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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 s11cl1 stages is haryo~ynthesis 
at temperatures T = 10 15 GeV. Distortions in the spectru111 of the gravitational 
wave background. brought aboltt by the stage of baryosynthesis~ are calculated. 

INTRODUCTION 

At present inflation models [1-3] are generally adopted for describing the initial stages of the evolution 
of the lrniverse [4]. These models provide good explanation for the classical cosrnolog;y of Ftied1nan11 and 
help obtain ample information on the early stages. In particular, simple predictions about the ainplitu<le 
of the initial perturbations and comparison of the amplitude \vith the observations make it possible to find 
nontrivial constraints on the cosn1ological paran1eters and on the P"ratneters of son1i:: rh(~1Jries of ,~\en1L"nt:1t·~· 
particles [5-i]. 

It cannot be said, ho\vever. that all the problen1S have been solveJ. One of the niost i1nporr.ant unsolvt:'d 
problems in the cosmology of e;.\rly stages is the forrnarion of the baryoexcr;-~~- Thi~ !•:iplc is t.reotcd in 
numerous papers (8-11]. Even the fundan1ental questioa about the te1nperat.ure Ht \\·ltich t.lte baryosynth0:;i.-,, 
occurred remains unans\vered. This synthesis might proceed at a temperature of 101-''i Ge\/ [11], and then the 
main mechanism of baryoex:cess generation is reactions similar to chemical ones [8-10}; br it might proceed 
at 104 Ge V [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-\YC\Ve astronon1y, 
\Vhich are based on the fact that the process of baryoexcess generation is accornpanied hy en1ission of 
gravitational \\'aves. The mechanism of \Vave formation in lo\v-ten1perature ('T = 10"1 C~e\.·) baryosyndie~is 

is elucidated in [12J. The present paper is devoted to detefmining the characteristics of the spectrun1 of 
;;rctvitational \Vaves ernitted during the high-te1nper~tture baryosynthesis. or. \1) b~ tuore precise. ia Cl 111od(~1 

situation close to that mentioned above. 

§1. DESCRIPTION OF A MODEL OF THE UNIVERSE 

The inost natural n1etric for describing our lTniverse inside the observed part of the horizon of events 
is the n1etric of a homogeneous and isotropic \vorld of Friedmann [13]: 

ds 2 = dt 2 - a 2 (t)d/2
. 

ftere it is assun1ed that the background density is equal to the critical one. Tliis assu1T1ption leads to rt 

considerable sirnplification of the 111athen1atical treatrnent \\'ithout loss of g;euer1:1lity 
VVe shall consider gravitational waves against the background of this metric. 
The evolution of the n1etric is described by Einstein's equations 

~ ( da) 2 = 8;rG ~ 
a2 dt 3 ~, 

de 1 da 
- = -3(i+p)- -
dt a dt ' 

( 1) 

\Vhere ~is the energy density, p is·the pressure, and, together \Vith the equation of state p = p(t:) they rr1ake 
up a co1nplete systen1. 
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The evolution of c( 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 = -e holds true in the Universe, this equation leading to the inflation solution 

,; = const(t), a(t) =a, exp{ Ht}, 

H = ~ = const(t). I 2) 

Then this equation gives \vay to the state equation of the type p = 0, this being characteristic of stages 
\Vith dust domination. Such a stage n1ay arise in the case of high-temperature baryosynthesis. and it is 
formed by nonrelativistic Higgs bosons. In this c.:a.se 

a(t) = an(t + ti)'i 3 _ 

and1 finally, heavy particles that realize the equation p = 0 disintegrate into light 
radiation-dominated equation of state p ~ ~/:3: 

particles, leading to the 

Here av, aR, t1, t'l are constant~ d,~fined by the joining conditions. This n1eans coutinuit.y of vari;nio11 u!" 
the scaling factor a (entering into the d1~finition of the potential energy) and of r1'. \Vhich is <l tin1e deriva1 j,_·p 

wit.h respect to a (entering into the defluiiion of the kinetic energy·). at t.he tin1e of tn111~irio11 ft"r_•tn 'Jlt•" 111•_.,J. 
to another. Formally, this is expressed by equalities of the forn1 

a(t-O)=a(t+O) and 

VVe shall now give expressions for constants in formulas (2)-( 4) depending on the Hubble paran1eter H 
at the inflation stage, on the time of transition from the inflation stage to the dust-don1inated stage tu. and 
on the time tv of the replacement of the dust-dominated stage by the radiation-dominated stage: 

I·)) 

Though calculations in the tiff1e 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 ry, defined by the equation 

dt 
rlry=a(t)" 

Given below are expressions, similar to (2)-(5), in conformal time: inflation stage (p = -=:): 

dust-dominated stage (p = 0): 

T9 

(6) 
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radiation-dominated stage (p = c / 3): 
Sryv 

a(ry)= H(ryH+ryD)ry . 

