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Effect of reheating on electroweak baryogenesis
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The latent heat released during the expansion of bubbles in the electroweak phase transition reheats the
plasma and causes the bubble growth to slow down. This decrease of the bubble wall velocity affects the
results of electroweak baryogenesis. Since the efficiency of baryogenesis peaks for a wall velocity;1022, the
resulting baryon asymmetry can either be enhanced or suppressed, depending on the initial value of the wall
velocity. We calculate the evolution of the phase transition taking into account the release of latent heat. We
find that, although in the minimal standard model the baryon production is enhanced by this effect, in the
minimal supersymmetric standard model it causes a suppression to the final baryon asymmetry.
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Generating the baryon asymmetry of the universe~BAU!
at the electroweak phase transition is a very attractive i
@1#. Although in the minimal standard model~SM! it fails to
explain the observed baryon abundance, such a proposa
be successful in an extension of the model. It has b
shown, for instance, that electroweak baryogenesis is q
titatively possible in the minimal supersymmetric standa
model~MSSM!, provided that the Higgs boson and the ligh
est top squark are sufficiently light@2,3#.

According to the standard mechanism@4#, baryogenesis
occurs near the walls of expanding bubbles that form dur
the phase transition. After a bubble is nucleated and be
to grow, its wall quickly reaches a terminal velocity in th
hot plasma@5–7#. Because ofCP violating interaction of
particles with bubble walls, different densities of left-hand
quarks and their antiparticles are built up in front of t
walls. This left-handed asymmetry biases the anomal
baryon number violating sphaleron interactions in the sy
metric phase. As a consequence, a net baryon asymme
generated in front of the walls and immediately caught
them. In the broken symmetry region inside the bubb
sphaleron processes are suppressed, so a subsequent w
of the baryon asymmetry is avoided.

The generated BAU has a strong dependence on
bubble wall velocity. If the latter is too large, the left-hand
density perturbation will pass so quickly through a giv
point in space that sphaleron processes will not have eno
time to produce baryons. Thus the resulting BAU will b
small. On the other hand, for very small velocities therm
equilibrium will be restored, so the baryon asymmetry w
be erased by sphalerons and the BAU will be small ag
Consequently, the baryon production has a maximum a
intermediate wall velocity. Comparison of the baryon nu
ber violation time scale with the time of passage of the ch
asymmetry@5,8,9# gives a wall velocityvw;1022 for maxi-
mum baryon asymmetry. Recent numerical calculations c
firm that the BAU tends to peak for such a small value ofvw
@10,11#.
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On the other hand, recent calculations of the friction
the plasma indicate that the wall velocity can be of that or
of magnitude@12,13#. However, these estimates ofvw do not
take into account the hydrodynamics of the phase transi
@9,14#. For such small velocities the only effect of hydrod
namics is a homogeneous reheating of the plasma during
expansion of bubbles. Asvw is much less than the speed
sound in the plasma, the latent heat liberated in the exp
sion of a bubble is quickly distributed throughout space b
shock front that precedes the propagating wall of the bub
As a consequence of this uniform reheating the bubble
pansion slows down. It was shown by Heckler@9# that the
decrease ofvw can dramatically affect the result of elec
troweak baryogenesis. The importance of reheating can
estimated @9# by comparing the latent heatL
[T„d(DV)/dT…T5Tc

, whereDV(T) is the free energy dif-
ference between the symmetric and broken symme
phases, with the energy needed to bring the plasma bac
the critical temperatureTc from the temperatureTn at which
nucleation of bubbles begins,Dr5(p2g* /30)(Tc

42Tn
4),

whereg* .107 is the number of degrees of freedom of t
plasma. In the SM,L is at least one order of magnitude le
thanDr, but in the MSSM the two quantities are of the sam
order @14,15#, so the effect of reheating can be important
that case.

In this paper we compute the evolution of the phase tr
sition including this effect in a simple model with a on
Higgs effective potential. Using an analytical approximati
for the dependence of the BAU onvw , we evaluate the ef-
fect of the decrease of the bubble wall velocity on baryog
esis. It is known that in the SM the reheating enhances e
troweak baryogenesis@9#. On the contrary, since in the
MSSM the wall velocity is initially in the range of maximum
BAU, its decrease will cause a suppression to the bar
asymmetry.

We use an effective potential of the form@7,14,16#

V~f,T!5D~T22T0
2!f22ETf31

l

4
f4, ~1!

which possesses a first-order phase transition between
critical temperatureTc5T0 /A12E2/lD and T0. When the
©2001 The American Physical Society03-1
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universe cools belowTc.100 GeV, bubbles of the broke
symmetry phase begin to nucleate with a probability per u
volume and timeG;T4e2S3(T)/T, whereS3@f(r )# is a three-
dimensional instanton action that coincides with the ene
of the nucleated bubble@16#. The configurationf(r ) of the
bubble is obtained by finding an extremum ofS3. It can be
calculated numerically to obtain the nucleation rateG @7# and
the radiusr 0 and wall widthl w of the nucleated bubble@15#
as functions of temperature.

