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We study the prescriptions for the coupling constant of a scalar field to the Ricci curvature of spacetime in
specific gravity and scalar field theories. The results are applied to the most popular inflationary scenarios of
the universe; their theoretical consistency and certain observational constraints are disE58586-
2821(96)02110-9

PACS numbsdrs): 98.80.Cq, 98.80.Hw

[. INTRODUCTION often unacceptable. In quantum field theory in curved space-
times it is argued that a nonminimal coupling is to be ex-
The concept of inflation has dominated the cosmology ofpected when the spacetime curvature is large. Nonminimal
the early universe for the past 15 years. Despite the successuplings are generated by quantum corrections even if they
of the inflationary paradigm in resolving the problems of theare not present in the classical actipfl. The coupling is
standard big-bang model and in providing a mechanism foactually required if the scalar field theory is to be renormal-
the formation of structures in the universe, there is no uniizable in a classical gravitational backgroU®g9]. When the
versally accepted model for inflation: rather, many differentproblem of the correct value @fis not ignored, the prevail-
inflationary scenarios have been proposed. Moreover, it hagg point of view in the literature on inflation is that the
not been possible to unambiguously identify the inflaton withcoupling constang is a free parameter and that the values of
any known field from a particle physics theory. A compari- ¢ that are acceptable are those thatposteriori make a
son of the inflationary models with observations has beempecific inflationary scenario viable. In this paper, we show
made possible in recent years by the discovery of anisotrahat this point of view is unacceptable in many cases and that
pies in the cosmic microwave backgrouf. A difficulty often there exist definite prescriptions for the coupling con-
that is often encountered in comparing theory and observastant. The value ot depends on the nature of the inflaton
tions is that a specific inflationary scenario typically contains¢ and on the theory of gravity under consideration. With the
several free parameters and ah hocchoice of their values value of £ known a priori, specific scenarios are analyzed
may render the scenario viable, sometimes at the price of finand their theoretical consistency is discussed, before compar-
tuning the parameters or the initial conditions of the modeling their predictions with the available observations.
(see, e.g., Ref§2-4]). In the present paper, we study the  The plan of the paper is as follows. In Sec. Il we illustrate
possible prescriptions for one of the parameters appearing ithe various prescriptions for the value &fn different theo-
many inflationary scenarios, namely, the coupling constanties and we study their applicability to inflation. Emphasis is
¢ of the inflaton with the Ricci curvature of spacetime. To fix given to metric theories of gravity, in particular general rela-
the ideas, let us consider the Lagrangian density for Einsteitivity and theories formulated in the Einstein conformal
gravity and a nonminimally coupled scalar field as the onlyframe. In Sec. lll we examine the consequences of these

form of matter: prescriptions for the most popular inflationary scenarios pro-
posed so far. Section IV contains considerations on the ef-

e R }V“qSV S—V(dh)— ﬂzqsz_ §R¢2 N fects of nonminimal coupling in power-law inflation and ob-
“l16nG 2 w 2 2 9 servational constraints on a specific model. In Sec. V we

(1.)  provide further constraints on chaotic and new inflation. Sec-
tion VI contains the conclusions.
whereR denotes the Ricci curvature of spacetirgeis the
determinant of the metrig,,, , V, is the covariant derivative |I. PRESCRIPTIONS FOR THE COUPLING CONSTANT £
operator, anan andV(¢) are, respectively, the mass and the

potential of the scalar fields. ¢ obeys the Klein-Gordon The coupling constarttis often regarded as a free param-

eter in inflationary scenarios. This view arises from the fact

equation . ) L
that there is no universal prescription for the value éof
dv Indeed, some prescriptions férdo exist in specific theories,
O¢—E¢Rp—mPp— dé 0. (1.2)  although they are not widely known, and they depend on the

nature of the scalar fiel¢p and on the theory of gravity. In
this section, we will review the prescriptions for the coupling

The term— ¢R¢?/2 in the L ian densiiL.1) describ
e term- éR¢%/2 in the Lagrangian densitd.1) describes constant, before applying them to cosmology in Sec. lIl.

the nonminimal coupling of the fielg to the curvaturg5].
It is well known[6,2,4] that the viability of inflationary mod-
els is deeply affected by the value of the paraméteAl-
though a popular choice is settigg=0 (minimal coupling The available prescriptions for the coupling constgnt

in order to simplify the calculations, this prescription fois  differ depending on whether the scalar is a fundamental field