. .\. difference in the duration of the dust stage leads to different estimates of the times lH and to and, 
accordingly, TJH/TfD 1 the quantities tH and tv, T/H and TfD being related in the follo\ving manner: 

( 
2H ) i/3 1 

ryD = 3(tD - tg) + l Ha, exp{Htg }" (7) 

It should be noted that 17H + T/D = 0 has no physical sense, because in this case the inflation \vill be 
infinite. 

§ '.l. GRAVITATIONAL WAVES 

By following the procedure described in [13], \Ve shall subdivide the 111et.ric ten~or into two part5: a 
background tensor A/u:J. \Vhich describes the Friedn1ann tnocleL and ntinor correct ions hc,~J. which describ~~ 
gravitational 'vaves. The equation of the form 

d' 2a' dh~ 
-
1 
,(h~)+ --

1
a +C.h~ = 0, 

ll]- f1 CT/ 
(// = da 

dry' 

describes the evolution of h and defines amplification of the gravitational \vaves again6:t the background of 
the expanding lTniverse [14J. 

The conforrnal wave 111.Jtnb1::r k i.s ·~onnected \Yitll the wav,~ \"ector h anr.l 1 l1r> 1Jt,::-i...::1r;1hi1' :·t·'·'-:li"11<:y ~, 111 
,_i_ccorJance \\"ith die stauJard relationships 

h= 
k 

v= ---. 
::!;;n(r7:1 

No\v, perturbations of the n1etric ha.p(1·; TJ) can be easily \Vritten do,vn in r.ern1s of Fourier coinponent.:-> 
as 

h~(r; ry) = j d3 kexp{-ikr}C~h(k; ry), where a; f3 = 1, 2, 3. 

Here the tensor cg is a set of random variables, \vhich depend only on the \Vave nun1ber 11 and describe the 
stochastic polarization properties of the \Vaves: h( k; 17) is a detern1ined function. 

The averaged values of C~ are 

1C"3
) = 0 \ (t ' 

IIere 1~::::::: 8; - ko.l.: 3 /1..:'2 is the transversely-traceless I\:ronecker sy1nbol. T11e f1111crion h(n· 11) :-;;irisGes 1!H.' 
('quation 

J'2h 2a' dh ,., 
-, + - - + k-h = 0. 
dry- a dry 

The solution of this equation describes the evolution of the gravitational \vaves and is as follo\vs. 
1. The inflation stage: 

here .-l..1, .4::i are the amplitudes of zero fluctuations: 

1 
_ 1 Hs cos..,: 

~, ------. - -,,fi ffip\ k3/2 . 

.4.,., = _1_ Hs sin tp 

- -,,fi mp1 k3/ 2 -

80 
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2. The dust-dominated stage: 

the coefficients B1 and B2 are expressed through ~41 and .A.2 in the follo\ving manner: 

. 4 
/;TX., { r . , . ' 

B: = -
4
v0 A 11hn\.ci).f_,1,1x,; - f:n1.i:t).f_ 3ni•·c1i 

+ ..J.,[.f_.1;2(•1J.f-5;2(x2) + .f-1;2(x1J.f-3;o(x,)]}. 

i-x4. 
B, = - 4 ~{..J.1[.f112(x1)h;2(x2) + .f112(•tlh;2(x,)] 

+ .12[.f-s;2(xt).fs12(x2) + .f-1/2(xi).J3/2(x2)]}. 

where x2 = -2x1 = k(ryH + ryD). 
The asymptotic expressions for these coefficients are 

\\·hilt:> in anorher lin1it. ~·(r/f[ + l/D) >> 1 

Bi= - x
2
J ( .-l1cos( :)~·::;) -.-l:?si11( :;~ 2 ) ). 

