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Electroweak baryogenesis and the expansion rate of the Universe
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The standard requirement for the production of baryons at the electroweak phase transition, that the phase
transition be first order and the sphaleron bound be satisfied, is predicated on the assumption of a radiation-
dominated universe at that epoch. One simple alternative, domination by the energy in a kinetic mode of a
scalar field which scales asaf/ gives a significantly weakened sphaleron bound for the preservation of a
baryon asymmetry produced at a first-order phase transition, and allows the possibility that the observed
baryon asymmetry be produced when the phase transition is second order or crossover. Such a phase of
“kination” at the electroweak scale can occur in various ways as a scalar field evolves after inflation in an
exponential potential.S0556-282(97)05504-5
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The Hubble expansion raté of a homogeneous and iso- taking the Friedmann-Robertson-WalkKgRW) metric with
tropic Big Bang universe is given by the very simple formulascale factor(t), gives the equation of motion for the homo-
geneous modes, which can be written
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wherea is the scale factorp is the energy density, arldis dt
a constant which depends on the spatial curvafliteThe

main contribution tg today comes from matter which scales Lo - i _ o
as 1A%, with perhaps also a curvature term and even a smaﬁfter multiplication byg. Defining 7(t) =V(#)/(1/2)¢" and

cosmological p= cons} term. Going back in time the scale Writing the energy density(t) = (1/2)$*+V(4), we find
factor decreases and the energy density in the microwave
background radiation blueshifts, scaling as*]/until it t
comes to dominate the right-hand side of Ef. The most P(t)ZP(to)eXF{ - ft T+ 700
impressive evidence for this extrapolation comes from nu- 0
cleosynthesis. The precise abundances of the various nuclei a 6 da
synthesized from the nucleons as the Universe cools below =p(t0)exp< —f 1+—7](a) a
~1MeV depends sensitively on the relation between the %o
temperature of the radiatiofwhich goes as &) and the
expansion rate, and the radiation-dominated picture does r&vhen the kinetic energy dominates—0 and
markably well.

Going back further in time we reach the electroweak ep-
och atT~100 GeV. The expansion rate again enters in de- pP* 5 )
termining the details of the relics left behind, most notably
the baryon asymmeti2]. In this paper it is pointed out that
relaxing the standard assumption of radiation domination af his represents the opposite limit to inflation driven by the
the electroweak scale has important consequences for eleotential energy withy— o andp(t)~ p(to). Indeed for any
troweak baryogenesis. The fact that the sphaleron bound afd®wmogeneous modeassuming only thaV(¢) is positive
the usually assumed impossibility of baryogenesis at ave have that
second-order or crossover phase transition are highly depen-
dent on this assumption is illustrated with the example of a a\®
universe dominated by the energy in a kinetic mode of a p(to)(g) sp(t)<p(ty), t=t,. (6)
scalar field. Other examples of alternatives to radiation domi-
nation before nucleosynthesis have been discussed in works
of Barrow[3] and Kamionkowski and Turng#d], who con-  Putting these limiting behaviors of the energy density into
sider how the relic abundances of dark-matter particles arEq. (1) one findsac=t*® (with k=0) for the 14° scaling, in

H(t)dt)

4

changed in such scenarios. contrast toace™* for inflation (H=cons). Instead of super-
Consider first the dynamics of a real scalar fieidwvith luminal expansion in inflation a kinetic-energy-dominated
potential V(). Variation of the action mode of a scalar potential drives a subluminal expansion

very similar to that of radiation gxt*?) or matter
. 4y [ Llopy T _ (axt?®). Writing the stress energy tensor in terms of a pres-
‘S_f d'xV=0[29"(0,4) (9,¢)=V($)], 2 surep and the energy density in the standard way, the equa-
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tion of state isp=p for the kinetic mode in contrast to How significant a difference is this? According to recent lat-
p=(1/3)p(radiation, p=0(matte), andp= — p(inflation). tice studies of the electroweak phase transition in the mini-
| will use the termkination to refer to a phase of the mal standard modé¢b,2], the “usual” sphaleron bound can-
Universe dominated by the kinetic energy of a scalar fieldnot be satisfied foany physical Higgs boson mass, for a top
The “deflationary” universe of5], which will be discussed quark mass oim;=175 GeV. The “new” bound in Eq(10)
below, is a particular example of this, in which the inflatonis satisfied for Higgs boson masses up to about 35 GeV. For
evolves into such a kinetic modé]. m;= 155 GeV the bound changes from about 35 Gé&¥
Now let us suppose that an unknown amount of energy ishe “usual” casg to 50 GeV. The “new” bounds are still
stored in such a mode at the electroweak epoch. The expahewever too low to be consistent with the CERNe™ col-

