s evolution, 
in 10−6 sec, the vacuum energy density decreased by 78 
orders of magnitude from the Planck value because in 
that epoch the positive vacuum energy’s density was af- 
fected by negative contributions producing vacuum con- 
densates. By the end of the last phase transition, the vac- 
uum energy density was ~1016 gcm−3, which marked an 
important moment—the Universe lost its chiral symme- 
try. In the classical regime of the Universe’s evolution, 
the vacuum energy density decreased by 47 orders in 4 × 
1017 sec. Vacuum energy was spent for the organization 
of new microstates as the Universe expanded (the exis- 
tence of the entropic force required the energy expense). 
Between the quantum and classical regimes, there was a 
transitional stage, which was unfortunately impossible to 
calculate well and additional investigations of this stage 
were necessary, of course. In light of the foregoing dis- 
cussion, any remaining doubts regarding the evolution of 
the vacuum energy should disappear; that is, the vacuum 
energy of the Universe is a dynamical quantity ρΛ(z). 
Note that cosmology with a time-dependent vacuum was 
already considered in the papers [27,28]. Finally, the 
nearly exact compensation of the 123 orders of the vac- 
uum energy of the Universe in natural physical processes 
imparted reliability to these estimates, and the crisis of 
physics related the vacuum energy (cosmological con- 
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stant, Λ-term) of the Universe may be, thus, overcome. 
A separate, very important issue is vacuum stability. 

Seven years ago, we introduced a condition of vacuum 
stability into the Standard Model [12]. The mutual com- 
pensation of positive and negative contributions to the 
vacuum energy density in the regime of supersymmetry 
is prohibited by the condition of vacuum stability (see 
also Equation (5) for the Higgs vacuum). For the Higgs 
mass mH ~ 125 GeV, the stability of vacuum up to the 
Planck scale requires the introduction of new physics 
beyond the Standard Model [29]; furthermore, the as- 
ymptotic safety of the Standard Model vacuum must also 
be realized [30]. An absolute stable vacuum might arise 
if mH > 129 GeV [31], and it is likely that we live in only 
a metastable vacuum. Another important issue is the 
equation of state. The most recent measurements [4] 
show that w < −1, but to date, mistakes in the measure- 
ments of w indicate that w = −1 for the flat Universe [32]. 

REFERENCES 
[1] G. Hooft, “The Holographic Principle,” arXiv:hep-th/ 

0003004  

[2] E. Verlinde, Journal of High Energy Physics, Vol. 2011, 
p. 29. doi:10.1007/JHEP04(2011)029 

[3] E. Komatsu, et al., The Astrophysical Journal Supplement 
Series, Vol. 192, 2011, p. 18.  
doi:10.1088/0067-0049/192/2/18 

[4] P. A. R. Ade et al., “Planck 2013 Results. XVI. Cosmo- 
logical Parameters,” 2013, arXiv: 1303.5076 

[5] P. J. E. Peebles and B. Ratra, Reviews of Modern Physics, 
Vol. 75, 2003, p. 559. astro-ph/0207347 v.2.  

[6] J. Frieman, M. Turner and D. Huterer, Annual Review of 
Astronomy and Astrophysics, Vol. 46, 2008, p. 385. arXiv: 
0803.0982  

[7] R. Bean, S. Carroll and M. Trodden, “Insights into Dark 
Energy: Interplay between Theory and Observation,” 
2011. arXiv: astro-ph/0510059  

[8] M. Kunz, Physique, Vol. 13, 2012, p. 539. arXiv:1204. 
5482 

[9] V. Burdyuzha, et al., Physical Review D, Vol. 55, 1997, 
pp. R7340-R7344. doi:10.1103/PhysRevD.55.R7340 

[10] R. Bousso, General Relativity and Gravitation, Vol. 40, 
2008, p. 607, arXiv: 0708.4231. 
doi:10.1007/s10714-007-0557-5 

[11] V. Burdyuzha, Physics-Uspekhi, Vol. 180, 2010, pp. 439- 
444. doi:10.3367/UFNr.0180.201004j.0439 

[12] V. Burdyuzha and G. Vereshkov, Astrophysics and Space 

Science, Vol. 305, 2006, p. 235. 

