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The source of the anisotropy of the background radiation are theloggoal perturbations from a length of wave
comparable or bigger Hubble radius. Such long-wave perturbations havdrooman era when the Universe was
much younger. The initial perturbations had the quantum mechanical natuseilbaselquently, amplified an external
gravitational field. Thus, the scalar and tensor perturbations are the ebimfmemation on the early Universe.

In this article the origin of the initial perturbations is considered and settlet@ice the power spectrum and the
spectral indexes of the scalar and tensor perturbations within the exditinsobf the equations of dynamics of a

scalar field.

Keywords: gravitational waves, scalar field, inflation.
DOI: 10.18698/2309-7604-2015-1-144-156

Introduction

The cosmological perturbations are a source of the evolution of large-scale structure of the
Universe. Generation of initial perturbations has the quantum-mechanical nature. The length of
wave of perturbations has strongly grown since generation, but other physical characteristics ©
the perturbations can still support the traces of their origin. The quantum mechanical generatiol
of the cosmological perturbations depends only on existence their quantum fluctuations in the
initial point and interaction of the perturbations with a variation gravitational field of the
homogeneous isotropic Universe.

Gravitational waves are a valuable source of information about the stage of early evolution
of the universe. State of accelerated expansion of the universe in the early stages describes t
theory of inflation [1]. Inflationary cosmology explains the origin of the primary irregularities and
predicts their range [2]. Thus, it is possible to test the theory by comparison with observational
data.

According to the theory of inflation derived from primordial quantum fluctuations. These
fluctuations have significant amplitude of the scale of the Planck length and for inflation they
approached the scale of galaxies with almost the same amplitude. Thus, inflation connects th
large-scale structure of the Universe with a microscopic scale. The resulting spectrum of
inhomogeneities is essentially independent of particular scenarios of inflation and has a universe

form. This leads to unambiguous predictions for the spectrum of the CMB anisotropy [2].
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Inflation model are defined view of the effective poterM@b) . In this case, the potential

is controlled by a scalar fielgl, which rolls down to the minimun¥ (¢) . The end of inflation

constitute a breach of the slow roll, field oscillates around the minimum and process of reheating
begins. This process involves several different stages, such as the collapse of the inflatiol
condensate (preheating), the production of particles of the standard model and thermalization [2]

The source of the CMB anisotropy are cosmological perturbations with wavelengths
comparable to or greater than the Hubble radius. Initial perturbations have quantum-mechanice
nature, and subsequently amplified by parametric external gravitational field. The wavelength of
the perturbation has grown since the generation, but other physical characteristics of the
perturbation may still bear traces of their origin. Quantum-mechanical generation of cosmological
perturbations depends on the existence of quantum fluctuations in the inflationary stage ant
interaction of disturbances with variable gravitational field of a homogeneous isotropic universe.

Strong variable gravitational field of very early Universe plays the role of the pump field.
It replaces the zero-point quantum perturbations and enhances them. The initial quantum state
each mode disturbances is transformed as a result of the quantum mechanical Schrédinger

evolution to the "frozen" vacuum.

Anisotropy of the microwave background

The Universe just before recombination is a veghtly coupled fluid, due to the large
electromagnetic Thomson cross section. Photons scatter off charged particles (protons an
electrons), and carry energy, so they feel the gravitational potential associated with the
perturbations imprinted in the metric during inflation. Aisigy of baryons (protons and neutrons)
does not collapse under the effect of gravity until it enters the ddwisble radius. The perturbation
continues to grow until radiation pressure oppagasity and sets up acoustic oscillations in the
plasma. Since densities of the same size will enter the Hudutlles at the same time, they will
oscillate in phase. Moreover, since photons scatter off these baryoasotistic oscillations occur
also in the photon field and induces a pattern of peaks in the temperature anisotropies in the sk
at different angular scales [3].

When the temperature drops and the expansion of the universe cools. Expansion rate |
much slower characteristic time of establishment of equilibrium in hot plasma, so the particles in
it are in thermodynamic equilibrium. One of these patrticles is relic photons.

Although photon propagates at the speed of light, in hot dense plasma due to scattering b
electrons photons spread much more slowly. When the universe is expanding so that the plasn
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cools to a temperature of recombination, the electrons begin to connect with protons to form
neutral hydrogen, and photons begin to spread freely.

Cosmic microwave background radiation has a unique property. Its temperature is
remarkably isotropic. It is isotropic with precision. Nevertheless, there is a slight anisotropy.
Anisotropy is due to the difference of temperature in different directions in the sky. Its magnitude
is equal to about 3 mK. These kinetic components of the CMB anisotropy, which is called dipole
anisotropy.

