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GRAVITATIONAL WAVES AND BARYOSYNTHESIS

M. V. Sazhin and Ya. A. Chechina

Manifestations of the dust-dominated stages, which might take place in the early
Universe, are analyzed. One of possible causes of such stages is baryosynthesis
at temperatures T = 10!® GeV. Distortions in the spectruin of the gravitational
wave background. brought about by the stage of baryosynthesis, are caleulated.

INTRODUCTION

At present inflation models [1-3] are generaily adopted for describing the initial stages of the evolution
of the Universe [4]. These models provide good explanation for the classieal cosmology of Friedmann and
help obtain ample information on the early stages. In particular, simple predictions about the amplitude
of the initial perturbations and comparison of the amplitude with the cbservations make it possible to find
nontrivial constraints on the cosmological parameters and on the parameters of some theories of slenentary
particles [5-7].

It cannot be said, however, that all the problems have been solved. One of the mosy impaortant unsolved
problems in the cosmology of early stages is the formation of the baryvoexcess. This tapic s rreated in
numercus papers [8—11}. Even the fundamental question about the temperature at which the barvosyntliesis
occurred remains unanswered. This synthesis might proceed at a temperature of 101 GeV [11], and then the
main mechanism of baryoexcess generation is reactions similar to chemical ones [8-10]; or it might proceed
at 10% GeV [10], and then the main mechanism of baryoexcess generation consisted in topological transitions
in vacuum.

To solve this problem, one can, among other methods, use methods of gravitational-wave astronomy,
which are based on the fact that the process of baryoexcess generation is accompanied by emission of
gravitational waves. The mechanism of wave formation in low-temperature (T = 107 GeV) baryosyntliesis
is elucidated in [12]. The present paper is devoted to determining the characteristics of the spectrum of
gravitational waves emitted during the high-temperature baryosynthesis. or. to be wore precise. in a model
situasion close to that mentioned above,

§l. DESCRIPTION OF A MODEL OF THE UNIVERSE

The most natural metric for describing our Universe inside the observed part of the horizon of eveuts
is the metric of a homogeneous and isotropic world of Friedmann [13]:

ds® = dt? — a2(t)dl.

Here it is assumed that the background density is equal to the critical one. This assumption leads to a
considerable simplification of the mathematical treatrnent without loss of generality.

We shall consider gravitational waves against the background of this metric.

The evolution of the metric is described by Einstein’s equations

5 ' (1)
ds 1 da
i =3(e +P)E 7

l(d_a)Q_STrG
de /.~

a?

where ¢ is the energy density, p is'the pressure, and, together with the equation of state p = p(z} they make
up a complete system.
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The evolution of £(t) and a(¢t) proceeds differently, depending on the equation of state. We shall consider
a model solution, in which several physical conditions are realized successively. At first the equation of state
p = —¢ holds true in the Universe, this equation leading to the inflation selution

£ = const{t), a(t) = a; exp{Ht},

8nGe

H =
3

(8%
p—

= const(t). {

Then this equation gives way to the state equation of the type p = 0, this being characteristic of stages
with dust domination. Such a stage may arise in the case of high-temperature baryosynthesis. and it is
formed by nonrelativistic Higgs bosons. In this case
3

£~ a?

-2

a(t) = aplt +1t,)3,

and, finally, heavy particles that realize the equation p = § disintegrate into light particles, leading to the
radiation-dominated equation of stare p = £/3:

4

£~a” ",

-
a(t) = ag(t + t2)7.

Here ap, ag, ¢1, t2 are constants defined by tlhe joining conditions. This means coutinuity of variation of
the scaling factor @ (entering into rhe definition of the potential energy} and of a’. which is a time derivative
with respect to a (entering into the defiuition of the kinetic energy]. at the time of transition {rom one miod.
to another. Formally, this is expressed by equalities of the form

d 4
a(t—-0) =a{t+0) and E(a(t -0) = -E(a(t + 0}).

