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Can induced gravity isotropize Bianchi type 1, V, or IX universes?
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We analyze if Bianchi type I, V, and IX models in the induced gravit§) theory can evolve to a
Friedmann-Roberson-Walk@FRW) expansion due to the nonminimal coupling of gravity and the scalar field.
The analytical results that we find for the Brans-Di¢B®) theory are now applied to the IG theory which has
w<1 (w being the square ratio of the Higgs boson to Planck asa cosmological era in which the IG
potential is not significant. We find that the isotropization mechanism crucially depends on the valutsof
smallness also permits inflationary solutions. For the Bianchi type V model, inflation due to the Higgs potential
takes place afterwards, and subsequently spontaneous symmetry breaking ends with an effective FRW evolu-
tion. The ordinary tests of successful cosmology are well satidi#t556-282198)06624-7

PACS numbds): 98.80.Cq

I. INTRODUCTION ence of a cosmological constant the universe evolves into a
de Sitter space-timé5], at least locally[6]. The no-hair
One of the main problems of modern cosmology is to findproperty ensures that all inhomogeneities will be smoothed
a satisfactory explanation to both the small-scale inhomogesut in a region of the event horizon. The conjecture has been
neity of matter distribution and the large-scale degree of isotproved for a number of mode|g], where it was realized that
ropy measured in the cosmic microwave background radiait is highly related to the homogenization and isotropization
tion (CMBR) by the Cosmic Background ExploréEOBE) of cosmological models. The initial conditions for inflation
satellite[1,2]. Accordingly, one desires to construct a generalhave been reviewed in Rei8] and the situation is that in-
model that explains both, antagonistic, properties of our Unihomogeneous, anisotropic models with negative curvature
verse. In order to find such a solution, it is interesting tosatisfy the conjecture as well, but big initial inhomogeneities
investigate if homogeneous, anisotrofiBianch) models lead to the formation of black holes in some regig8%
can predict the level of isotropy detected by the COBE sathowever, in other regions inflation is possible, achieving a
ellite and, at the same time, reproduce the local character gfhysical scenario in which inflating regions are surrounded
our Universe. There have been various attempts to solve thisy black holeq10]. This resembles the chaotic scenario of
problem (for instance, see Ref3]), but inflationary cos- initial conditions[11].
mologies are still the most appealing since they provide ex- In general, it is suggested that a patch of the Universe
planations to some other problems, as well. Accordingly, ifshould be at some level homogeneous to consider it as a right
at its outset the Universe was neither homogeneous nor iseaodel where inflation can take place; otherwise, inflation can
tropic, then because of a de Sitter stage, it would tend tde prevented. Accordingly, before one regards inflation one
homogeneity and isotropy. Inflationary models, howevershould analyze the properties of the Universe, and see if
still assume some fine-tuned initial conditions and most okome set of initial conditions will bring our Universe to a
them have assumed a Friedmann-Robertson-WaKeV) sufficient smooth patch to start the inflationary expansion.
symmetry from the outset: This is the first fine-tuning oneThis has motivated us to analyze if homogeneous, aniso-
invokes in doing cosmology, since from all possible sets ottropic models with a nonminimal coupling tend to lose its
initial conditions, a FRW universe selects a very special sehairs. Most of the results above apply to GR with perfect
of homogeneous and isotropic space-time geometries. Thefiuids minimally coupled(for nonperfect fluids see Ref.
by considering more general space-time symmetries thgl12]), and for nonminimally coupled fields see Refé3—
question arises as to whether inhomogeneous and/or anistbs], where the no-hair conjecture has been proved for some
tropic cosmological models help to understand the naturalscalar tensor theories, including some particular potentials
ness of inflation. In general relativityGR) within aniso- and various nonminimal couplings. By trying to tackle this
tropic, Bianchi-type models it is claimed that a positive problem, we have shown that Bianchi-type modgly/, and
cosmological constant provides an effective means of isotrokX) in Brans-Dicke(BD) theory [16] tend to isotropize as
pizing homogeneous universid. The idea behind is that of time goes or{17]. These models show an asymptotic FRW
the cosmic no-hair conjecture which states that in the preshehavior, but only few with an inflationary stage. However,
inflation turns out to be an important, desirable feature to
solve the above-mentioned problems. Thus, in order to ob-
*Email address: jorge@nuclear.inin.mx tain an inflationary model with a graceful exit, one usually
"Email address: pcha@xanum.uam.mx introduces a potential term. Therefore, in the present inves-
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tigation we consider an induced gravitG) theory that in- A, =A %7, are the gauge fields of the inner symmetry
cludes a nonminimal coupling with gravifin the manner of group, 7, are its generators, arg is the coupling constant
BD) and a potential associated with the scalar field, which irof the gauge group| f means the usual partial derivatjve

our case is identified with a Higgs field. Within this theory is a dimensionless, coupling constant parameter that regu-
our cosmological scenario begins with an anisotropic expantates the strength of gravitation arid, contains only the
sion of Bianchi type I, V, or IX, but only type V evolution to fermionic and massless bosonic fields, which belong to the
a FRW model is consistent with imposed restrictions. In thisinner gauge group S8), and the Higgs potential is given by
way one achieves a sufficiently smooth patch in the Uni-
verse, preparing the “system” to be able to inflate; i.e., all
physical fields present isotropize. The isotropization mecha-