In addition to the kinetic component, there are potential members in the CMB anisotropy,
owe their origin to the gravitational field of very large scale, which is comparable to the particle
horizon, in other words, the distance to the last scattering neighborhood.

Consider the basic equation describing the anisotropy of the cosmic microwave
background radiation, and the basic physical effects that it causes. The equation of change ¢

temperature in the direction &has the form

" oh (nr .
6T(e) _ 1 [ dn , @) , o 1dp
T 2 on 4 p

(e3)
, c

The first term in this equation describes the Sachs-Wolfe effect, which was predicted in the
early 60s Sachs and Wolfe lies in the fact that photons moving in an alternating poteydia
or lose energy.

The second term is due to adiabatic preload radiation before the era of recombination ir
areas of high and low density Silk effect.

The third term owes its origin to the Doppler effect, which is a scattering of photons by
moving adiabatic perturbations of free electrons before and after recombination.

The growing mode solution of the metric perturbation that left the Hubble scale during
inflation contributes to the temperature anisotropies on large scales as

ol 2
o) Safoo)

a,,, - multipole coefficients,, are the usual spherical harmonics.
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We can now compute the two-point correlation function or angular power spe@(rﬂ)n

of the CMB anisotropies on large scales, defined as an expansion in multipole number

0

clo)-{ 020 e)) Sl

7T 1=

where P(cosf) are the Legendre polynomials, and we have averaged over different universe

realizations. Since the coefficien®, are isotropic, we can compute tGe= <|am|2> as

sy 4rtdk 2
¢ =22 [ P (k) (e, ). ()

0

wherej, (kr, ) are spherical Bessel functions apds the distance to the surface of last scattering.
In the case of scalar metric perturbation produced during inflation, the scalar power

spectrum at reentry is given By (k) = A ( kryo)nsfl. In that case, one can integrate (7) to give
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The tensor angular power spectrum can be expressed as
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where x= ki and 7, is the primordial tensor spectrum.
The ratio of the tensor and scalar contribution to the angular power spectrum is

r =C|(T)/C,(S) . Thus, the tensor angular power spectrum can be calcula(féTd asrq(s) :

Metric perturbations
During inflation, quantum fluctuations of a scalar field will create metrics perturbations.
Let's write down the metric in linear approximation, taking into account the scalar and tensor

perturbations and the field perturbations [4]

ds? = 2° (n)[—(l +24)dn? -2B dx'dn+ ((1 +2D, )y, +2E, +2h, )dxfdxf' J
¢=9(n)+5p(n.x")

The functions of scalar perturbat'EonA(n, >€), B, D, E depend on calibrationy; is a

metrics of space of constant curvature. The gauge-invariant tensor perturbations matche

transverse and traceless gravitational wayks=h' =0.

In the article [5] the exact expressions for the power spectrum and the spectral indexes o

the scalar and tensor perturbations were obtained.

n.—1 n
H* k)’ H* k ¢
- ekl k)= il 4
(%) 87z2H(aHJ 7 () ZﬂzMﬁ[aH] )
4‘H._ﬂ H2
HS—].:.—]{,H :.—2, (5)
H+H £ H+H

whereH is the Hubble parametel), - Plank mass¢=87G= 87/ M2 = 1.

The basic equations
The equations of a scalar field’s dynamics in the flat Friedman-Robertson-Walker Universe

are written as follows
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3H" :Bqﬂz +V(¢)} (6)
é'+3H¢5+d[;Ef):0 (7)

with the equation of stat@ = w(t)e, where p:%f —V(¢)is the pressure,e :%4752 -V (¢)-

energy density anel(t) is the state parameter.

Because of the nonlinear character of Einstein’s equations, exact solutions to the scalar
cosmology equations can only be found using simple methods for very particular potentials. But
it's difficult to find exact solutions for more appealing potentials. The slow-roll approximations is

the usual procedure to receive the approximate solutions of these equations [5]

3MAH? zV(¢),%¢52 -0

()
d¢

3Hp~— =0,4 >0

A consequence of the system of equatifis 6) can be written as

Then we write the state paramete(t)as follows
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1., 5
W(t)—2¢ -V (¢ L2 H(t) it dH (¢)/ d¢ :1_@
Liav(g) A 3L H) 6
One can obtain from this equation
di ()] 2
o LN s g)()-o ®

The solution of the equatiofB) allows getting the Hubble parameter, the potential and

the scalar field fronr (¢):

H(P) = Aexp( [r(@)dy) ©)
V(#)=4[3-8r(p) Jexp( [2(r(@)dy) (10)

é= —4Am exp(j\/@a%) (17)

The exact solutions of the scalar field's dynamical equations can be obtained for different

cosmological models by choosing of thgg) . The power spectra and the spectral indices of scalar

and tensor perturbations and the two-point correlation function of angular CMB anisotropies on

large scales in the models of cosmological inflation can be calculated #e) on the basis of

these exact solutions.