A. Quantum theories of the scalar field¢
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or is associated with a composite particle. In R&] it was B. Classical theories of¢p and metric theories of gravity

argued that, if¢ is a Goldstone boson in a theory with &  According to the previous discussion, we will assume that
spontaneously broken global symmetry, therO. It has  gravity is described by a classical theory based on a space-
been pointed out that if the scalar figjdis associated with a  time manifold and that the inflaton field is classical. There
composite particle, the value @ should be fixed by the exists a prescription for the coupling constanof a scalar
known dynamics of its constituenfd1]. In particular, in  field with the Ricci curvature and for the coupling constants
Ref. [11], the Nambu-Jona-Lasinio model was analyzedwith other curvature scalars that can, in principle, be consid-
and, in the largeN approximation, the valu&=1/6 was ered. The generalization of the flat space Klein-Gordon equa-
found for this specific model. Reut¢fl2] considered the tion to a curved spacetime includes couplings with the Ricci
O(N)-symmetric model with a quartic self-interaction, in curvature, as well as couplings with the other scalars con-
which the constituents of th¢ boson are scalars themselves. structed from the curvature tensor:

The resultingé depends on the coupling constants of the o 2 B aByd
elementary scalafd 2]. Other arguments restrict the range of H¢=m ¢ —(ER+ a;R™ apR™Rap+ asR™ Rapys

allowed values of; Hosotani[13] examined the back reac- dv

tion of gravity on the stability of the scalar fiell assuming to ) ﬁ

the Lagrangian of Einstein gravity with a general coupling

£R¢?/2 and a potential =0. (2.2

2 D S In Ref.[20] it was proved that, under the assumptions {hat
V(d)=Vot 5 ¢+ 314"+ 7 &% (2.1 the scalar fieldp satisfies Eq.(2.2), and (i) the field ¢
' ' satisfies the Einstein equivalence principlEEP); see Ref.
[22] for a formulation, i.e., the propagation op resembles
locally the propagation in flat space, the coupling constants

He found that, for cubic self-interaction§=0 is the only
qre forced to assume the values

value allowed. For Higgs scalar fields in the standard mod
[14], it must beé<O0 or £=1/6. Howeyer, the r_esults of Ref. £=1/6, a;=a,=az=---=0. 2.3
[13] are based on the use of canonical gravity and the con-
clusions may change if an alternative theory is adopted folThis result arises from the study of wave propagation and
the background gravity. tails of radiation in a curved spacetime and was derived by
To our knowledge, no other prescriptions for the couplingrequiring that the structure of tails of radiation become closer
constant¢ are available from quantum theories of the fieldand closer to that occurring in flat spacetime when the
¢. Itis likely that every theory that provides a candidate forcurved manifold is progressively approximated by its tangent
the inflaton will provide a specific value, or range of values,space(i.e., by imposing the EEP on the fieltl). Although
for £&. To make things worse, in a quantum thedris sub-  the requirement of Eq(2.3) reproduces the usual case of
ject to renormalization, like masses, or other coupling conconformal coupling in four spacetime dimensions, the deri-
stants[12,15. It appears, therefore, that the prospects for arvation of this result is completely independent of conformal
unambiguous determination @& are not promising. How- transformations, the conformal structure of spacetime, the
ever, this would be a pessimistic conclusion because inflatioparticular spacetime metric, and the field equations for the
is essentially aclassical low-energy, phenomenon. It has metric tensor in the particular theo[f20]. The conclusions
been argued that “the tensor contribution to the cosmic miof Ref.[20] were confirmed in Ref.21]. If assumption(i) is
crowave background quadrupole implies that the vacuum ersatisfied but(ii) is not, there is, in principle, the disturbing
ergy that drives inflation is not a quantum-gravitational phejpossibility that massive scalar particles propagate on the
nomenon” [16]. To be more specific, the potential energy light cone in a space in which the Ricci curvature is different
density of the scalar field 58-folds before the end of infla- from zero[20].
tion is subject to the constrain¥sy=<6x10"''ms, [16]. A question arises naturally: can we impose the EEP on the
Hence gravity is classical during inflation. In many sce-scalar field(inflaton) ¢ in a particular theory of gravityin-
narios, the inflator is agravitationalfield (e.g., the field of flationary scenari® The answer depends on the gravita-
Brans-Dicke theoryand hence it is classical. What if the tional theory under consideration. If the nature of the field
inflaton is nongravitational in origin? The problem whether a¢ is gravitational (e.g., the scalar field of Brans-Dicke
classical treatment of the inflaton is appropriated has beetheory), the statement that its physics resembles locally the
studied in a number of paper§l7-19 and references physics in flat spacetime goes beyond the EEP, which re-
therein. Under certain conditions, the distribution of the gards onlynongravitationalphysics[22]. Metric theories of
field is peaked around classical trajectories and the evolutiogravity [22] [including general relativity GR)] satisfy the
of the scalar field can be considered as classical. This justeEP. Therefore, if the correct theory of gravity during infla-
fies the use otlassicalequations to describe inflation and it tion is GR, or any metric theory in which the inflaton field
is not inconsistent with the fact that quantum fluctuations of¢ is nongravitational, then the EEP holds and the coupling
¢ around its classical value provide seeds for density pertureonstant assumes the valée 1/6. GR is widely used in the
bations[18,19. Therefore, the problem of the determination construction of inflationary scenarios, but it is not the only
of the correct value of the coupling constahimay be re- theory used for this purpose. Almost all the existing sce-
stricted to the consideration of classical theories of gravitynarios of inflation employ a metric theory of gravity; how-
and of the inflatond. ever, the inflaton fields can have gravitational origin, like in
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scalar-tensor theorie®@f which Brans-Dicke theory is the then the stress-energy tensor fin the Einstein frame is
simplest example The prescriptioré=1/6 clearly does not nonminimally coupled to the inflaton. This causes the pres-
apply to the latter case for the above-mentioned reg8h  ence of a fifth force violating the equivalence princip2]
and also for a second reason: the fieldin these theories and a time dependence of the coupling constants of physics,
satisfies an equation more complicated than @®) [22].  which is actually regarded as an important low-energy mani-
However, if the fieldg satisfies an equation of the kittd.2)  festation of string(and other theories. When the weak
and is massiver(#0 is assumed in many inflationary sce- equivalence principle is violated by the conformally trans-
nariog, any value of¢ different from 1/6 leaves the possi- formed fieldy, the violation of the EERa stronger version
bility that the massivep propagates along the light cones of the equivalence principleby the inflaton does not appear
whenR=0 [20]. This argument supports the choi¢e=1/6 5 pe surprising. It is to be noted that if the scalar field
for any massive field satisfying E2.2). However, in the  4o.avs and disappears from the universe during the radiation
following, we will regard _the pre;crlpt|o(2.3)_as_val|d _only era, or at an early time during the matter-dominated[284
}cr?frlact;oi 22?(1 ?b”ist,hr?orrrerg:/?tg[]iiggfs of gravity in which the (or even earlief29]), the violation of the equivalence prin-