2 4
nism occurs in a similar way as in BD thedr/7] where no V(trdTd)= R oroto+ i(tr¢T@)2+§ Ll
potential exists. However, in the present theory the isotro- 2 4! 2\
pization process is inflationary, whereas in BD theory this is 2\ 2
not necessarily the case; see R&8]. The effective equiva- :L( trpd +6'“_ ) )
lence of both theories is possible because, during the time of 24 ’

isotropization, the potential term in the IG theory will not

contribute significantly as a stress energy to the dynamical

equations, in our scenartoAfterwards, because of the Higgs Where we added a constant term to prevent a negative cos-

potential of the theory, during the spontaneous symmetrynological constant after the SSEBecause of the presence

breaking(SSB of the Higgs field, a second inflationary era of mass terms in Eq(2), the Lagrangiar(1) is not confor-

follows. Finally, after inflation a FRW behavior is dominant. mally invariant with GR(cf. [23]); this is important to men-
This work is organized as follows: In Sec. Il we presenttion because there are a number of results using conformal

the IG theory, pointing out some differences among it andransformations among different theories demanding the

BD and GR theories. In Sec. IIl the cosmological field equa-Same physics, but in our case such transformations are not

tions are analyzed in view of the isotropization of the solu-conformally invariant.

tions, employing some results for BD theory that turn outto  The field (27/w)tr ®'® plays the role of the inverse of

be valid for this theory, as well. In Sec. IV we present theNewton's gravitational constanG("*), and after a SSB pro-

above-mentioned physical scenario. Finally, the conclusiongess, when the® field becomes a constant, &' =

are written in Sec. V. —6u?/\, the potential vanishes. In this way, after the SSB
this theory becomesffectivelyGR. Further, some fermions
Il. 1G, BD, AND GR THEORIES and boson fields that become massive after the breaking ap-

pear as a source’s contribution to the right hand side of Ein-
We have investigated two viable IG models of inflation, stein equations; for details see Rdf20,21].

one using the SWB) Higgs field [19] and, the other, the From Eq.(1), the gravity field equations are
SU(2) Higgs field [20], both coupled nonminimally to

gravity. The Lagrangian for both theories has the same math-

ematical form, and therefore, the qualitative behaviors of the

cosmological models are very similar. In the present work, 1 4w

_Z - _ +
we consider the specific physical scenario using thg¢55U Ryuv zRg“V tr¢f¢[Tﬂv+V(tr¢ )90
Higgs-field—gravity theory, fully discussed in Ref49,21];
however, most of the conclusions are valid also for th¢23U 4o
Higgs-field—gravity model. The Lagrangian of the IG theory — [tr D(Md)TD,,)CI)
. . . q)’rq)
is, with signature(+,—,—,, tr
1 1 —Etr D, D g

L= %trQJTCDRnL EtrDM(IDTDl‘(D—V(trCDTCI))JrLM J-g, 2 r

()

.. . . - [(tr®T®),,,

where greek indices denote space-time compon&itsthe trd'o
Ricci scalar, andb is the SU5) isotensorial Higgs field. The N
symbol D, means the covariant gauge derivative with re- —(r®'®)" 1, 9,,1, ©)

spect to all gauged group;, &=, +igs[A,,P], where

2From the particle physics point of view, it is not suggested to add
'One can alternatively prepare the “system” in such a way thata cosmological constant, but neither is this forbidf22; this con-
the potential term is at the very beginning the dominant contributiorstant isA = 127G u*/\~10?* GeV?. However, in cosmology fit-
to the dynamical equations and, therefore, inflation occurs directlyting the dynamics of cluster of galaxies suggggtsGR) that Q) ,
This is the ordinary scenario within which inflation takes automati-~ (1) [2], that is,A~10"8 Ge\?; this is the heart of the cos-
cally place and the no-hair conjecture is satisfied. mological constant problem.
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where T, is the energy-momentum tensor belonging to 1 87 .
Lyy—g in Eq. (1) alone,||u is the usual covariant deriva- R~ 5RGu=— 7[TW+V(¢)9W]
tive, and the Higgs field equation is

w 1 N
sV sL P Dlubly =5 B G
R _ M _
(D}\(D)H)\_'—gq)'r_4wR(D_2_5(I)T_O’ (4) . i
B g[¢|#“”_ ('{) H)\g,uv]1 (5)

where the contraction of the double covariant derivative is . . N
(D ®);,=D,D*®+T ,,*D*®. If there were any Yukawa and the Higgs field equation is
couplings, this equation would not be equal to zé&tos is ®

actually the case for the standard model of particle physics; d’l)\H)\_ m(d’—G*l):
see Ref[20]).

