Gauge Field Theory Vacuum

and
Cosmological Inflation

George Savvidy
Demokritos National Research Centre, Athens,Greece
Yerevan Physics Institute, Yerevan, Armenia,

Advances in Quantum Field Theory
JINR, Dubna,
11-14 October 2021



Congratulations



1. Effective Lagrangians in QED and YM theory
2. Chromomagnetic Condensation in YM theory

3. Quantum Energy Momentum Tensor

4. Solution of Friedmann Equations in Quantum Gauge
Field Theory Vacuum

5. Inflation of the Type Il and Type IV Universes

G.S. e-Print: 2109.02162


https://arxiv.org/abs/2109.02162

Cosmology, Inflation and Quantum Field Theory

6] A. Friedman, On the Curvature of Space , General Relativity and Gravitation 31 (1999) 1991;
Uber die Kriimmung des Raumes Zeitschrift fiir Physik 10 (1922) 377-386

[7] A. Friedman, On the Possibility of a World with Constant Negative Curvature of Space, General
Relativity and Gravitation 31 (1999) 2001; Uber die Mdglichkeit einer Welt mit konstanter
negativer Krimmung des Raumes 21 (1924) 326-332

[8] A. A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity, Phys.
Lett. B 91 (1980), 99-102 doi:10.1016/0370-2693(80)90670-X

9] A. H. Guth, The Inflationary Universe: A Possible Solution to the Horizon and Flatness Prob-
lems, Phys. Rev. D 23 (1981), 347-356 doi:10.1103/PhysRevD.23.347

[10] V. F. Mukhanov and G. V. Chibisov, Quantum Fluctuations and a Nonsingular Universe, JETP
Lett. 33 (1981), 532-535

[11] A. H. Guth and S. Y. Pi, Fluctuations in the New Inflationary Universe, Phys. Rev. Lett. 49
(1982), 1110-1113 doi:10.1103 /PhysRevLett.49.1110

[12] V. Mukhanov, Physical Foundations of Cosmology, (Cambridge University Press, New York,
2005).

[13] A. D. Linde, Inflationary Cosmology, Lect. Notes Phys. 738 (2008), 1-54 doi:10.1007/978-3-540-
74353-8_1 [arXiv:0705.0164 [hep-th]].

[14] A. Linde, A brief history of the multiverse, Rept. Prog. Phys. 80 (2017) no.2, 022001
doi:10.1088/1361-6633 /aa50e4

[15] F. L. Bezrukov and M. Shaposhnikov, The Standard Model Higgs boson as the inflaton, Phys.
Lett. B 659 (2008), 703-706 do0i:10.1016/j.physletb.2007.11.072 [arXiv:0710.3755 [hep-th]].



Cosmology, Inflation and Quantum Field Theory

18]

[19]

[20]

21]

22]

23]

[24]

[25]

L. P. Grishchuk, Amplification of gravitational waves in an isotropic universe, Zh. Eksp. Teor.
Fiz. 67 (1974) 825-838; [Sov. Phys. JETP 40 (1975) 409];

L. P. Grishchuk, Graviton creation in the early universe , Ann. NY Acad. Sci. 302 (1977) 439,
https://doi.org/10.1111/j.1749-6632.1977.tb37064.x

L. P. Grishchuk, Primordial gravitons and possibility of their observation, PiSma Zh. Eksp.
Teor. Fiz. 23 (1976) 326 [JETP Lett. 23 (1976) 293]

A. A. Starobinsky, Spectrum of relict gravitational radiation and early state of the universe,

Piéma Zh. Eksp. Teor. Fiz. 30 (1979) 719 (1979) [JETP Lett. 30 (1979) 683 ]

A. A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity, Phys.
Lett. B 91 (1980), 99-102 doi:10.1016,/0370-2693(80)90670-X

V. A. Rubakov, M. V. Sazhin and A. V. Veryaskin, Graviton Creation in the Inflationary Uni-
verse and the Grand Unification Scale, Phys. Lett. B 115 (1982), 189-192, doi:10.1016/0370-
2693(82)90641-4

P. J. E. Peebles and A. Vilenkin, Quintessential inflation, Phys. Rev. D 59 (1999), 063505;
do0i:10.1103 /PhysRevD.59.063505 [arXiv:astro-ph/9810509 [astro-ph]].