9 ' ciple leaves no trace in present day experiments performed in

the Solar System.

C. Theories formulated in the Einstein frame
IIl. CONSEQUENCES OF THE PRESCRIPTIONS

A wide class of theories of gravity can be grouped into OF £ FOR INFLATION

this category. They have the common feature that the final
formulation of the theory is made in the “Einstein frame”  |n this section, we apply the predictions of Sec. Il to cos-
conformally related to the “Jordan frame,” in which the mology. We examine the inflationary scenarios most studied
theory was formulated at the stdfor definitions and termi- jn, the literature and we answer the two following questions.
nology, we refer the reader {@4] and references therein (i) Are any of the prescriptions examined in Sec. Il for the

This class of theories includes Kaluza-KleR?, supergrav- value of ¢ applicable?(ii) If the answer to questiofi) is

ity and string-inspired theories and many generalized scalatirmative, what are the consequences for the specific infla-
tensor theories. The conformal transformation to the Elnsteltﬁonary scenario?

frame has also been used as a mathematical technique to It is well known that the viability of a particular inflation-

transform a nonm|n|m_ally coupled spglar field to t(mmr_n— ary model can depend strongly on the value of the coupling
putationally much easigcase of a minimally coupled field. arameteré. The following arguments have been used fo
In the literature, there is plenty of ambiguity on which con- P 2" torin f gf 9 i ios th ist
formal frame should be regarded as physical. For some thedtf9U€ against or in favor of Specilic scenarios. the existence
of inflationary solutions, the amount of inflation necessary to

ries, it has been proved that the “original” formulation in e th bl f the standard big-b del. and th
the Jordan frame is physically unacceptable because the Olve the problems of the standard big-bang model, an e
ine-tuning of initial conditions for the inflaton. These con-

netic energy of the scalar field is negative-definite and a,... .
unique conformal transformation to the Einstein frame isdltlons regard the unperturbed model of the universe. A