Mathematically, IG and BD theories are equal except for, o e i the trace of theeffectiveenergy-momentum ten-
the potential and the meaning of covariant derivatives. This .
can be seen by identifying=(27/w)tr &'d, whereg is SO Tuv: given by
the BD field. Indeed, BD and IG theories are related. The A G 1
idea to induce gravity by a Higgs field has been already TM=TW+4—¢)M§b AM""AS— EgWAxf"Abx , (7
discussed elsewhef@4], and the motivation for us is that 77
the field coupled to the matter cqntent of the Universe, in th%vhereMz is the gauge boson mass square matrix, stemming
manner of Bra_ns and [.)'Ck[d.G]’ is the same f[hat PTOdl?'CGS tfrom theabcovariant gauge derivativésee discussion after
their masses, i.e., a Higgs field. Then, the identification o

. . . Eq. (1)].
both scalar fields is very appealing; see R€i25,19. - . i .
Though this identification is quite simple, the resulting IGI The continuity equatiotenergy-momentum conservation

theory presented above is more intricate than BD theory.aw) reads

Accordingly, in the IG theory theb field is a Higgs field A

v —
with its associated potential. Then, a matter content appears Tu1v=0, ®)

explicitly with its corresponding energy scales. In fact, thereanq in the present particle physics theory,(SUrand uni-
are three energy scales to deal with: the Planck, the Higged theory(GUT), all the fermions remain massless after the
boson, and th& boson masses. The Higgs mass energy isjrst symmetry breaking and no baryonic matter is originated

given through Eq.(4) [see also Eq.6) below, My= " in this way. This is the reason to have E4) equal to zero,
—[4w/(3+2w)]x?, and it determines the dynamical behav- too.

ior of the ® f|e|d ane the SSB beginS to occur. A second The source term in Eq(6) iS important for reheating,
energy scale is given by th)és(the Same as th¥) boson since the Higgs field remains coupled 19 i.e., to gauge
mass, M= lewg?ulﬁm 10 GeV. Finally, the Planck ),con fields. In Ref[27] is claimed that there are no cou-
energy scaTIe is given throughl p=2G. After the SSB plings between the Higgs field and other fermionic or
(27l w)tr®'®=1/G, implying that the coupling constant posonic fields, but in our induced gravity approach there in-
must bew=(—6/\)(u/Mp)?~10"°, which is very small geed exist bosonic field couplings.

because one is forcing two energies scales_ given by 'Fhe Equations(5),(6),(7),(8) are the field equations for the 1G
Planck and boson masses through the nonminimal couplln&eory written in terms of the BD field. These equations
in Eq. (1) to match. . . would describe BD theory if the potential in E¢) van-

In contrast to what happens in the IG theory, in BD theoryishes, implying that the second term on the left hand side of
there is no potential and nor is GR induced after a SSBzq. (6) vanishes, and if the second term on the right hand
process. Therefore, thg field in BD theory should be nowa- gjge of Eq.(7) vanishes, as well. Then, by bringing BD ana-
the experimental data the coupling constant must have ggnditions apply.
great valug26], @>500, making BD and GR theories very  The above equations reduce to the GR equations once the
similar. . . o SSB takes place, when thg field becomes a constant and

In Sec. IV, we will present a cosmological scenario in thetne potential vanishes.

IG theory, yet employing some results found for BD theory  Next, we consider anisotropic universes and study their
which turn out to be also valid for the IG theory. As pointed asymptotic behavior.

out above, both theories have the same mathematical form
when the potential term plays no significant role in the field
equations. Therefore, in order to translate analytic BD results
to the IG theory and to clarify when this situation is correct,

T, (6)

3+2w

Ill. ANISOTROPIC MODELS
AND ASYMPTOTIC BEHAVIOR

we put the above equations in terms of the BD fietd We consider homogeneous, anisotropic Bianchi type
=27/ w)tr ®'d, which in our case represents the excitedmodels that could experience, at least in principle, an isotro-
Higgs field. Then, the IG gravity equations are now pization mechanism evolving to a FRW model. Therefore,
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we study the dynamics of Bianchi type I, V, and IX space- H,+Hz=2H,, (14)

time symmetries in a synchronous coordinate frame; a gen-

eral discussion of Bianchi models is found in RZ8].