We shall now give expressions for constants in formulas (2)-(4) depending on the Hubble parameter A
at the inflation stage, on the time of transition from the inflation stage to the dust-dominated stage tg, and
on the time {5 of the replacement of the dust-dominated stage by the radiation-dominated stage:

' 2H \ 2D 3
QD:(‘LSGX[J{H'tH}(—-K—) . fl..—_-.;ﬁ—fhr.

[+ 2H 3 .
aR:\/g(T)asexP{HtH}(tD"tH+ﬁ{—)' Ll
; ] 33 1{

D= gy g

Though calculations in the time t make it possible to follow the physical sense of the results obtained.
it is convenient to carry out the calculations as such in terms of conformal time n. defined by the equation

de

dn = —.
T

Given below are expressions, similar to {2)—(3), in conformal time: inflation stage (p = —=):
1

H(n-— %(371}{ —-'no}):

aln) = -

dust-dormnated stage (p = ¢):
2(n+1p)°

o = H{ng +0p)*’
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radiation-dominated stage (p = &/3):
3np
TI = —T].
) H(ng +np)
A difference in the duration of the dust stage leads to different estimates of the times ¢y and fp and,
accordingly, nsr /np, the quantities tg and tp, ny and np being related in the following manner:

SR N— —(2—1?:(;5 t)+1)1/3—-——--—-1 (7)
n nDﬂHa,exp{HtH}’ =g T Ha,exp{Hty}'

It should be noted that ny + np = 0 has no physical sense, because in this case the inflation will be
infinite.

7 2. GRAVITATIONAL WAVES

By following the procedure described n [13], we shall subdivide the netric tensor into two parts: a
background tensor v,s. which describes the Friedmann model, and minor corvections h,s. whicl describe
aravitational waves. The equation of the form

d® 2a’ dh? da
ROy 4+ — & L ARP = '= —.
dng( 2)+ a dn + ARG =0, “ an

describes the evolution of h and defines amplification of the gravitational waves aganwst the background of
the expanding Universe [14].
The conformal wave mumber k is connected with the wave vector i and the measirabie frequency v in
accordance with the standard relaticnships
k k

h = —: v = —,
afn} Dralny

Now, perturbations of the metric h,5(r: n} can be easily written down i terms of Fourler components

K = /dakexp{—ikr}cgh(k; n}, wherea; 5=1,2, 3.

Here the tensor C’g is a set of randem variables, which depend only on the wave number n and describe the
stochastic polarization properties of the waves: A(k; n) is a determined function.
The averaged values of C¥ are

(03 =0
(CIkY - C2(ky)) = (8507 + 85.,87% — 82673tk — ku).,

Here g;: = g,f — ko k? /k? is the transversely-traceless Kronecker symbol. The function hi{n: y) sarisfies 1the
aquation
d*h 2a° dh o
-t — — 4+ LTh =0 b
P + e + k7h i3]

The solution of this equation describes the evolution of the gravitational waves and is as follows.
1. The inflation stage:

"

k= AU P Ty k) + Ak )3T gy )7

1 ()
m=n- 5(3% +np);
here 4, A+ are the amplitudes of zero fluctuations:
1 H; cosye
A= —=— —
\/E M) k3(2
dy = L e s "
T \/? Mgl k342
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2. The dust-dominated stage:

Jasalk J_asmlk
372(kn2) B, as2(kn2)

akn) = g ¥ B

N =N+ 0p. (11)

the coefficients B; and B+ are expressed through 4; and A4, in the following manmner:

i.‘rz% ; ) ) , T
By = _m{fllL'IBIE('UI)J»-S,Q{-L'!} — Jypala ) oapalani]
+ Ag[_gpalzi} s palaat + Ty palzi ) ogpalen) ]}

_ inz}
TTu2
+ Aol _gpalz1) Tspa(za) + Joypalz1)apa(z2)i}

{-4—1fJ3/2($1)J5/2(22) + Jl/z(ﬂl)-fs,/‘z(l‘z)]

where z3 = =2z, = k(n,; +1p)-
The asymptotic expressions for these coefficients are

By = =34y +olk) and By =oky ac i:l:]” o, b L

while in anether limit. &ng + np) 2 1.