B::; = - J~1 ( .-1 1 sin ( 
3;:! ) + .-12 cos ( :)~-~ ) ) . 

Vof. 47, ;\'o. i 

( 11) 

I !:2'; 

Before passing over to an analysis of the spectrum at the radiation-dominated stage, let us see ho\v this 
spectrum was transformed as the inflation stage gave \Vay to the dust-dominated stage. 

The adiabatically invariable amplitude of the \vaves is determined in accordance \Vith the relation 

11(17) = a(ry)h(ry), 

and the energy density of the \Vaves is 

The energy density of the \Vaves (zero fluctuations) at the inflation stage is 

and at the dust-dominated stage it is 

k" 
''I k) = 32 3 4 . 

" a 

Naturally, o9(k) has a different form depending on the wave length. At k(ryH + ryv) « 1 

f L:·;} 

110, j 

\vhereas at k( 7JH + 7JD) >> 1 the energy density of the \Vaves coincides \Vith the density of zero fluctuations. 
Renormalizing the energy density of the gravitational \vaves. \Ve obtain the relation of the form ~:J(k)...., l/k3 

for k(ryH + ryv) «land o9 (k) "'0 for k(ryH + ryv) » 1. 
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For the radiation-dominated stage 

l1;2(kry) '-1;2(kry) 
h(k; ry) = c, (kry)'i' + c, (kry)l/2 . (16) 

The coefficients C 1 , C2 become joined with B1, B2 at the boundary of the transition from the dust stage to 
the radiation-dominated stage in conformity with the rule hD( kryn) = hR( kryD) and hD' (kryD) = hn• ( b)D I. 
\vhere the subscripts D and R n1eans pertaining to the dust- or radiation-Jorninatecl stage, respecti\·ely. 

I!' h';.,= dhfdTf. There is no need to present here the curnbe£son1e expression for the relation of ('1. (''2 ;u1d Bi. 
> B2. It should only be pointed out that there arise three spectral regio1ts: 

1) k(ryH + ryD) « 1, 

k(ryD) « l; 

2) k(ryH + ryD) « 1, 

k(ryD)»l; 

3) k(ryH + ryD) » 1. 

k(ryo)»l. 

1. Spectral Region of Long Wnvc~s 

The \Vaves satisfying; the inequalities k(YJH +']DJ << 1 and k( 110) << 1 ilre ;:u11p!irled cit till:'. i1d!c1riott 
stage and at the dust-dominated stage. 

\"\Tith an accuracy to O(k) the coefficients 8 1 and B2 are expressed <l~ 

B1 = -3Az, 
;rxf 

B., =---Ao 
- 10 - ' 

for C1 and C2 we obtain, respectively, 

C1 =-A,, 

For the spectral energy density of the gravitational \vaves in this region \Ve obtain the expression 

2 ( Ho ) ' ( 2 ) 1/3 c:, c,(k) = - - -.- -
3,,. Tpt 1'i R k 

(Ho is the Hubble paran1eter at the end of the dust stage). 

I 17 I 

I 18 I 

Formula (18) \Vas derived under the assumption that the entropy has been preserved fron1 tl1e onset of 
the radiation-dominated stage up to the present time 1 i.e .. the equality 

has held. Here av is the present scaling factor: To = :) I{: ~\"R is the nun1ber of zero-rnass Jeg;rees of fr£:Pclr)1n 

at the beginning of the radiation-don1ina.te<l stage, over \vhich the energy is distributed: TR is the backg1'01u1cl 
t·e1nperature at the beginning of the radiation-don1inated stage; aR is the scaling factor. 

This relation holds for \Vaves \vhose frequency is higher than io- 15 Hz at the present time, because the 
\Vaves \vith a lo\ver frequency are amplified at the present dust stage and have a spectrum about v- 3 . 