In order to translate the results of Rgf7] to IG theory, implying thata, andas are inverse proportional functions,

we will put the cosmological field equations in terms of thea2a3=a§-

following scaled variables and definitions: the scaled Higgs We study in the following only the anisotropic character

field y=¢a®>*"", a new cosmic time parametedy  Of the solutions, and not the influence of the potential of the

=a %dt, ()'=d/dy, the “volume” a®=a,a,a;, and the theory. Otherwise, the potential term will automatically pro-

Hubble parameter$i,=a,’/a; corresponding to the scale duce an inflationary stage from its out¢see footnote I; cf.

factorsa;=a;(#) for i=1,2,3. One can assume a barotropicRef. [4]), and what we desire is to have a model in which

equat|on of state for the perfect fluid represented byinflation takes place only after the isotropization process has

T ., p=wp, with » a constant. Using these definitions and almost concluded, up to some extent at least. This would

thMe above-mentioned metrics, one obtains the cosmolog|c uarantee that anisotropic stresses decrease with time, as is

equations from Eqs(5)—(8): e case in _GF{4 7]. We Want_ to investigate the _dynamlcs
before inflation occurs to see if the model dynamically tends

(yH)' — ¢a6VCij to a FRW model. If this were the case, any physical pertur-
bation (hairg present will experience an isotropization

8ma’ " oV mechanism, resulting in the smoothing of any patch of the
-~ 3+2w [1+(1=v)elp+(3+2w)VE E} Universe. For instance, let us assume there exist additionally
] other fields(dilaton, matter fields, etg. whose stress ener-
for i=123, (9  gies do not contribute significantly to the dynamical pro-
, cesses, at least for some time inter¥dlhen, the Universe
HyHo+ HyHg+ HoHa+[1+(1— v)w](H1+H2+H3)¢— dynamics governed by the field will isotropize all these
extra fields. Thus, thinking in a chaotic scenario where the
2 initial conditions for inflation imply that the region, and the
~(1=)[1+ o(1=v)/2](Hi+HatHy) inflaton field itself, should be sufficiently homogeneous and
IRAG - a3(1+») i§otropic, then, gfter such an isotropization process it is more
— 5( ?> — 7a V=81 " [p+V], (10 likely that inflation takes place successfully. Therefore, an
isotropization mechanism can be important in pre-
inflationary dynamics.
Inflation is a nice feature to solve the problems of stan-
8mras(lty) ) dard model of cosmology, but most realistic models of infla-
:W[[2(2—3V)+3(1— v)‘w]p tion [2,29,37 are fine-tuned. For instance, a fact that is usu-
ally omitted is that to achieve enougk-foldings of
oV expansion new inflationary models demand the initial infla-
+3(1-v)(3+20)V+(1-3v) |, (1) ton field (say, ¢) to have very small values, about
<10 v, wherev is the true vacuum value of the field.
and This fact can be understood with the help of the slow roll-
over conditions—V"<9H? and (V'/V)2<48%G, which in
=cons&EM,, (12 turn imply, respectively, thav=Mp, and ¢/v<v/Mp.

. ; 10415 .
where 8V=(dV/d)dyld¢ andC;=%,C;; is the curvature Typically, GUT theories have ~10° Gev; then, the

. . S ] ; second condition implies very small initial values fer,
corresponding to differentBianchi models (=1, V, or IX). : L ) . i )
The subscripi =1,2,3 refers to the three scale factors. AC_Whereas the first condition is a severe impedin(enincon

: sistency with realistic particle physicso have enough
cordingly, one has that e-foldings of expansion and, hence, to solve the horizon and

Y'+(v—1)a%Cy

padi+y)

| v IX flathess problems of cosmology. Another fine-tunning aspect
) 4 ) or, to say precisely, inconsistency relies on the fact that
0o < aj—a;—aj3+2aza; <10 2]\ coming from a potential similar to E¢2)] to fit
ai — 235 well the temperature fluctuations measured by the COBE
4 satellite[1]. Yet from particle physics one expects that
c— 0 2 a;—az—aj+2aja; ~1 (in any case not that small as required abovirther,
" ai — 238 13 such smallness of works in an opposite sense as for pro-
0 2 as—aj—aj+2a3a’
ai —2a° *Remember that any field, governed by its field equation, has an