singled out. In these cases, the formulation in the Einsteitﬁoum.1 argument to be taken into account is 'ghe evolution of
frame is the only acceptable possibility. The neces&ityd density perturbations gene_rat_e_d durmg |nf_Iat|0n. .
uniquenessof the conformal transformation has been estab- .Many resyl;s on the viability of |_nf|at|onary scenarios
lished for Brans-Dicke[25] and Kaluza-Klein theories with a ”O”W"”'ma”y coupled scalar field are _already avail-
[26,27] and has been generalized to a wider class of theorie@bIe in the Iltt_arature. In the_se_ Papers, _the_ _ch0|ce of _the value
[24]. The theory in the Einstein frame is, in general, veryo_f & was monv_atech posteriori by the V|ab!I|_ty of the |nﬂat
different from the Jordan frame formulation. The conformaltionary scenario, according to the prgvalllng po!nt Of.V'eW
transformation to the Einstein franfand the associated re- that seeg asa free_ parameter. Ol’.'r point of view is radically
definition of the scalar field; sef27,24) has the conse- different from previous works: whilg was afrge parameter
quence that the “new” scalar field in the Einstein frame is fOr the previous authors, we have the prescripgienl/6 for
minimally coupled to the curvaturg=0, irrespective of the the metric theories (_)f gravity in which _the m_flaton IS non-
value of the coupling constant in the Jordan frame. This pregraV|tat|0naI. We review the results available in the literature

diction applies to all theories formulated in the Einstein{rom our new point of view. The scenarios analyzed in the

frame, which have been used extensively to construct inflal®!lowing are the most well studied, but do not constitute a

tionary cosmologies. complete list of the models proposed in the literature.
We remark that, according to Ref20], the minimally

coupled scalar field of a theory formulated in the Einstein

frame violates the EEP. Therefore, strictly speaking, the

theory is not Einstein gravity, in which the EE&nd also the The new inflationary scenari®0,3]] currently is not re-

strong equivalence principlare satisfied. This fact conflicts garded as a successful one because of the extreme fine tuning

with the current use of the term “Einstein gravity” in many of parameters in the effective potential required to reproduce

papers. The violation of the EEP in a theory formulated inthe observable univer§82—34. However, the study of new

the Einstein frame is not surprising, since also the weaknflation provides insight in the way nonminimal coupling

equivalence principle is violated in these theories. In fact, ifaffects a slow-roll inflationary scenario. The background

a form of matter(let us say a fieldy, to fix the ideasother  gravity for new inflation is assumed to be GR and {be-

than the inflaton is included in the Jordan frame Lagrangianperturbed inflaton field ¢ is treated as classical and is non-

A. New inflation
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gravitational. The prescriptiogd=1/6 applies. Abbot{6] vents us from developing an elegant slow-roll formalism in
considered this scenario with the Coleman-Weinberg poterterms of slow-roll parameters such as the one available for a

tial minimally coupled scalar fieldi37]. The introduction of an
2 1] Bt effective potential mimicking the effects of nonminimal cou-
o . . . .
V($)=Bg* In( 02> B E} " -, 3.1 Ryng does not appear to be possible, as will be shown in Sec.

whereB is constant andr=10" GeV, and realized that, if
£>0, the terméR¢2/2 in the Lagrangian density acts like an
extra term in the scalar field potential and creates a barrier For a minimally coupled scalar field, power-law inflation
that prevents the grand unified thedGUT) phase transition [40-43 arises from an exponential potential
from being completed. During the slow roll of the inflaton on
the flat section of the potential, the universe behaves very V(d)=V exp( L [16T b
much like de Sitter spaceRE cons) and the terméR¢2/2 0 - p Mg
behaves like a mass term for the scalar f{@8], destroying
the flatness of the potential. This happens, in particular, fovhere p>1 is constant and the scale factor has the time
£§=1/6. It is to be concluded that this version of the newdependence
inflationary scenario is not theoretically consistent, regard-
less of the fine-tuning problems. . a(t)=aotP. (3.7

Flat potentials different fron{3.1) can also achieve new
inflation. For example, the potentials

B. Power-law inflation

: (3.6)

It was recognized in Ref41] that the potentia(3.6) is mo-

V() =Vo— ad?— B3+ N ", 3.2 tivated m_the conte_xt of K_aluz_a-KIe_ln cosmo_logles. Actually,
exponential potentials arise in string theories, supergravity,
W( ) =Wo— ad*+ B (3.3 and, in general, any theory that is obtained by means of a