For the terminal velocity of the bubble wall in the plasm
we use the formula@13# ~see also@5,6,9,15#!

vw~T!.
20Tlw~T!DV~T!

hv~T!4
, ~2!

where h is a dimensionless friction coefficient accountin
for the viscosity of the plasma, andv(T) is the minimum of
V(f,T). The main effect of the reheating will be to decrea
the free energy differenceDV(T) @17# and hence the value
of vw . The progress of the phase transition is determined
the fraction of space that is still in the symmetric phase@18#,

f ~ t !5expH 2
4p

3 E
tc

t

G~T8!r ~ t8,t !3dt8J , ~3!

wherer (t8,t)5r 0(T8)1* t8
t vw(T9)dt8 is the radius at timet

of a bubble created att8. The variation of temperature with
time is given by@9#

dT

dt
5

TV8~T!2V~T!

~2p2g* /15!T3

d f

dt
2S 8p3g*

90M Pl
2 D 1/2

T3, ~4!

where M Pl51.2231019 GeV is the Plank mass. The firs
term is the contribution of reheating. It describes the incre
of energy density of the plasma due to the release of la
heat during the phase transition. The second term is
2HT; it accounts for the decrease of energy density cau
by the expansion of the universe. Before and after the ph
transitiond f /dt50, and Eq.~4! gives the well known rela-
tion t5jM Pl /T

2, with j.0.03. During the phase transition
the coupled integro-differential equations~3!,~4! must be
solved numerically.

To evaluate the effect of a changing wall velocity o
baryogenesis we need to know how the baryon produc
depends onvw . As the bubble wall sweeps through space
leaves behind a baryon density@10#

nB5
9Gws

vw
E

0

`

nL~x!e2cGwsx/vwdx, ~5!

whereGws.20aw
5 T @19# is the weak sphaleron rate, andnL

is the net left-handed density in front of the wall. The exp
nential accounts for sphaleron relaxation of the baryon as
metry for small velocities. The coefficientc depends on the
squark spectrum and is;10.

The left-handed density can be assumed to be of the f
nL(x)5Ae2vwx/D , whereD;100/T is an effective diffusion
constant for the chiral asymmetry@20#. The constantA de-
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pends on theCP violating force at the bubble wall tha
sources the asymmetry. It is in general proportional to
wall velocity, A}vw , so integration of Eq.~5! yields

nB5
C

vw1cGwsD/vw
, ~6!

whereC does not depend onvw . This analytic approxima-
tion describes qualitatively the dependence ofnB on vw . It
has a peak atvpeak[AcGwsD.0.02. A calculation of the
coefficientC is out of the scope of this paper, since we w
only be interested in relative valuesnB(vw)/nB(v0). Note
that if the initial wall velocity isv0@vpeak, then a decrease
of vw will produce an enhancement of the BAU, since in th
case nB;vw

21 . On the contrary, for small velocitiesnB

;vw , so a velocity decrease will cause a suppression of
final BAU.

As vw varies during the phase transition,nB„vw(t)… gives
only a local baryon density, generated in a volumedV(t)
52VTotalḟ (t)dt. The final baryon density is the averag
over the expansion of bubbles@21#

B51/VTotalE nB~ t !dV.

According to Eq.~6!, this is related to the result obtaine
with a constant wall velocityv0 by B5SnB(v0), where the
factor

S52E d f

dt

v01vpeak
2 /v0

vw~ t !1vpeak
2 /vw~ t !

dt ~7!

gives the enhancement or suppression due to the effec
reheating.

We consider three sets of parameters for the electrow
phase transition. We take as case A the SM with an unr
istically small value of the Higgs mass, which allows for
sufficiently strong first-order phase transition. Therefore,
set the valuesD50.2 andE50.006 @7#, and we choosel
52E in order to fulfill the conditionv(Tc)/Tc*1, which is
required for avoiding the washout of the BAU. For the fri
tion of the plasma in the SM we assume the rough valueh
;1 @5–7#.

For the MSSM, the one-Higgs potential~1! can be used as
an approximation in the case in which only one Higgs bos
is light @3#. In this scenario the parameterE can be at most an
order of magnitude larger than in the SM. Although th
limiting situation is hardly achieved in practice, we can use
to simulate, without departing from reasonable values of
parameters, an extension of the SM that is most favorable
baryogenesis. We thus choose for case B the valueE
50.06 with l52E, and D;1. In this case we assume
friction coefficienth.70, in accordance with recent calcu
lations for the MSSM with a light right-handed top squa
@13#.