inherent typical time determined by its mass scale or by some con-
Equations(9), (10), (11), (12) form the complete set of stant of nature involved in its field equation. Normally, if there are
equations to be integrated. For the Bianchi type V modemany fields present, one expects every field to be significant for the
there is additionally the following constriction: evolution in some characteristic time scale.
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ducing a high reheating temperaturég(,) after inflation, 3+2w
since typically Try~AY*v. Then, the baryon asymmetry p=V(P)= —5- MEME(¢G—1)?,
could not be attained, unless very fine-tuning initial condi-
tions are chosen. Therefore, it is interesting to investigate
models that achieve a successful inflationary stage when they
do not start with standard, inflationary initial conditions. Ac- 3
cordingly, our motivation is to study cosmological scenarios (1-3v)p>—
in scalar tensor theories with a particle physics content, and 4m
to consider more general initial conditions to understand
some of thead hocassumptions or problems of inflationary ) o o ) ]

fThe first condition is the most restrictive, but it suffices to

cosmologies. An important issue is naturally the study o 2 4 et )

We return to our model in which the isotropization tion at all. Under these assumptions the IG cosmological

mechanism occurs before inflation. Accordingly, one mus€quations areffectivelyequivalent to the BD cosmological
guarantee that potential terms in E¢8),(10),(11) are less eduations. Therefore, we are able to employ the analytic so-

These conditions imply respectively that theory[17] on the IG theory. These solutions are valid dur-

ing the time interval the above inequalities apply, say, from
[1+(1=v)e]p the initial time 7 to 7, .
3+2w In order to analyze the anisotropic character of the solu-
167 MﬁM%,[(3+2w)(¢G—1)2+ 2(¢G—1)], tions, we have constructed the following “constraint” equa-
tion [17] using BD equations analogous to EqS),(10),
(15 (11), valid from the timezn, to 74:

+2w

MEME (G —1).

>

P

~ 3 / 1 ()2 (1=3»)[(1=3»)m, 7+ n
o-(77)=—(Hl—H2)2—(H2—H3)2—(H3—Hl)z—m(?)—m( )_(1_V)2\ v

X

(16)

3
2-3v+ S w(1-1)° 2 3[2+w(1-v)(1+3v)]m,

2(1-v)y

((1=3v)m,p+ 7o

" (1—1)2 \ v

o is the anisotropic sheas:=0 is a necessary condition to obtain a FRW cosmology since it impliesH,=H3; cf. Ref.
[31]. If the sum of the squared differences of the Hubble expansion rates tends to zero, it would mean that the anisotropic scale
factors tend to a single function of time which is, certainly, the scale factor of the FRW models.
We have shown elsewhej#7] that s = A; n°+ B;#+C; is a solution for the homogeneous, anisotropic models, whgre
andC; are some constants depending on jtfg2anchi type. The Hubble expansion rates are given through

B,

v

A~ 3520
) W '

H1+H2+H3:(1—V

1 h
H|:_(H1+H2+H3)+

3 v (17)

where theh;’s are functions that determine the anisotropic character of the solutions and are intimately related to the constants
A;, Bj, andC; as follows[33,17:
Bianchi type I:

3
A=|2-3v+ Ew(l—v)z m,, (18

“Note that¢G>1 is equivalent to thTd>—6u2/\.
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3
—3(1—v)4(h#+h3+h3)/2+(1—-3v) 7,05|+B|2— 2—3v+ Em(l—v)z 72

C|:

3m,(1-v)%(3+2w)

where theh; are constants anBI remians a free parameter.

Bianchi type V:

(1-3v)?
VI vy ™

1-3v

Bv= "2, Mo

-1

CV:mV(1+3v)

(14 3v)%(h3+h3+h3)
X 18v+ w(1+3p)?

2
+ 751,

whereh; =0 in accordance with Eq14), andh, (= —hj) is
a constant.

Bianchi type IX:In this case theh; are functions,h;
=h;(#), obeying the equation

2Ax—[2(2-3B)+3(1-B)%w]mg

I — 568 )
hl a lpCI |X+ 3(1_[3) [}
i=1,2,3, (19
subject to the condition
2,12, 1212 ® 2
hi+h5+hs=K=— —5[P»°+ +S], (20
1 2 3 2(1_3)2[ 7°+Qn ], (20

where the constan®, Q, andS given in terms ofA |k, By,
andCy, stand for

P=XAx—[4Ax—Y](1-38)?mg,
Q=XBix—[4Aix70—2Y M7 +2(1-3B)B ]

X (1-3B)mg,
S=XCix—[2A+2(1-3B8)MgneBix— Y MG 751,
X=3(1+38)(1-B)?wmz+6(1—B)m;

—2(1+3B)Ax,

Y=2(2-3B)+3(1-B)%w. (22)
The h;’s can be further given as

K2+ A4k+1

= 3 D)

K, (22)

h _-_K2+2K+2— K 23

27|13(k2+k+1)| @3
and

o _'2K2+2K—1' K 04

Bkt T @9

where k is an unknown function ofy. Unfortunately, we
have not achieved yet to obtain the explicit functional depen-
dence ofk=«(7). The axisymmetric casea{=a,+as),
assuming a quadratic function fgr, gives the closed FRW
solution, implying thatB,;x=C,x=0.