2. Spectral Region of Intermediate Wavelengtl1s 

Such waves are long at the inflation stage and become an1plified at it. A \Vave belonging to the spectral 
region k( ryH + ryv) « l, k( ryD). » 1 is amplified at the dust stage. but even before this stage is over the 
\Vave becomes shorter than the horizon and its an1plifi.cation ceases. :\.s a result. a spectrurn proportional to 
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k:-3 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: 

C1 = -
1
-(B1 sin x3 - B2 cos x3), 

4x3 

C2 = -
4

1 
(B1 cos X3 - B2 sin x3), 

X3 

\Vhere X3 = krtD· \·Vith an accuracy to o(k) the relation between C' and .-I. iu this spectral rr:giun ltas the 
form 

C
.
1 

3A2 . = ---s1n.r.3 
4x3 

and 

\To\v for the spectral energy density at the radiation-doruinated stage we obtain the expression 

1 [HD ] ' [ 2 l 1/3 y:4 
o,(k) = 6ir Tpt NR ry2Zh · 

I l '.1 I 

\"\'aves \\·ith frequencies higher th:u1 -hO kfiz and lower than -HJO kHz t11;.1y he :t:-':-'i~n1'il to t hf' i11t1'rin~_,,]i:it" 

\Vavelength region. 

3. Spectral TI.eg;iou of Shot·t \V.avc:-:; 

Such \Vaves satisfy the inequalities k( TfH + T}D) >> 1. k( rJD} >> 1. .-\n1plific:J.tion of these \\"axes is not 
observed. therefore &9 (k) ~ 0. 

§ 3. BARYOEXCESS 

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

y-boson -1i + 1i-boson. 1i - qq, qi, 1i - 'i'I· qi. 

·where q is a quark and l is a lepton. In such a ca.se the baryoexcess is 

N.1 - .\"7 
J = ~--~-~--

N, + N,+ N1 + .v,· 

In contrast to the standard scenario, in [10] the authors consider not only the decays of l1ec1vy ,\_- and 
)"-leptoquarks into ordinary quarks, but also reactions involving Higgs bosons.,\_- and }·-leptoq1u1rk=--. ;_u1d 
p-bosons of the inflation-producing field. Then the lifetime of this stage is 

\vhere 1n.., is the n1ass of a Higgs boson, rn11 is the n1as~ of 'h'.±113-bosons. The use of the values frorn [10] 
leads to H(tD - tH) - 100, and the baryoexcess at the end of the dust-dominated stage can approxin1ately 
be described by the expression 

( r') i/2 .-1/4 ( 0.2N,, ) 1/4 -1 " f3 =;Jo -H · 1Dl<t0 , --3 - = Bo(H(tD - tH)) I-, 
m, 

'vhere i.\r<,:;a ,..,,,,, lSm~ is the initial density of Higgs bosons, m,_, - 1014 GeV is the mass of a Higgs boson. 
f{tut ~ 100 is the total number of the particle species in the equilibriun1 quark-lepton plas1na, r:.;; is the rate 
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41lkHz 

Fig. 1 

41/0kHz 
lnP 

Fol. 47, ~vo. 1 

of particle decay or the reciprocal lifeti1ne of the dust-Jon1inare<l stage .. Jo is the r~lativt:" J:,;_1ry,: .. ~x<::'::-:.-; i11 rl1·· 
standard scenario. 

In conformal time 

_ [( ~D )
3 i-l/2(2HtH) 1

/2 [O''V ]'" /3 - /30 - 1 -- · lOXco, ·-· /' . 
~+~ 3 ~ 

We can now point out the main distinctions between the spectra of gravitational \vaves in the high­
temperature and the low..otemperature baryosynthesis. 

In the high-temperature baryosynthesis the spectrum of the \vaves generated at the inflation stage is 
distorted. This spectrum is distorted at the high-frequency end and the dependence of the specr.run1 on the 
\vave vector is now proportional to k- 3 . In other \Vords, the spectrum of the gravitational \\'aves re111ains 
invariable (has the form k- 1 ) up to frequencies of - 40 kHz. then it decreases as k- 3 to - 400 kHz. and for 
frequencies higher than 400 kHz -o(k) "'0 

In the high-temperature baryosynthesis there is a mechanisn1 of en1ission of grav·itationaJ waves. \\·lticli 
leads to an energy density spectrum having the form of a broad line (on the order of rnediun1 frequency in 
the spectrum) [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 baryosjnthesis stage (fig. 1), 
specifically through the baryoexcess. Attempts to observe gravitational \Vaves at the lo\v-frequeucy enJ of 
the spectrum are llO\v being made. For these waves the observation predictions re1nain unchanged. jttst a.:s 
in the c~e \vhen the inflation stage is follo\ved by the radiation-dominated stage. 
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