Y. B. Zel'dovich, The Cosmological constant and the theory of elementary
particles, Sov. Phys. Usp. 11 (1968) 381 [Usp. Fiz. Nauk 95 (1968) 209].
http://dx.doi.org/10.1070/PU1968v011n03ABEH003927; JETP Lett. 6 (1967) 316

S. Weinberg, The Cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1-23



Contribution of Vacuum Fluctuations to the Cosmological
Constant

The calculation of the effective Lagrangian in QED by Heisenberg and Euler was the first example of
a well-defined physically motivated prescription allowing to obtain a finite, gauge and renormalisation
group-invariant result when investigating the vacuum fluctuations of quantised fields [29]. It appears

that only the difference between vacuum energy in the presence and in the absence of external sources

has a well-defined physical meaning [29, 30, 31, 32, 33, 34, 35, 36, 1, 2, 3, 4, 5]. Here we will follow

this prescription and will derive the quantum equation of state for non-Abelian gauge fields by using

the effective Lagrangian approach [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54,

Heisenberg-Euler, 1936; Schwinger 1951;Coleman-Weinberg 1973; Vanyashin-Terentev 1965; Skalozub:1975; Brown-Duff,1975; Duff —
Ramon-Medrano,1975; Nielsen and Olesen 1978; Skalozub 1978; Nielsen 1978; Ambjorn-Nielsen-Olesen1979; Nielsen and
Ninomiya,1979; Nielsen and Olesen 1979; Nielsen-Ninomiya 1980; Nielsen-Olesen 1979; Ambjorn-Olesen 1980; Ambjorn-Olesen 1980;
Skalozub1980; Leutwyler 1980; Leutwyler 1981; Duff 1977 ; G.S 1976, 1977, 2018



Energy-Momentum Tensor of the Polarized Quantum Fields
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Energy-Momentum Tensor of the Polarized YM Vacuum
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Heisenberg-Euler Effective Lagrangian in QED
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Heisenberg-Euler Effective Lagrangian

In the limit of massless fermions one can get G.S. Eur.Phys.J.C 2020
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Effective Lagrangian in Yang-Mills theory

The YM eftective Lagrangian take the following form
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Quantum Energy Momentum Tensor
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the energy momentum tensor by using the formula derived by Schwinger in |5]:
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Dimensional Transmutation and Condensation

G.S. 1977
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Quantum Energy Momentum Tensor
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Dimensional Transmutation and Condensation

G.S. 1977
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Ground State is Lorentz Invariant as it should



Yang-Mills Quantum Equation of State
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Yang-Mills Quantum Equation of State
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general parametrisation of the equation of state p = we



Friedmann Evolution Equations
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the first equation can be solved for the field strength
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Friedmann Evolution Equations

a(t) =agp a(r), ct=1Lr,

1
_ _ 2 _ 1
log ] 1) k=, k=0, =£l,
1 87TG 4

b 11N — 2N

T 19272 19272



Region IV
(0<a)
Region Il
(&S,Uc)
\\J
/ ~
10 15 20 = 25— 3 35 40 -
Region | | Region |l
(@< ) | (12 < @)
1 H2
0 <7* <2
2
2 2
V=Y = %
2 2

e <7



Type Il Solution — Initial Acceleration of Finite Duration
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Type Il Solution — Initial Acceleration of Finite Duration
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The r.h.s € 4+ 3p of the Friedmann acceleration equation (1.4) always negative



Type Il Solution Initial Acceleration of Finite Duration
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The regime of the exponential growth will continuously transformed into the linear in time growth of

the scale factor?
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Evolution of the Field Strength
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Evolution of Energy Density and Pressure
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Evolution of the Hubble parameter

deceleration parameter




Type Il Solution  Deceleration of finite duration

The deceleration parameter of the Type II solution is always negative:
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Hubble Parameter

vt =2(3) = (3) = am (s mm ) - @

at(r)

H_Il
0.06
0.04 -

0.02 -




Type Il Solution  Density Parameter
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Type Il Solution — Effective Parameter w

w(T)
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For the equation of state p = we one can find the behaviour of the effective parameter w
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Type Il Solution Initial Acceleration of Finite Duration

The number of e-foldings

typical parameters around 72 = 1.211, 3 ~ 1.75 we get 75 = 10 and N ~53. N = In C;((Tds)).
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Type IV Solution - Late time Acceleration

The Type IV solution is defined in the region v* > ~2
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Strong Energy Dominance Condition is Violated
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e + 3p of the Friedmann acceleration equation is positive when b < 0 and is

negative when 6 > 0.



Heisenberg and Euler 1936

Hans Euler Werner Heisenberg
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