The models of cosmological inflation

Consider the constant tensor to scalar rafip) = B* and obtain the solutions ¢9—11)
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V(g)=A"(3-4B)e™™

1 1
ﬂt%iﬁln{z,wz(tw)}

1

= re0

1

a(t) =a0(t+C)E,C =const,$, =0
The resulting solutions correspond to the exponential inflation[6]

A2
(Ag®+B)°

we receive

For r(¢) =

70 =A§(¢2 —%]
#(t)=Cexp(—4At)

H(t)=AC?exp(-8At)+ B

a(t)=a, exp{%z[l — exp(%D + Bt}

that corresponds to the model with spontaneous symmetry breaking[7]

2
When A=1r(g)= ﬁ the solution of the systef@—11)is defined as
+

V(§)=3C(¢* +B>)(B* +2B°¢* +¢* —6¢°)
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#(t)=Bcosh(Cr)

H(t)=C [BZ cosh?(Ct)+ B ]3/2

a(t)=2, exp{ A+ coshZ(Ct)}

cosh(Ct)

This is inflation with polynomial potential[8].

The quintessential inflation
Consider the tensor to scalar ratiorég) = tanit (Ag ) . The solution of the syste(®—-11)

gives the following expressions

V(p)= 46‘{%+1j+6‘{%—2} e +62(%—2j eV (12)

¢(t):%ln{tanh[AB(t+C)]}

2B
H)= Asinh[ 24B(t +C) |

) 1/4°
a(t)_ao{ tanh’[ B(¢+C) ] }
1—tanh2[B(t+C)}

This is the quintessential inflation[9]

V(p)=V, +Fe” +Ge ™
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. 12
with I, =4C2[%+1J,F=G=CZ(E—ZJ.

In case of B=+/6the potential isV (¢) =8C* = Awhich corresponds to the de Sitter
solution [10].

The amplitude and spectral energy density parameter of the relic gravitational wave ar
definedas[11]

H
2 in
]]GW - 47z2]lf4f,
Z 4
_1dp,, |Af

, 0. =24rH_,
(574 pc dlnf pc pc 0

where H. . and H are the Hubble parameters in the era of inflation, and in the modern era.
3 f
MD 2
Qe (f): 872 A2, (%]'fﬁ <f<f,
RD 2
QGW (f) = _ﬂ_bGWQrO’fMD = fh < fRD
- 3 f
kin 2
QGVV (f) - 872 hGWQmO (f_}fm = f;; < fkin’
RD
Where
1
£, = EHO

3 o 1/2
Lo :ZQEQIHO]
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where matter, radiation and kinetic energy dominated epochs are represented by “MD”, “RD”

and “kin” respectively. ©Q , andQ,, are the present values matter and radiation energy density
parameters respectively. reheating temperature and Hubble parameter are representattby

H,, respectively and we have taken reheating temperature and Hubble parameter approximately

same as the temperature and Hubble parameter at the end of inflation.

The possibilities of experimental detection of gravitational waves

One of the promising methods for increasing the sensitivity of gravitational antennas in
high-frequency part of the spectrum is the use of low-frequency optical resonance (LOR)
phenomenon, whose presence in the Fabry-Perot interferometer is set in the works[12]

The paper [13] shows that the minimum energy density of gravitational waves that can be

detected by using a low-frequency resonance in the optical Fabry-Perot interferomdier can

Q (f)> 27K 872'3hf9/3
a7\ A 3HZkW, '

where K - phase shift describing the setting of the interferometethe speed of lightT time

estimated by the formula

averaging of the spectral density, - loss per cycle reflections; - Planck constantk - wave

number,W, - the power of monochromatic laser light; frequency of the gravitational waves.
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Fig. 1. The energy density of gravitational wavg,, ( f ) for different models.

Figurel are graphs of energy density of gravitational wave for different models. The
same graph shows the dependence of the minimum detectable energy density of gravitational

waves for a variety of experiments and in the case of low-frequency optical resonance. It can be

seen that at high frequencies in the model of quintessential inflation with the pdfeRitiar

high frequencies,, increases.

The values of the frequency and the energy density of relic gravitational waves is limited
by conditions[14]

jfo Q_ dinf <1.1107°,£,~10” Hz

Conclusion

In this work we were derived exact solutions of scalar field’s dynamical equations for the
different models of inflation. Also presented the possibility of experimental detection of
gravitational waves in the high frequency part of the spectrum using a low-frequency optical
resonance phenomenon in the Fabry-Perot interferometer. The model parameters is limited by

the influence of relic gravitational waves on the rate of primordial nucleosynthesis.
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