Bi=— % (roos( 22 ) — dasin 22)).

B —%‘(-—ilsin( 3

I

Before passing over to an analysis of the spectrum at the radiation-dominated stare, let us see how this
spectrum was transformed as the inflation stage gave way to the dust-dominated stage.
The adiabatically invariable amplitude of the waves is determined in accordance with the relation

u(n) = a(n)hin),
and the energyv density of the waves is

o p i l i fi 2 -

f?(kJ:—,‘—':(—;) —(E)W ke f19
3= hat/ldphasi

The energy density of the waves {zero fluctuations) at the inflation stage is

k.’i

= Sareas

24(k)
and at the dust-dominated stage it is

mey kY (B + B3

syik) = 37 H2xl Pra— (L
Naturally, £,{k) has a different form depending on the wave length. At k(ng +7p) <« 1
9 &
gyik) = 5 ) (13
J( ) 161\'3 ng-l (1)

whereas at k(ng -+ np} > 1 the energy density of the waves coincides with the density of zevo fluctuations.
Renormalizing the energy density of the gravitational waves, we obtain the relation of the form £, (k) ~ 1/&°
for k(g +np) <€ L and g,(k) =0 for k(ny +np) > L.
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For the radiation-dominated stage

J1/2(k’7)

J_ysa(kn)
Yy “

SRTIRE

hik:n) = C (16)

The coefficients Cy, Cy become joined with B;, By at the boundary of the transition from the dust stage to
the radiation-dominated stage in conformity with the rule Ap{knp) = hgr(knp) and hp:(knp) = Ap:(knp).
where the subscripts D and R means pertalning to the dust- or radiation-dominated stage, respectively.
h'.= dh/dn. There is no need to present here the cumbersome expression for the rvelation of . s and By,
Bs. 1t should only be pointed out that there arise three spectral regions: ’

Ly k(ng +np) € 1,
Engp) €1,

2) k(ng +np) K1
E(ng) > 1;

3) kng +0,5) > L
k{np) > L

1. Spectral Region of Long Waves
The waves satisfving the inequalities k{ny - 1p) € 1 and &{yp) &€ | are amplified at the inllarion

stage and at the dust-dominated stage,
With an accuracy to 0(%) the coefficients B, and By are expressed as

Tzl
By =34 By = — et A,
1 3 2 2 10 2
for () and C'5 we obtain, respectively,
Ci=—4- Coy = 0 (17}

For the spectral energy density of the gravitational waves in this region we obtain the expression

2 s Hp 2y o f3z !
sy(m:{;(T—j) (ﬁ)”f (13)

{Hp is the Hubhkle parameter at the énd of the dust stage).
Formula (18) was derived under the assumption that the entropy has been preserved from the onset of
the radiation-dominated stage upto the present time, i.e., the equality

JVRT}%(I?@ = QTgag

has held. Here ap 1s the present scaling factor; Ty = 3 K; Vg is the number of zero-mass degrees of {reedain
at the beginning of the radiation-dominated stage, over which the energy is distributed; Tg is the background
temperature at the beginning of the radiation-dominated stage; ag is the scaling factor.