[13] L. Marochnik, D. Usikov and G. Vereshkov, “Graviton, 
Ghost, and Instanton Condensation on Horizon Scale of 
the Universe. DE as a Macroscopic Effect of Quantum 
Gravity,” 2008, arXiv: 0811.4484 

[14] V. Burdyuzha, “QCD Vacuum and the Cosmological Con- 
stant,” Proceedings of the Symposium on PASCOS-98, 
World Scientific, 1999, p. 101. 

[15] Ya. Zel’dovich, Physics-Uspekhi, Vol. 95, 1968, p. 209. 

[16] T. Jacobson, Physical Review Letters, Vol. 75, 1995, pp. 
1260-1263. doi:10.1103/PhysRevLett.75.1260 

[17] S. Hawking, Communications in Mathematical Physics, 
Vol. 43, 1975, pp. 199-220. doi:10.1007/BF02345020 

[18] G. Smoot, International Journal of Modern Physics, Vol. 
19, 2010, p. 2247. arXiv: 1003.5952. 

[19] J. Bekenstein, Physical Review D, Vol. 7, 1973, pp. 2333- 
2346. doi:10.1103/PhysRevD.7.2333 

[20] A. Ali and A. Tawfik, “Modified Newton’s Law of Gravi- 
tation Due to Minimal Length in Quantum Gravity,” 2013, 
arXiv:1301.3508. 

[21] C. Balazs and I. Szapidi, “Naturalness of the Vacuum 
Energy in Holographic Theories,” 2006, arXiv: hep-th/ 
0603133.  

[22] W. Fischler and L. Susskind, “Holography and Cosmol-
ogy,” 1998, arXiv: hep-th/9806039. 

[23] E. Wright, Publications of the Astronomical Society of the 
Pacific, Vol. 118, 2006, p. 1711, arXiv: astro-ph/0609593. 

[24] V. Burdyuzha, Astronomy Reports, Vol. 56, 2012, pp. 
403-409. arXiv: 1003.1025.  
doi:10.1134/S1063772912050010 

[25] M. C. March et al., MNRAS, Vol. 415, 2011, pp. 143-152, 
arXiv:1101.1521. doi:10.1111/j.1365-2966.2011.18679.x 

[26] E. Abdalla, L. Graef and B. Wang, “A Model for Dark 
Energy Decay,”2012, arXiv: 1202.0499.  

[27] J. Sola, Journal of Physics: Conference Series, Vol. 283, 
2011, Article ID: 012033. arXiv: 1102.1815. 

[28] I. Dymnikova, “Variable Cosmological Constant-Geo- 
metry and Physics,” 2000, arXiv: gr-qc/0010016.  

[29] W. Chao, M. Gonderinger and M. Ramsey-Musolf, 
“Higgs Vacuum Stability, Neutrino Mass, and Dark Mat- 
ter,” 2012, arXiv:1210.0491. 

[30] F. Bezrukov, et al., “Higgs Boson Mass and New Phys- 
ics,”2012, arXiv: 1205.2893. 

[31] G. Altarelli, “The SM and SUSY after the 2011 LHC 
Results,” 2012, arXiv: 1206.1476. 

[32] E. Komatsu, et al., The Astrophysical Journal Supplement 
Series, arXiv: 1212.5226. 

 

http://dx.doi.org/10.1007/JHEP04(2011)029
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://dx.doi.org/10.1103/PhysRevD.55.R7340
http://dx.doi.org/10.1007/s10714-007-0557-5
http://dx.doi.org/10.3367/UFNr.0180.201004j.0439
http://dx.doi.org/10.1103/PhysRevLett.75.1260
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1103/PhysRevD.7.2333
http://dx.doi.org/10.1134/S1063772912050010
http://dx.doi.org/10.1111/j.1365-2966.2011.18679.x