sion rate in Eq(1) becomes lider LEP bounds on the standard model Higgs boson mass
my>65 GeV.
5 a\’ 8nG pel [ Ao e ae 4 In extensions of the standard model, such as the minimal
H=13) =3 2 [\3] @7/ | (1) supersymmetric modéMSSM), recent perturbativgL0] and

nonperturbativg11] analyses indicate that the usual sphale-

ron bound can be satisfied in various parts of experimentally

becomes equal to that in radiation apgis the energy den- allowed parameter space. The new bound S|mp_ly vv_lden_s this
allowed parameter space. In what sense can this widening be

sity at that time. The factof(a) accounts for the effect of ; A ” :
decouplings, and in the approximation that they are instantas-aId to be §|gn|f|cant or not: Fo_r baryogenesis yvhat one must
neous isf (a) =[g(a.)/g(a) 1Y whereg(a) is the number of calculate given any set of physical parameta@timately to

O ~ be fixed by particle physical experiments, we hoje a
relativistic degrees of freedom. The sphaleron bolifide depletion factoX, whereB, = e XB(T,) is the baryon num-

sults from the requirement that the rate of baryon numbeBer at nucleosynthesis am{To) is the baryon number cre-
violating (sphaleroi processes after the electroweak phase y 0 Y

transition be less than the expansion rate of the Universe st%[fg.rdu(r:;%;“e sgfagtlzrsiftrgr:;]g%l:iltl;gglutr:n?t ('asroarpueréigpti;a-
that the baryon asymmetrfputatively created at the elec- haseo transitig)n It é simple to show that P
troweak phase transition be “frozen in.” Thus P ’ P

where a, is the scale factor when the density in the mode

* To  Teon/ To\P
_ -1 sphf _0
X= ftodtrsp4t) Ho fo dT— (T> , (1)

H
T ot~ T EsonTu Hg= H—6 H,, (8)
4

wherep=2 in the case of radiation domination, ape-3
where Hg is the Hubble expansion rate and for kination. The extra power in the integral is negligible
H4=1.66\/g—W(T2/Mp|) is the expansion rate we get if we because the integral is cutoff very rapidly due to the expo-
assume radiation domination in the usual way, witp=  nential dependence in the sphaleron rate, so that the deple-
g(a,)~100 andT,~100 GeV. The bound orEgy,, the tion factor is simply changed in inverse proportion to the
sphaleron energy, can thus be written in terms of the usuaixpansion rate at the phase transititg The estimate given

bound on the same quantili}s)ph as above allowing for the potential contribution of the kinetic
mode corresponds to a change in the expansion rate by up to
o gw| 2T, a factor of 18 [the factor inside the logarithm in E¢9)], so
Esph= Espn— TwIn —) T_} (9)  that it could make the difference in a given model between
e e

an asymmetry consistent with observation, and end”

This follows since Hg/H,~[11\f(ay)](a./a,) and times smaller. This is certainly in an absolute sense a signifi-
W. e W.

Ta=f(a)Tea., WhereT, is the temperature at radiation- cant difference. .
kinetic energy equalityata=a,). Has such a change to the expansion rate other conse-

Let us take the following approximate bound from nu- quences? An expansion rate at the electroweak scale of

10~ 11T i 10-16T ;i iatian. ;
cleosynthesis: We allow 10% of the energy to come from the 1077, instead of~10"*°T in the radiation dom_”.‘ate_d
coherent mode at-1 MeV, just before the first stage of case, leaves the usual treatment of the phase transition intact,

n—p freezout begins[8. Then T.~3 MeV, so taking because the time scale for the expansion is still very long

T,~100 GeV, the bound on the sphaleron energy is reduce ompared to thermalization time scales. Details will change.

by approximately one-quarter from its usual value-o#5T he phase transition will proceed slightly differently, e.g.,
[2]. The lower bound orEq,, can be translated into con with more supercooling before the nucleation of bubbles
. sph -

straints on the parameters in the zero-temperature theor 12]. The slowest perturbative processes, those flipping the