conformal transformation to the Einstein frame. As discussed
(whereV,, Wy, a, 8, and\ are constanjshave been em- in Sec. Il C, the prescriptiog=0 is the only possibility in
ployed[37,16. The effect of nonminimal coupling appears this case. The expression “power-law inflation” generically
to be the same in this potential as in the Coleman-Weinbergenotes a scenario in which the scale factor has the time
potential. In generaltthe argument of Ref. [6] applies to all dependencg3.7) rather than a realization of inflation in a
scenarios with a slow-rollover inflationary potential: the particular theory of particle physics. Most of the time, the
flatness of the potential is destroyed by the nonminimal couparticular theory in which power-law inflation is considered
pling of the inflaton.What about nonflat potentialgised, is not specified in the literature. We conclude that the power-
e.g., in chaotic or power-law inflatig® In principle there is law inflationary scenarios based on a theory formulated in
the possibility that the tern§R¢?/2 in the Lagrangian den- the Einstein frame are theoretically consistent onlg=#0.
sity balances a suitable potentM{¢) in such a way that a Examples are given by the class of modeld] (representa-
section of the resulting “effective potential” is almost flat, tive of Kaluza-Klein cosmologies and other theojiet Ref.
thus giving again slow-roll of the inflaton field. The energy [46] and by extended inflation reformulated in the Einstein
density and pressure of a nonminimally coupled scalar fieldrame[47].
are given by
()2 C. R? inflation
P:(1—87TG§¢2)1[T +V(¢)+6§H¢¢}, (3.9 Higher derivative theories of gravity have the peculiar
feature that inflation is generated by tRé term in the La-
1 ] ) grangian density for gravity and a scalar field is not needed
P:(1_87TG§¢2):{(—_2§) P’—V(p)—2¢dd (48,49, thus bypassing the problem of the valuetofHow-
2 ever, a scalar field is sometimes included in the scenario to
“help” inflation (see, e.g., Ref[50]). Since gravity is not
) (3.5  Einstein gravity, a prescription for the coupling constéiig
not available. To give an idea, we consider the proposed

It is possible to consider a suitable potential such that théorm of the Lagrangian density:
equation of state approachs=—p and thus achieves in-

—4¢H ¢

2 2
flation in the presence of a nonminimal coupling. A concrete L= —" R+ —— | +L L (3.8
example was given in Ref38] in the context of GR with 167 6M?] * ~nongraviaional ‘

conformal coupling é=1/6), by assuming the equation of

stateP = (y— 1)p and deriving numericallyfor small values the justification for this Lagrangian density comes from su-
of the constanty) the necessary potential. This potential is pergravity[51]. There is no point in imposing the EEP in the
very different from the corresponding potential derived ana-context of supergravity: in fact it is known that already the
lytically for £=0 for the same values of in Ref. [39].  weak equivalence principle is violated at leastNs2 and
Unfortunately, when the effective potentdh éR¢p%/2 hasa N=8 supergravity{52] even in the low-energy, weak-field
flat section on which the inflaton rolls slowly, the complica- limit, with consequences testable by current experiments
tion of the Friedmann and the Klein-Gordon equations pre{which are actually used to constrain these thed&3). In



53 NONMINIMAL COUPLING OF THE SCALAR FIELD AND INFLATION 6817

any case, it appears that both isotropic and anisotropic costic scenario in the nonminimally coupled model does not
mologies have inflationary solutions as attractors, irrespecwork unless the coupling constagtis negative or suffi-
tive of the value of¢ [54]. ciently small €=10"3). Thus, in order to know whether the

By means of a conformal transformation to the Einsteinchaotic inflationary scenario does really work, one has to
frame, R? inflation can be recast as “standard” gravity with investigate first whether the inflaton couples minimally or
a minimally coupled scalar fielfi55]. This version of the nonminimally with the spacetime curvature. If it turns out
theory is theoretically consistent. that the inflaton couples nonminimally classically or possibly
through quantum corrections, one has to investigate how
strong the coupling is’[2]. It is clear from our discussion of
Sec. IIB that the scenario considered by Futamase and

Extended inflation in its original formulatiofb6] made  Maeda is theoretically consistent only §&=1/6>102 and
use of Brans-Dicke theory; the original scenario was soomence fine tuning in the initial conditions for the scalar field
abandoned due to the “big bubble problem.” Extended in-cannot be avoided. For the particular valire1/6, Futamase
flation can be recast as power-law inflation after a conformahnd Maeda gave an additional proof that chaotic inflation
transformation to the Einstein frame, with in Eq. (3.7)  cannot be realizef2]. The nonexistence of inflationary so-
given by p=w/2+3/4 (where w is the Brans-Dicke param- |utions for the potential3.9) with a conformally coupled
etep [47]. In this formulation, the scenario is theoretically scalar field and Einstein gravity was also pointed out in Ref.
consistent. [68].