The above-presented Bianchi models obey the condition

then, the shear, Eq16), becomes
3(h2+h3+h3)
oo

This equation admits solutions such that-0 asz—« (or
t—o0); that is, one has time asymptotic isotropization solu-
tions, similar to the solutions found for Bianchi models in
GR (see Ref[32]). In fact, one does not need to impose an
asymptotic, infinity condition, but just thay> 7, , where
7, IS yet some arbitrary value, to warrant thatcan be
bounded from above. For the Bianchi type IX modbf,
+h§+ hZ, given by Eq.(20), is not a constant but a qua-
dratic function ofn; however, the denominator of E6) is
a quartic polynomial inp, and therefore, an asymptotic iso-
tropic behavior, similar to the other models, is also expected.
The analytic flat, open and closed FRW solutions are ob-
tained if h;=0, for the Bianchi type I, V and IX models,
respectively. In this case, it implies thB{=C;=0 for all
the Bianchi models considered here.

o(n)=- (26)

IV. PHYSICAL SCENARIO

We consider in the following a scenario in which the
isotropization process can occur from the very beginning,
10, until the time#, , corresponding to a time scale before
inflation happens. That is, one has thgt< »,, wheren, is
the time when inflation starts because the potential stress
energy begins to be the major contribution to E,(10),
(12). In this way, the isotropization of hairs is guaranteed
indeed before the de Sitter stage occurs.

The integration of Eq(17) to get explicitly the scale fac-
tor functions is straightforward, and was reported in Refs.
[33,17. The solutions are characterized by the sign of the
discriminant,AjEsz—4AjCj, which implies two different
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6.0E-@7 . . . T .

4 TE-@7 | =

3.4E-07 - 4 FIG. 1. The Hubble parameters as a function
of the time . For these plots we have taken
=0, 0=1075, and h,=5y=my=1, where the
choice of the latter parameters is arbitrary; they
are related to the initial conditions. In this case,
2.18-07 - 7 one has thaH;;>0, Hz>0, andH,,<0. The
latter condition implies an initial contracting
r . scale factor &,); however, after some evolution
it expands.

8.0E-08 -

-5 .QE-28 ( | ( | 1 1 1
[ 25 50 75 108

n

behaviors depending on it being positive or not. The solu- Bianchi V: The discriminant of this model is given by
tions A>0 are restricted to be valid in a specific time [17]
intervaP and, additionally, they are asymptotically aniso-
tropic. The solution& <0 are valid during the whole cosmic ) —8(1—3v)? 5
time () interval. Independent of the initial value the Hubble Ay=By—4A,Cy= 18v+(1—+3v)2wh : (28)
parameters may havéncluding H;<0), because of Eq.
(26), asn— 7, , 0— omn=0, where the value of, is fixed
by the degree of isotropyo(,,;,) at that time in each Bianchi
model.
We analyze the conditions for this scenario to be viable
on the Bianchi type I, V, and IX models. f
Bianchi I: The discriminant of this model is given H$3]

which impliesAy<0. In this case, the solutions isotropize
and the scenario is successfully achieved.
We plot the Hubble parameters as a function of the tyme
or w=10"° and v=0 (corresponding to a dust gas of
bosons. Figure 1 shows how the anisotropic Hubble param-
eters evolve with the same slop. This is because the small-
ness ofw causesy to be initially almost a constant, and the
H; solutions are linear, with different anisotropic parameters
(h;) contributing as different initial ordinates; see E¢k/).
As time elapses the anisotropy becomes almost unobservable
because of the scalésee Fig. 2, making the difference
3 among the three rates of expansion always smaller; that is,
B+ (1—3v) 7705|—§(1—V)2(h§+ h3+h3) after some timen, the solutions become indistinguishable
from the open FRW solution, which is given bl (see Ref.
3 ) [17]). Then, as mentioned in the previous section, the anisot-
—(2—3V+ Z@(1- V)z) 7]0}- (270 ropy is bounded from above. In RéB] is claimed that the
remaining anisotropy is under the limits imposed by the
COBE satellite on the temperature fluctuations observed in
In our casew<1, andA, is always positive. Therefore, here the CMBR[1].
the isotropization is not possible, and the physical scenario Note that during the isotropization process, frogg to
fails. 7, , the solutions are of the fordl;=D»+D;, whereD
andD; are some constants. Not only do the Hubble param-
eters not diminish, but they increase with time. This implies
5The solutions withA >0 are qualitativelya, ~e®°@™ 7 valid for for the scale factors a period of “strong” exponential expan-

. 2 . . . . .
— 1< 5<1, whereas the solutions with<0 area,~e®“@ 7 valid  sion, a,~eP772*Pi7  causing the isotropization of the
for —oe< < +oo, model. Note that this solution is very peculiar and it has its

3
4[2—31/4- Ew(l— v)?