. . . — 1 . _
Constraints are usually derived using the bound expressed as q 9

the ratio of the vacuum expectation val(¢EV) v in the Ouf/vﬁfr:cﬁr:g:f;ssm()f bHeilryoSn ;;?szesr. the phase transition be-
nucleated bubbles to the nucleation temperatlife to g M99 P

: S : . comes more weakly first order, and, according to recent non-
which the sphaleron energy is linearly proportional. Typi-

; perturbative lattice resul{d.3] eventually(at my=~80GeV in
cally therefore the sphaleron bound will be weakened as the standard modgthe line of first-order transitions ends in

a second-order transition and becomes crossover. This means
Yo1.%-07s (10)  that there is actually no phase transition, all gauge-invariant
Tp Tp observables evolving continuously as a function of tempera-
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ture. In this case it has been assumed that a baryon asymmigaryon asymmetry at a second-order or crossover phase tran-
try of the observed magnitude cannot be created, because thiion. Several other possibilities have been discussed by the
departure from equilibrium required by the Sakharov condi-authors of[3,4], in the context of their consideration of the
tions is too small, being controlled by the expansion rate oflependence of the relic abundances of dark-matter particles
the Universe rather than by the much shorter time scalesn the expansion rate. Barrow considers the case of an an-
characterizing the propagation of bubbles at a first ordersotropic universe and Kamionkowski and Turner this and
phase transitiohl4—16. At a first-order phase transition too various others including a Brans-Dicke theory of gravity
weak to satisfy the sphaleron bound, the same will be true asyith the scalar dominated by its kinetic energy. In these
after the completion of the phase transition, the expansiogases the net effect is essentially described by an additional
rate again becomes the relevant time scale. A very simpleontribution to the energy density scaling ag®just like
calculation of the baryon asymmetry is possible in thesdghat we have considered. Beyond these there is the possibil-
cases with the assumption of homogeneity in the evolution oty of other nonstandard theories of gravity such as scalar-
the fields. In various extensions of the standard model withensor theories in which the gravitational constant varies.
extra CP violation there are terms in the effective action The rest of this work will concentrate on the specific model
which act like chemical potentials either for baryon numberof domination by the kinetic mode of a scalar field. It is
[17,18 or hyperchargg¢l19]. In the presence of these source minimal in the sense that it sticks to standard Einstein grav-
terms one findgcalculating the equilibrium with the appro- ity, and is compatible with the inflationary explanation of the
priate constraints, s€@0] for detaily the baryon to entropy homogeneity and isotropy of the observed universe.
ratio What one requires in this case is that the energy in the
kinetic mode be much greater than the energy in radiation at

ng Hi 1 _décp the electroweak scale. An explanation of the “usual” sce-

—~ = —T—= (12 e . i . ) . ;