A version of extended inflation in which the inflatgnis Chauotic inflation with the potentia3.9) for a nonmini-
different from the Brans-Dicke fiel¢h and is coupled non- mally coupled scalar field was considered in Ré&fl. The
minimally to the spacetime curvaturg,(*0) has been pro- purpose of that paper was to reduce the fine tuning of the
posed[57]. The field x is nongravitational and Brans-Dicke parametei in the potential imposed by observations of the
theory is a metric theory of gravity, hence the prescriptioncosmic microwave backgrounck<10 2 A nonminimal
§,=1/6 applies. However, there are two other parametergoupling of the inflaton achieves this goal, but the price to be
(x0, w), which make it difficult to draw conclusions on the paid is a fine tuning in the value of the coupling constant: it
viability of this scenario, and a conformal transformation tohas to bel¢|=10* [3]. However, the prescriptiog=1/6 to
the Einstein frame may be necessgy|. be applied to the model rules out this possibility.

Hyperextended inflatiof68—61] is based on scalar-tensor Chaotic inflation with the potential
theories that generalize Brans-Dicke theory. The inflaton is a
gravitational scalar field that is not subject to the prescription V(d)= 2 >\ on 31
£=1/6. ¢ is directly coupled to the Ricci curvature via a (h)=n 2 Ton? (3.10
term Rf(¢), wheref(¢) is an arbitrary function ofp, and
the equation satisfied by is different from Eq.(1.2). (#?A>0) andé#0 was studied in Ref4] with a dynami-

cal systems approach. Consistently with R&f, the authors
E. Induced gravity inflation found that, foré=1/6, no trajectory in the phase space exists
that corresponds to inflatio].

Chauotic inflation with the Ginzburg-Landau potential

D. Extended and hyperextended inflation

Induced gravity inflatior{62] is also based on a scalar-
tensor theory and the inflaton has gravitational origin. A non-
minimal couplingé#0 has been usefb3] in conjunction Y
with the Coleman-Weinberg potenti@.1). Chaotic inflation V()= g(d)z_vz)z (3.1
has been achieved in the context of induced gra\dd}. No
prescription foré is available in these cases. Induced gravityand the Einstein Lagrangian for the pure gravity part of the
inflation has also been reformulated in the Einstein frameyction was considered in Rd69]. In the caset=1/6, the
[65]; this scenario withé=0 is theoretically consistent, as authors of Ref[69] deduced that there are no inflationary

explained in Sec. Il C. solutions. However, their analysis was performed in the re-
gime ¢?>v2, in which the potential reduces to the case of
F. Chaotic inflation the quartic self-interactiof.9).

Several results on chaotic inflation with a nonminimal . Chaotic inflation can be achieved in the context of in-
coupling are available in the literature. The chaotic inflation-duced gravityf64]. No prescription foi can be given in this

ary scenario originally introduced by Lindi66] employs GR ~ CaS€:
and the Einstein equations are generally used in papers on

the subjecte.g.,[67]). G. Natural inflation
Futamase and Maeda] considered this scenario with a | the natural inflationary scenar[@0], the inflaton is a
massive or massless scalar field, with the potential massless pseudo Nambu-Goldstone boson with the potential
V(¢)=\g¢* (3.9 é
V(¢)=A%1+co it (3.12

(the same potential originally introduced by Linf&6]) and

a nonminimal coupling of the inflatos# 0. They found that ~which exhibits two energy scale$~mp and A~10°f is

if £=10 3, chaotic inflation requires fine tuning in the initial the scale of spontaneous symmetry breaking. This scenario is
conditions for the scalar field. They concluded that “the cha-motivated by superstring theori¢46] and therefore there
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seems to be little indication on what prescription ris IV. POWER-LAW INFLATION
correct, apart from the fact that GR is used in this scenario. WITH THE POTENTIAL V(¢)=A¢"
This would imply that inflation occurs in the low-energy
limit, in which the prescriptioné=1/6 applies. Since the
analysis of the potential is difficult, two regimes are consid- V(d)=\¢", n>6 (4.1
ered [16]: (i) f<mp;, V=2A% which is extremely fine

tuned [37], and (i) f>mp, V(¥)=m?y?/2 (where andé+#0 was considered: power-law inflati¢8.7) was ob-
y=¢—0o, o= cons}, which is equivalent to the chaotic tained, with

inflationary scenario already considered.