A =B2-4A,C,=B?-
3(1-1)4(3+2w)

X
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6.0E-06 . . . T . .

4 .8E-06 - 7]

3.6E-06 |- -

- . FIG. 2. This figure shows the same as Fig. 1,
but now we plot until the time 1000, where one
> 4E-p6 | _ can already observe that the three scale factors
become almost indistinguishable.

1.2E-06 -

-5.0E-08 1 1 1 1 1 | 1
[ 2508 508 758 1088

n

origin in the smallness of. If » were not that small, a Afterwards, atyp= 7,= 7, inflation due to the potential
power law solution H;~ 1/7) would be valic® It is curious  takes place. The initial conditions are such that when infla-
that we initially aimed to have a model avoiding to begintion is to start, the system is already almost isotropic. Then,
with inflationary initial conditions, and because of the small-inflation (due to the potentialbegins after the model is to
ness ofw, we got an even strongéthan de Sitterinflation- ~ some degree an open FRW model. The dynamics of this
ary era caused by the Higgs field itsétfnetic+nonminimal ~ stage is studied in Ref19].

coupling, but not by the potential of the theory. In this way, ~ Figures 1, 2, 3, and 4 describe the dynamics dominated by
during this time the Universe begins to lose asisotropic ~ Perfect fluidtkinetic terms in early stages, precisely when
hairs because the strong exponential expansion dilutes aff}e Potential stress energy does not play a significant role in
perturbation present in a distance smaller than its event hdhe evolution. But af:[er some elapsed tifa¢ ;) the poten-
fizon and the no-hair conjecture is then dynamically satisial €nters into the “game” because the density diminishes
fied. rapidly asp~1/a" with n=4 for radiation andn=3 for
aiust—like matterboson fieldg whereas the potential is only
slowly variating. Thus, from the different energy stresses in
Egs.(9),(10),(12) the one which diminishes slower, as time

. X A elapses, is the potential term, in such a way that it will even-
same pehawor forp, but this solution m_duces an exponen- y,aly be the major stress energy contribution to the dynami-
tial universe, regardless of the potentl_al. In this case, ongy) equations. The potential dominance beias the 7,
_does_not have a slow roII_over dyna_mlcs,_ but _the solutionjme such thaty,= 7, in order to guarantee some degree of
itself includes an exponential expansion with &xib grace-  jsotropization of physical processes present before inflation
ful exit problem in a natural, evolutionary way tending to an tgkes place. Therefore, if any perturbatitimairs) is to be
effective FRW model. The reason for this is that after Som%resent before that time, it must have experienced some de-
elapsed time the variablgs will be no longer effectively a gree of isotropization, the same as the scale factors.
constant and the quadratic term ip will dominate and, After inflation when the Higgs field approaches its sym-
therefore, the solution behaves as shown in Fig. 3, that ispetry breaking value, tbTd=—6u?/)\, the potential di-
with H;~1/% for i=1,2,3. Figure 4 shows the evolution of minishes, and begins the high oscillation period of the Higgs
the physical Higgs field. field described by Eq6) or (11). The Higgs oscillations act

In GR the presence of a kinetic term associated to a fiel
(say, ¢), added minimally to the Lagrangian, induces the
field to evolve likep~ 1/t?; see Ref[30]. Here, we have the

5This type of solution is also valid for some set of initial condi- ’In this paper we assume a chaotic scenario for the initial condi-
tions including any arbitrary value ab. tions (¢o>G~1; see footnote I} see Refs[19,20.
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4 .QE-085 . . T :
3.2E-85
H;
2.4E-05
FIG. 3. The same as Fig. 1, but now until the
time 1. The three Hubble parameters, here su-
1 6E-@5 perposed, evolve to an open FRW solution given
by H;.
8.0E-26
-5.0E-08
o 25000 50000 75000 100000
|

on the scale factors dynamics with a characteristic frequenclge ever trapped in the de Sitter attractor, since the Higgs field
given by M, which we have taken equal to #0GeV. evolves to its SSB minimum, which is the state of lowest
This high oscillation period induces a FRW modal; ( energy. Then, the no-hair conjecture fails during the high
~1%3) [34], as can be observed in Fig. 5. Then, inflation, oscillation period of the Higgs field, as one expects.

caused by the potential, acts as a transient attractor, then During inflation (due to the potential perturbations
graceful exiting. This result confirms the general theorem®f the Higgs field exit the Hubble horizoH(" ), and they
proved in Refs[15] about the no-hair conjecture in scalar will later reenter to form the seeds of galaxy formation with
tensor theories. Naturally, one cannot expect this solution ta magnitudg27,35,19

7.87E-05 . . . T .