As we use it only to compute the dynamics of the pha
transition,V(f,T) need not be a real perturbative effectiv
potential. Instead, we can regard the fieldf as an effective
3-2
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order parameter, and use Eq.~1! to model the phase trans
tion dynamics@9,14#. In that way the parametersD, E, andl
can be chosen so that the free energyV has the same ther
modynamical properties of the theory we wish to study. T
relevant quantities are the latent heatL defined above, the
surface tension of the bubble wall,s[*(df/dx)2dxuTc

, and

the correlation length, given byj22[]2V/]f2uv(Tc),Tc
. In

our model these parameters are given byL/Tc
4

58D(E/l)2(12E2/lD), s/Tc
352A2E3/3l5/2, and jTc

5Al/2/E. We thus choose the parameters of case C in
cordance with recent non-perturbative lattice simulations
the MSSM in the light right-handed top squark scenar
which give L/Tc

4.0.4, s/Tc
3.0.01, andjTc.5 @22#. This

case represents a more physical situation, as it allows e
troweak baryogenesis for experimentally viable values of
Higgs mass.

In Fig. 1 we have plotted the evolution of the phase tra
sition for case A. We have defined a dimensionless temp
ture a5(T2T0)/(Tc2T0), and a dimensionless timet5(t
2tc)/(t02tc), wheret05jM Pl /T0

2 is the time at which the
universe reaches the temperatureT0 if reheating is ignored.
The result obtained when neglecting the reheating is plo
with dashed lines. In that case the duration of the ph
transition is so small that all the parameters that enter
BAU can be approximated by their values at the tempera
Tn of the onset of nucleation@15#. When the effect of laten
heat is included, the plasma heats up after the beginnin
nucleation because the expansion of the universe does
remove energy fast enough to compensate the release o

FIG. 1. Dimensionless temperaturea, fraction of volume in the
symmetric phasef, and bubble wall velocityvw , as functions of
dimensionless timet, for the parameters of case A, with and wit
out including the release of latent heat. The vertical lines deli
approximately the phase transition interval.
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tent heat. The bubble wall velocity thus decreases, and
phase transition slows down until an equilibrium temperat
is reached, at which all the released latent heat goes
expanding the universe. Finally, the phase transition co
pletes and the temperature decreases again. Due to th
heating the wall velocity approachesvpeak, so the baryon
asymmetry results are enhanced. Integration of Eq.~7! gives
S.3. As expected, the enhancement is not considera

FIG. 2. Same as Fig. 1, but for case B.

FIG. 3. Same as Fig. 1, but for case C.
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since, as the latent heat is not very large in this case,vw does
not spend a long time nearvpeak.

In case B, in contrast, the latent heat is much larger. T
plasma heats up very close toTc and the temperature re
mains constant for a long period of time~see Fig. 2!. How-
ever, the BAU turns out to be suppressed in this case. S
the initial wall velocity is less in the MSSM due to the larg
friction of the plasma, the decrease ofvw occurs in the region
on the left of the peak. Equation~7! gives a suppression
factor S.0.15. Note that the slow growth period, in whic
vw.231024;1022v0, gives only a contribution;1022 to
S. The baryon asymmetry is essentially generated in the
tial stage in which bubbles fill a 20% of the volume of th
universe. There exists an additional suppression with res
to the maximum BAU, since the initial wall velocityv0 is a
little below vpeak. The total suppression factor i
2(v0 /vpeak1vpeak/v0)21S.0.1.

The results of case C are plotted in Fig. 3. Here the la
heat is smaller than in the previous case, so the final velo
is larger,vw.52731024, and the phase transition occu
in a shorter time. As a consequence, the suppression o
baryon asymmetry due to reheating is less severe,S.0.4.

Finally, it is important to notice that in some cases t
simplifying approximation~6! may fall short of describing
the behavior ofnB(vw), especially for smallvw . For such
cases, further suppression may arise in a more rigorous
on
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s.

s.

s.
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culation. For example, in Ref.@10# a crossing through zero o
nB occurs atvw;1023. That happens because theCP vio-
lating force changes sign near the bubble wall, and so d
the chiral asymmetry. This gives an opposing contribution
nB , which becomes important for small wall velocitie
Hence, in our last two cases baryon number densities of
posite sign would be generated in different regions of
universe. The negative contribution of the slow growth p
riod to Eq.~7! can be roughly estimated by multiplying th
ratio nB(1024)/nB(1022) by the fraction of spaceD f that is
filled during this stage. According to the results of Ref.@10#,
that ratio depends strongly on the bubble wall width and
the gaugino mass parameters. If we take for instance a v
;21/3, then in case B, withD f .0.8, this contribution is of
the same order of the previously generated baryon asym
try. In case C, withD f .0.4, the suppression factor woul
decrease 30%.

To summarize, we have calculated the decrease of
bubble wall velocity that occurs during the electrowe
phase transition as a consequence of reheating, as well a
effect on baryogenesis. In the MSSM this effect tends
suppress the baryon production. For the light top squark s
nario we have found a suppression factorS.0.4. Although
this is not severe, we must stress thatScan be smaller if the
baryon density changes sign for small wall velocities.
.
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