In Ref.[2], the case of a potential

3 1+(n—10)¢ @2
P= = (n-e)d" '
H. Double field inflation
By substituting Eq(3.7) in Eq. (1.2), one obtains
Inflation with two (or more scalar field has been consid- y substituting Eq(3.7) in Eq. (1.2 I
ered[71-74; in Ref.[72] the potential is . 3p- dV 6£&p(2p—1)

) ¢+ T¢+@+T¢:O' (43)

N m N

V(g p)=—=(p>—M?)2+ — >+ —¢p?y?. (3.1
(9= Ry g 313 which has the solution

b=t (4.9

A particular realization foky is a Peccei-Quinn field. Like in
many other papers, the theory consideredléssica) but it ~ Where
is supposed to simulate the full quantum theory of the infla-
ton(s) by choosing a suitable potential. Such a hybrid theory a= i (4.5)
may not be inconsistent for some values of the coupling 2-n
constan(s) of the scalar fielts) with the Ricci curvature. For
example, in Ref[74], Brans-Dicke theory is used and the
inflaton is an extrgother than the Brans-Dickescalar field
nonminimally coupled to the curvature. The coupling con- ¢
stant isé<0, |£]<1. This scenario is inconsistent: in fact, §R¢>2=,8V( d), (4.6
Brans-Dicke theory is a metric theory of gravity and any
scalar field other than the Brans-Dicke field is nongravita—where
tional; therefore the EEP and the prescriptéen1/6 apply to
the inflaton in the scenario of Ref74]. _ o B=3¢p(2p—1)N 12N 4.7)

In the scenario of Ref(75] the Lagrangian for Einstein
gravity and two minimally coupled scalar fields are used.Usually, power-law inflation is associated with an exponen-
The theory is supposed to be “a toy model for the scalattial potential for a minimally coupled field. The possibility of
field sector of the string-derived supergravity theofy5]; obtaining power-law inflation with a power-law potential is
in supergravity there is no point in imposing the EER  due to the nonminimal coupling of the inflaton to the Ricci
fact, the weak equivalence principle is already violated in acurvature and shows the effect of nonminimal coupling on
least some realizations of the thed§2]), which would the physics of the scalar field and the dynamics of the uni-
guarantee the conformal coupling. We can only say that, irverse. From Eq4.6), it may appear that one could substitute
GR, the minimal coupling for the two scalar fields of Ref. the physical system under consideration with an “equiva-
[75] is not acceptable, since they must be Conforma||y|ent” Friedmann universe dominated by a minimally coupled
coupled according to Ref20]. The same conclusion applies scalar field with the effective potential
to the soft inflation of Ref[76].

(a<0). It is to be noted that, in this particular case, it is
possible to write

Verl #)=V(6) + SR#Z= g 48

I. Anisotropic cosmologies
whereA =1+ 8. However, Eqs(3.7), (4.2), (4.4), and(4.5)

The occurrence of inflation has been studied also in an(—j A titut luti Fh led Fried Klei
isotropic spaces for a honminimally coupled inflaton field. 0 hot constitute a solution of the coupied Friedmann-Kien-

Starobinski[ 77] showed that, forf=1/6 (and therefore in Gordon equations for=0. To see this, it 'S sufficient to
GR), the anisotropic shear diverges as the inflatbrap- consider the Friedmann equations for the “equivalent uni-
proaches the critical valueb,=(3/47)Y?mp. This result V€€
was recovered in Ref78], in which it was also shown that 22 8r
the divergence of the anisotropic shear also occug>iD = (4.9
. . . a2 3 g
and for almost all initial conditiong)y> ¢. (which do not a
reproduce the present universén general, the addition of . 4
anisotropy rules out the possibility of chaotic inflation for a ™ )
o102 78] PSSRy a= 3 (P3P (4.10
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these, together with Eq$3.4) and (3.5 for £&=0 and (4.5 Chaotic inflation with a nonminimally coupled scalar field
and(4.8) give p«t¥(2=" which contradicts the constancy of and the Ginzburg-Landau potentiéd.11) was also consid-
p. Therefore, the introduction of the effective potenfi&) ered in Ref[79]. The spectral index of density perturbations
is not useful even when E@4.6) is satisfied. The conformal was computed in the two regimea) ¢§nd>v2 and (b)
technique used in Ref79] appears more promising. ¢Z.7~v?, respectively, wherg,qis the value of the scalar

In order to achieve inflation, it must gg>1. In the space field at the end of inflation. Cas@) is reduced to the case,
of parametersr(,&), the inequalityp>1 is satisfied only in  already considered, of a quartic potential and of Exql).

the regions Case(b) yields[79]
51 16£(1+ 6% £ 4
N>6, 0<é<—m 7. (4.10) Ns(¢,0)= T Bat(1+ D= (5.9
6<n<4+2.3~7.464, £<0, 4.12 From Egs.(70) and(71) of Ref.[79], one derives
S(g0)= - oroE (55
IU =- —21 .
n=4+2\3, ¢<—— e [) ~0.197, (4.13 1+87Gév
where G=m? is the present value of Newton's constant.
—2 Although ng was given in Ref[79] for a range of values of
n>4+ 2\/§, m< £<0. (4.149 6 and¢, it turns out thahg depends only on the square of the
n n parameterw and not fromé¢ [83]. Using Eq.(5.5), one ob-
tains

