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Abstract: Bulk viscosity associated with the production of heavy 

particles during the GUT phase transition can lead to exponential 

or "generalized" inflation. The condition of inflation proposed is 

independent of the details of the phase transition and remains 

unaltered in presence of a cosmological constant. Such mechanism 

avoids the extreme supercooling and reheating needed in the 

usual inflationary models. The standard b&ryongenesis mechanism 

can be maintained. 
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It is «ell known that in spite of the spectacular 

success of the standard hot big bang cosmology [11, several 

questions such as the horizon, flatness or entropy and monopole 

density problems remain unanswered. 

In the inflationary models all these fundamental 

questions in Cosmology can be solved at once. In the original 

scenario [2] the Universe is caught in a local minimum of the 

Higgs potential, undergoing a dramatic supercooling . attaining a 

temperature of less than 1°K. The large constant (independent 

of temperature or time) energy density of the false vacuum 

plays the role of a cosm.-* logical constant driving the 

inflation, increasing tne scale factor at least 1028 times 

in order to account fcr the problems rentioned above. This 

requires a rather slow phase transition to'the true vacuum. On 

the other hand, such slow transition does not lead to 

percolation and the latent heat remains stored in the bubble 

walls, resulting in a highly inhomooeneous Universe [3]. 

In the so called "New Inflationary Scenario" [4], 

the "graceful return" to the Friedmann model can be resolved, 

but the supercooling and subsequent reheating, though less severe, 

continues to be huge. During the slow "rolling down" of the order 

parameter <$>, the energy density is not strictly a constant 

and deviation from exponential expansion depends on the 

detailed shape of the effective potential. 

In this work we show that bulk viscosity 

associated with the GUT phase transition {5 J, can lead to 

sufficient Inflation (exponential or "generalized"[6] independent..... 
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of the details of the phase transition» provided it is slow. We 

find that the condition of inflation remains unaltered in the 

presence of a non-vanishing cosnological constant. The production 

of—super heavy-gauge-4»sons-and-iaagnstio^BonopoleG-ljv-t he broken— 

phase with masses comparable with the critical temperature 

creates a fluid composed of a mixture of highly relativistic end 

non-relativistic particles. For this fluid the bulk viscosity 

is nan vanishing and can drive inflation [7]. We find that 

the temperature variation need not be large. After the decay of 

these heavy particles bulk viscosity vanishes, terminating the 

inflationary phase and returning to the radiation dominated 

Friedsiann Universe. Subsequently the temperature becomes 

comparable with /the heavy Hii^; boson mass. At these "low" 

temperatures—Ec -• to1.0—GsV )- another inflationary- - phase is -

possible. The subsequent out of equilibrium decay of these 

Higgs particles gives rise to baryogenesis in the standard way [8). 

We start with the usual hypothesis that at least 

some regions of the Universe attained temperatures T - 10ls GeV 

before recollapsing and at least one of these small regions 

was sufficiently homogeneous and isotropic such that the 

Priedmann-Robertson-Walker metric is a good approximation. For 

early stages of the evolution of the Universe the curvature 

terms are negligible and we set k*0, resulting In the 

metric with flat space sections 

dsa.-dt* • R*(t)(dx2*dy2*dz2) . (1) 
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Where R(t) is the scale factor. The matter content of the 

Universe is described by the energy mooentuir. tensor, v/hich can 

be wi-it en as 

TWmVtw) per feet fluid * tATyvldissipative tenas ' 

As a result of the spatial isotropy and homogeneity assumptions, 

velocity gradients causing the shear viscosity and temperature 

gradients causing heat transport are absent and the only 

possible dissipative term describes ths effects of the bulk 

viscosity 

AT » - c(g + u u j U
A 

uv svauv u v' ; x 

where ç is the coefficient of bulk viscosity, the positivity of 

which follows from the second law of 

thermodynamics, u Is thj four velocity of * the fluid 

and u ;y is the velocity divergence [9]. Using the comoving 

coordinate system uM « 6Jf, equations (1) and (2) imply 

Tv * *iag<-P,Peff'*eff'
peff> (3) 

where p • energy density and P e £ i « effective kinetic pressure» 

p - 3;(|), p being the thermodynamic pressure and | » H • Bubble 

parameter. The effect of bulk viscosity is simply to replace 

p by P 0 f f < p, in the expansion period H>0. 

Above the critical temperature T *101S GeV , the 
c 

system is in the unbroken GUT phase and the primordial 
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cosmic fluid is composed of massless, ultrarelativistic particles 

with no bulk viscosity [5]. As the transition to the broken 

phase starts, the leptoquark gauge bosons begin to acquire mass 

»x - Tc, together with the appearance of superheavy magnetic 

monopoles. 

Einstein field equations in the metric (1), with 

equation (2) yield the following ordinary differential equations[1] 

(4) 

(ft = c = kB = 1) 

H M | > 2 . _ 8 I L _ 
R 3m2. 

Pi 

and 

£ « _-_-4jr_ip_±.lP --1R (5JL 

pl 

where n . » 1.22 x 101' GeV is the Planck mass. An accelerated 
Pl 

expansion or inflation can take place when p + 3P -f < 0, i.e. , 

R>0 in eq,5.The energy conservation lew can be written as 

-ggipR1) - -3(p - 3ç |)R2 C6) 

The entropy density s is defined by the second law of 

thermodynamics as 

» • $ (P*P - W»> (7) 

where T « temperature, n«net number density of the massive 

particles under study and v is the chemical potential for 
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the mass less t o massive boson transition. In order to ensure 

positive definiteness of the number density of r e l a t i v i s t i c 

bosons, |u |$m. Since part ic les and antlparticles have chemical 

potentials opposite in s ign , assuming particle-antiparticle 

symmetry for the leptoquark bosons, there i s no net conserved 

charge for tnem, implying u « 0 [YO). 