5.85E-905 -

4 .64E-05 -

FIG. 4. The Higgs field¢ as a function of
3. 42E-05 | _ time, for the same parameters as in Fig. 1.

2.21E-05 -

9 .9QE-06 I 1 I 1 I 1 I
@ 25000 50000 75000 1000093
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FIG. 5. The scale factor evolution during and after inflation until the ﬂm&OZM,]l, whereM is the Higgs boson mass. One notes
that the inflation time is approximatety=2x 10~%7 s; later on, the Universe is “dark” matter dominated #ybosons, perhaps until today,
if reheating did not take away the coherent Higgs oscillations. The track imprinted by the Higgs coherent oscillations in the scale factor
evolution at that time scale can be seen; afterwards, this influence will be imperceptible.

op 1 o¢ 1 My
e EERY A LA
P, 3a ¢ 67 Mp)
? 1+ — 72
47
My .
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where 7, is the time when the fluctuations of the scalar field
leave H™! during inflation andN(7,) is the number of

e-folds of inflation at that time.

The gravitational wave(GW) perturbations considered

normally should also be sm4dlB6],

H My VGo-1

how~—— =~ ~1075,
W Mpy n Mpl 2

72

which also lies within the experimental limits.

The spectral index of the scalar perturbatiomg, serves

value of A,x of the isotropic model. To be physical this so-
lution needs to havev<<—2 [39]. Therefore, we expect to
find isotropizing solutions only fow<<0, but our IG gravity
requiresw>0 and the scenario is untenable.

V. CONCLUSIONS
(29

Within an |G theory we have analyzed Bianchi type |, V,
and IX models. Only the Bianchi type V model may isotro-
pize by means of the nonminimal coupling of the theory,
because the value @ (<1) is crucial for its isotropization.
These results, extracted from the analytic solutions in BD
theory [17], are here applied to the IG theory in an epoch
when the potential stress energy is not significant for the
evolution, that is, when both theories are mathematically
equivalent. If this situation would have happened, initial
anisotropies were washed out in a universe with Bianchi V
type initial conditions. On the other side, if the potential
dominates from the very beginning, inflatidmecause of the
potentia) occurs directly and it induces the same effect, as

(30

as a test for models of the very early Universe, independentlgxpected.
of the magnitude of the perturbations. It can be calculated The isotropization mechanism in type V can be inflation-

using the slow roll approximation up to second or{i&r].

ary even before the potential plays a role or, otherwise, of the

For w<1, however, one can just take the first order to beH;~1/% type. In the former case, from, to »,, the models

sufficiently accurat¢38]:

4 . 2
" 2N+w - N’

n=1

experience a strong period of exponential expansion, while
the Higgs field evolves ag~ 1/t2, achieving the isotropiza-
tion of any hairs presenfalso possibly due to some other
fields). After the isotropization mechanism has been con-
cluded, because of E¢L7), the solution turns away from an

(31)

for N=65, it impliesng~0.97 in accordance with the recent exponential behavior to become effectively a FRW model,

COBE DMR resultd1].

whereH;~H for i=1,2,3. Afterwards, with the Universe

Bianchi 1X: For the Bianchi IX model the constants “almost” isotropic the potential begins to dominate the dy-
Aix.Bix,Cix explicit values are unknown, except for the namical equations, and therefore inflation due to the potential

043501-10
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occurs. Later on, as the Higgs field approaches its groungdization can also develop before inflation. Here the Bianchi
state value (tbT®— —6u2/\), inflation ends and an effec- model | tends to the flat FRW solution, the Bianchi model V
tive FRW dynamics is dominant. Thus, our scenario posto the open FRW solution, and the Bianchi model IX to the
sesses two inflationary transient attractors, one produced ylosed FRW solution.

the nonminimal coupling and the other by the Higgs poten-
tial. The tests of inflation for this theory have been proved to
be within the experimental limits in Reff19,20.

In the present work, we looked for conditions under
which isotropization before inflation occurs in a theory, This work was supported by CONACyT Grant No.
where the value of is strictly determined to be»=10"°. 960021 “Beca de Repatriaai of J.L.C. and Grant No.
Otherwise, for arbitraryw values, the mechanism of isotro- 400200-5-3672E9312 of P.Ag.C.
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