s Tigyw dT | nario in which the Universe is dominated by uniform radia-

tion at the electroweak epoch is provided by inflation: A

where 6¢p is the (dimensionlessC P-violating field during scalar field¢ displaced from its minimum rolls in its poten-
its evolution(times some mode|-dependent Suppres)samj tial V(¢), Sufficiently S|0W|y that it satisfies the condition
the derivative its rate of change when the asymmetry freeze¥(¢)> ¢ for long enough to inflate a small uniform region
out at temperatur@;, when the expansion rate fi; . outside our present horizon; the field eventually reaches its
When the Universe is in a phase of kinatidig1/a® minimum and oscillates about it, until it decays to produce
«T3, so that, taking the estimate above, we can haveadiation at the “reheat” temperatur€,. An alternative
H¢/T;~10 XT{/100 GeVy}. To evaluate the remaining mechanism for reheating was given by Spokoiny5h In-
factor exactly would require a full study of the detailed dy- stead of rolling into a minimum and oscillating, the inflaton
namics of the phase transition, which in this case is still wellrolls in a potential(described beloyvso that a period of
beyond current capabilities. An examination of the datadomination by its kinetic energy follows inflation, with the
available on the models studied in this regifdé] indicates  resultant 14® scaling discussed above. The universe is re-
that the factor multiplyingH/T; in Eq. (12) could be as heated simply by particle production in the expanding uni-
large as order one sinc&T, the temperature range which verse, which is proportional tel* (for scalar particles non-
characterizes the change in the quanfitys by order one conformally coupled to gravily The requirement that this
could potentially be smaller tham; by enough to cancel radiation come to dominate before nucleosynthesis requires
gw~ 100 — the transition is continuous but “sharg(it is  that the transition from inflation to kination occur at a suffi-
only because it is that it makes sense to talk of a “transition”ciently large expansion raté>10° GeV. Taking the cre-
at all. It also takes place at higher temperaturesated particles to be Higgs bosons, the temperature at which
(200—-300 GeV in the standard modehan when the tran- thermalization occurs is estimated [ii] to be ~10° GeV
sition is first order T;~100 GeV). It is thus possible that an for the case that the transition radiation domination occurs
asymmetry compatible with the observet;/s~(3—7) just before nucleosynthesis. This cosmology therefore corre-
X107 could result when the electroweak phase transitiorsponds exactly to what was required in the analysis above: a
occurs during a phase of kination which ends just beforeuniverse in which there is thermalized radiation by the elec-
nucleosynthesis. troweak scale but which is dominated by a coherent kinetic
The simple but important point is that the standard argumode potentially until just before nucleosynthesis.
ments which are used to rule out the possibility of baryogen- To see that this domination by a kinetic mode over radia-
esis at the electroweak scale in many models are predicatén can come about also in conjunction with the standard
on the assumption of knowledge of the expansion rate. Imeheating scenario, we consider more carefully the sorts of
fact the one variable in amb initio calculation of elec- potential which are required. The equations governing the
troweak baryogenesis which we cannot aco@gsleast in  dynamics of the scalar field are
principle) through direct measurement is the expansion rate
at the electroweak epoch. Methodologically it is thus more 1
sensible to ask what expansion rate would be required to d+3HP+V'(dp)=—
generate the observed asymmetry in any particular model. a
That there is any such expansion rate is itself a very non-
trivial requirement of a theory. We have just seen that allow- 1 /1
ing for the contribution of a kinetic energy dominated scalar H?=—— (—¢2+V(¢)), (14)
mode opens up the possibility of the creation of the observed 3Mp 12

| o

(@®p)+V'(4)=0, (13

o

t
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where Mp=1/\/8%G is the reduced Planck mass, and wethey occur generically in theories which are compactified,
neglect the radiation density assuming the scalar field energguch as supergravity theories or string theories. In his analy-
to dominate. It is shown if21] that there are particular sis Spokoiny realizes the transition from inflation to kination
attractor solutions to Eq913) and (14) for the potential referred to by taking an exponential potential wherearies

V(¢)=Voe M/Me: in the appropriate way. If we suppose instead that the Uni-
verse goes through a period of inflation driven by some other

Vv : g « ” - )

S(1) = MpV2AIN(Mot), axt (¢) A field and reheats in the “usual” wagby oscillation and de

(1/2)¢2: ' cay) leaving the radiation dominant over whatever energy
(15) density is in the exponential potential, it is simple to see
[adding the contribution of the radiation to E44)] that the
where A= /2/A and the origin of¢ is redefined so that field begins to roll when the energies become comparable. If
Vo=MpA(3A—1). From Eq.(4) it follows that pc1/a?A  the exponential again has\avarying in the appropriate way
(p=3A-1). Values ofA>1 give power-law inflationary @ period of inflation which cools the radiation can occur fol-
solutions and in the limiA—1/3, in which the kinetic en- lowed by a roll of the field into a kinetic energy dominated
ergy dominates, we get the scaling associated with kinatiornode as the exponential becomes steeper Alternatively, one
It is easy to see that potentials steeper than this will gecan consider a potential lik¥ye~ P2IM with ¢,,~0 (the
nerically have kinetic energy dominated modes by examinyalue of the field at the end of reheatiné\ period of infla-

ing the solution to Eqs(13) and(14) with V=0: tion (number ofe-foldings ~INMp/¢y,) can occur when the
ald ¢ ¢ potential energy in the field comes to dominate. These and
A = ol 2| = ol -2 )= ot bataln— other models will be discussed in more detail in a forthcom-
$(0)=do| 3 ¢o< T]r U= do+ boto g paper20].

(16)

In any potential decreasing faster than the exponential | am indebted to M. Shaposhnikov for many useful dis-
with A= 3 the potential terms in Eqg13) and (14), once  cussions, and to P. Elmfors, P. Ferreira, K. Kainulainen, C.
smaller, will decrease faster than the other terms, and thi&orthals-Altes, G. Moore, T. Prokopec, and N. Turok for
field will approach a solution of the forr{i6). conversations or comments. | am grateful to M. Kamion-

Exponential potentials are particularly interesting becaus&owski for bringing my attention td4].
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