The range of values6n=<10 is interesting for superstring

theories[80]; only a very narrow range of values &f is

allowed for highn. However, it must be kept in mind that ng(v)=1-
fine-tuning arguments rule out the scenario §or0 [2].

at m(olme)” 50

The limits (5.2) are satisfied for all values af, hence Eq.
V. OBSERVATIONAL CONSTRAINTS (5.6) does not constrain the parameter
ON THE COUPLING PARAMETER ¢ The last scenario considered in REf9] is the case of a
nonminimally coupled scalar field, the Ginzburg-Landau po-
Xential (3.11), ¢p2,7~v? and new inflationary initial condi-
tions, which give

As discussed in the preceding section, many inflationar
scenarios are not viable for certain ranges of valueg.of
Other scenarios are viable, with the paramétepanning a
range of values, which can be constrained by the available 1+ 52
observations of cosmic microwave background anisotropies. nS:1+8§—57. (5.7

Kaiser[79] considered chaotic inflation with the potential
V(¢)=\¢* and a nonminimally coupled scalar field and
computed the spectral index of density perturbations as g
function of £ [81]:

Again, the use of Eq5.5) reveals than, is independent of
and is a function of)? only:

32 Ng(v)= (5.8

1-——.
ne=1 17 16aE’ (5.2 w(v/mp)
The limits (5.2) provide a constraint on the parameteiof
where « is the number ok folds of the scale factor before the Ginzburg-Landau potential:
the end of inflation. In the following, we will use the value
a=60 adopted in Ref.79]. This model is different from the
one given by Eqs(3.7) and(4.2). The statistical analysis of
data from the Cosmic Background Explo(€OBE) experi-
ment detecting anisotropies in the cosmic microwave backWe are not aware of other viable scenarios in which the
ground givesng=1.1*+0.5[1] and the combined statistical spectral indexng has been computed as a function of the
analysis of the COBE and Tenerife observations yields the toupling constang. In the last two scenarios considered in

1/2
?) Mp= 1.78n PI- (59)

lv[=

o limit n=0.9[82]. We adopt the limits this section, the independencergfof ¢ rules out the possi-
bility of determining this parameter with the data currently
0.9<n,<1.6, (5.2 available.
which, using Eq(5.1), yield the constraints 08: V1. DISCUSSION AND CONCLUSIONS
£<—156x102, ¢=-9.87x10 % (5.3 The problem of the correct value of the coupling param-

eter £ in any given inflationary scenario containing scalar
The GR predictioré=1/6 |mpllesnS 0.967. However, val- fields cannot be neglected if the scenario is to be theoreti-
ues of ¢ greater than~10"2 lead to fine-tuning problems cally consistent. We have analyzed the inflationary scenarios,
[2,68,3,4, as explained in Sec. lll. which are the most studied in the literature: some of them are
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theoretically consistent, while some others are not, and in It should also be kept in mind that, in the inflationary
other cases the valuler range of valugsof ¢ is unknown. A scenarios not based on GR, there is, in principle, the possi-
clear prescription for the value @& emerges in GR, and it bility (not explored so farthat the inflaton couples nonmini-
has been shown that GR is an attractor for scalar-tensor themally to scalars constructed from the Riemann tensor and
ries[28,61,29. If scalar-tensor theories approach GR duringdifferent fromR. These couplings are not allowed in GR or
the matter-dominated epoch of the universe, as suggested i any metric theory of gravity in which a nongravitational
Ref.[28], these arguments are irrelevant for inflationary sceinflaton satisfies Eq(1.2).

narios. It has also been proposed that the “GR as an attrac- Finally, we remark that it is believed that particles asso-
tor” behavior occurgluringinflation[61,29; in this case the  cjated with the inflaton field may survive as dark matter in
coupling parametef assumes the value 1/6 before the end ofposon stars. In this case, the correct value of the coupling
inflation. The relevance of this phenomenon depends on thgonstanté in a specific inflationary scenario must also be
time during inflation at which the scalar-tensor theory ap-ysed in the study of the structure and stability of boson stars,
proaches GR and is worth studying in the future. both of which depend o§. Another possible application of

Itis also to be remarked that, if GR is the correct theorythe prescriptions of Sec. Il is the field of classical and quan-
of gravity during inflation or if the inflaton field is confor- tym wormholes.

mally coupled to the Ricci curvature in some other theory of

gravity, the universe has a peculiar feature: the cosmological

tail problem[84] for the ¢ field (i.e., the backscattering off ACKNOWLEDGMENTS
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