Under these circumstances one obtains (1] 

ç - - L - [ T ^ ( s R 3 ) J (8) 
9R*R a t 

In view of the asymptotic freedom of the gauge 

interactions, it is reasonable to treat matter in the ideal 

gas approximation, with the equation of state 

P » (Y - D P 
(9) 

Y « Y(t) ;1 < Y * 2 

ffhere the specific heat ratio Y changes during the phase transition 

as a result of the appearance of the massive component. After 

the decay of the,massive gauge particles, Y returns to the 
4 

value <5 relevant for ultrarelativlstlc particles since the 

Biggs masses are still negligible compared with temperature. 

Equations (4), (6) and (9) gives 

B » - | YH2 • 12w m"! ç B 110) 
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Blininating the coefficient of bulk viscosity C 

using (8) and (7) with p » 0, we obtain the interesting relation' 

Y H 2 Y * ^ ^ 

Exponential inflation occurs when H = 0, the condition for 

which is 

i i 

or 

to (J) = constant (12) 

If the scale factor is an arbitrary function of 

time satisfying R > o, then we have a "generalized" inflation, 

which Implies that H > - |. B>0 can be 

shorn to violate the é ainant energy condition p > lpeffl •Power-

law inflation R(t) - tp , p>1 is a special case of H<o. The 

fl Xf we had retained the chemical potential y in (7), aquation 

(11) would be Modified by a factor (1 - ̂ ) amltiplying |. 

The MXlnun. value of n is the photon density. Since the 

number of particle degrees of freedom is »1 in GOT sedeis, 

JpS « 1, and so eq. (11) is a good approximation. 
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condition for generalized inflat ion i s less stringent than 

(12). Using (11) we have 

I * i £r'? -1> - ° ^ 
It is interesting to observe that if we include 

a cosmological constant A 4 0 in equation (4), the r.h.s. of 
• » 

equation (11 \ receives an additional contribution fe-^>- This 

doas not change the condition of exponential inflation. For 

•generalized" inflation the new condition is 

Ihi^T'1-^^-?»*0 <1 3 b> 2 Y-1 3H2 T * 

Proa positivity of energy density A<3H2. 

With-the -condition—U2 \—for- standard inflation-

entropy density s remains constant, using eqs. (7), (9) and 

(12) with JI « 0 it is easy to see that 

» « i? » constant (14) 

Another consequence of condition (12) is that 

during inflation the Hubble parameter H« remains constant and 

from equations (8) and (14) 
Hgm2.8 

ç . EL. T « constant T (15) 
8 irp 

The fundamental problems of cosmology such a» entropy generation 

can be resolved if condition (12) remains valid during a time 

interval T * ~ . i<T,a seconds, since the total entropy is 
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S = sR3 = sesH»T t16J 

The massive gauge bosons decay rapidly thereafter 

and we axe "left with an ultrarelatlvisticr fluid with_ho~bulJc 

viscosity. Thus, in our model, there is no problem with ending 

inflation smoothly. The Biggs bosons have a mean life tg-10*"** s , 

much longer than the duration of inflation associated with 

the production of massive leptoquarks. The viscosity associated 

with the Higgs particles would be relevant latter, when 

T - mjj < 1010 GeV . If condition (12) is full filed, another 

inflationary phase occurs. The corresponding value of the 

parameter Be is much smaller but if the duration is longer 

than the earlier t, inflation may be relevant. It is important 

to note that even if this second period of inflation does 

occur this does not wash out baryogenesis, which results only 

from Higgs boson decay. 

Let us now discuss the plausibility of the 

condition (12). The equation of state for matter is given by 

equation (9). Multiplying both sides of (9) by the volume V 

and considering that during inflation p is a constant and 

T 
y *- where m ii 

for this period 

T 
y ~- where m is a constant with dimension of mass, we have 

pV • NT- a»2 (17) 

where H • 4r i» • number which increases as V and a»~- is a 

constant. We can see that our condition of inflation implies a 
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kind of Van der Naals equation of state for matter (the analogy 

is not complete since in our case N is not a constant); in other 

words, during inflation matter can not be treated as an ideal 

gas. The bulk viscosity induces an effective interaction which 

may be described by the higher virial coefficients in the 

equation of state [11]. He have also checked that the variation 

of n with temperature implied by condition (12) is reasonable. 

In conclusion, we studied a possible bulk-viscosity-

driven inflationary scenario. He require a slow transition from 

symmetric to broken GUT phase, with duration longer than 10 

seconds. The transition may even be quasistic. Exponential 

inflation occurs during the transition whenever í remains 

constant, or at most slowly varies with tine, such that 

in(í) remains approximately constant. The rapid expansion 

of the scale parameter stops smoothly when the heavy particles 

decay or are diluted sufficiently, thus eliminating the 

viscosity. In effect, the result is similar to the so called 

new inflation. The condition for inflation does not seem 

to be unnatural and we do avoid the extremely rapid svçeroooling 

j.followed by dramatic reheating in the microscopic models.Further 

.. details of our analysis of viscosity and inflation will be 

published : elsewhere. 
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