This relation holds for waves whose frequency is higher than 10713 Hz at the present time, because the
waves with a lower frequency are amplified at the present dust stage and have a spectrum about v =%

2. Spectral Region of Intermediate Wavelengths
Such waves are long at the inflation stage and become amplified at it. A wave belonging to the spectral

region K(ny + mp) < 1, k(np) > 1 is amplified at the dust stage. but even before this stage is over the
wave becomes shorter than the horizen and its amplificacion ceases. As a result, a spectrum proportional to

7' a)
o
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k~? is formed within this spectral region, as will be shown below. Naturally, the relation between B and A
remains the same (16), but the form of the relation between C and B changes:

C,L= —E—(BI sinzs — Bacos z3),

4z

Cy = —1-(5’1 cos 23 — Basinzg),
4::193

where z3 = knp. With an accuracy to o{k) the relation between C and A i this spectral region has the
form '

34 . 3.
= ——sinry and (9= 2
41.'3 dig

COS 3. (1)

Now for the spectral energy density at the radiation-dominated stage we obtain the expression

FEARE:

Eg(k) = 6_17 Tpl E r’z ‘% .

Waves with frequencies higher than 40 kHz and lower than 400 kHz way he assigned ro the intermedinte
wavelength region.

3. Spectral Regiou of Short Waves

Such waves satisfy the inequalities king +np) > 1. k(pp) 3> 1. Amplification of these waves 1s not
observed, therefore ¢,{k) = 0.

§ 3. BARYOEXCESS

In the case of high-temperature baryosynthesis, the major mechanism of barvoexcess generation is
similar to the chemical reactions

p-boson — H + H-boson, H —qq, 7, H —iq. ql,
where 7 is a quark and { is a lepton. In such a case the barvoexcess is

— N - ‘\-7
Ny +Nyg+ N+ JVI'.

In contrast to the standard scenario, in [10] the authors consider not only the decays of heavy Y- and
Y-leptoquarks into ordinary quarks, but also reactions involving Higgs hosons, X- and Y-leproquarks, and
#-bosons of the inflation-producing field. Then the lifetime of this stage is

ms
Hitp =ty = 104—_4—35—
MM
where m, Is the mass of a Higgs boson, mx is the mass of H*!/®.bosons. The use of the values from [10]
leads to H(tp — tg) ~ 100, and the barvoexcess at the end of the dust-dominated stage can approximately
be described by the expression

0.2N,, \1/4 .
=222 ) = Bo(H(tp — t)) "M,

]

=3 %’1)1/2 10xs(

w_here Ng, ~ 18m3 is the initial density of Higgs bosons, m, ~ 10'* GeV is the mass of a Higgs hoson,
Ko 2 100 is the total number of the particle species in the equilibrium quark-lepton plasma, [, is the rate
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of particle decay or the reciprocal lifetime of the dust-dominated stage. J5 is the relative harvoeseess inthie
standard scenario.
In conformal time

ﬂzﬁo[(ﬁ):i— 1]—1/’.’( ‘2[1;tH )1/2 . lOKtoc{ O'i‘é"')r”,

We can now point out the main distinctions between the spectra of gravitational waves in the high-
temperature and the low-temperature baryosynthesis.

In the high-temperature baryosynthesis the spectrum of the waves generated at the inflation stage is
distorted. This spectrum is distorted at the high-frequency end and the dependence of the spectrum on the
wave vector is now proportional to k7%, In other words, the spectrum of the gravitational waves remaius
invariable {has the form £~'} up to frequencies of ~ 40 kHz, then it decreases as k=% to ~ 400 kHz. and for
frequencies higher than 400 kHz z(&) = 0.

In the high-temperature baryosynihesis there is a mechanism of emission of gravitational waves, which
leads to an energy density spectrum having the form of a broad line (on the order of medium frequency in
the spectrumy} {6].

CONCLUSIONS

In conclusion it should be noted that the changes brought about by the dust stage, which follows
immediately after the inflation stage, refer only to the high-frequency end of the spectrum. There appears
a break in it at a frequency expressed through the characteristics of the baryosynthesis stage (Fig. 1),
specifically through the barvoexcess. Attempts to observe gravitational waves at the low-frequency end of
the spectrum are now being made. For these waves the observation predictions remain unchanged. just as
in the case when the inflation stage is followed by the radiation-dominated stage.
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