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We study quintessence cosmologies in the context of scalar-tensor theories of gravity, where a scalar field
¢, assumed to provide most of the cosmic energy density today, is nonminimally coupled to the Ricci
curvature scalaR. Such “extended quintessence” cosmologies have the appealing feature that the same field
causing the timéand spackvariation of the cosmological constant is the source of a varying Newton constant
in the manner of Jordan-Brans-Dicke. We investigate here two classes of models, where the gravitational sector
of the Lagrangian i ($)R with F(¢)=£¢? [induced gravity(IG)] and F(¢) =1+ é4? [nonminimal cou-
pling (NMC)]. As a first application of this idea we consider a specific model, where the quintessencs field
obeying the simplest inverse power potential, idg=0.6 today, in the context of the cold dark matter
scenario for structure formation in the Universe, with scale-invariant adiabatic initial perturbations. We find
that, if £<5x1074 for IG and é<5X 10’3(\/6%)’1 for NMC (¢, is the present quintessence valueur
quintessence field satisfies the existing solar system experimental constraints. Using linear perturbation theory
we then obtain the polarization and temperature anisotropy spectra of the cosmic microwave background
(CMB) as well as the matter power spectrum. The perturbation behavior possesses distinctive features, that we
name “QR effects:” the effective potential arising from the coupling wRhadds to the true scalar field
potential, altering the cosmic equation of state and enhancing the integrated Sachs-Wolfe effect. As a conse-
qguence, part of the CMB anisotropy level on COBE scales is due to the latter effect, and the cosmological
perturbation amplitude on smaller scales, including the oscillating region of the CMB spectrum, has reduced
power; this effect is evident on CMB polarization and temperature fluctuations, as well as on the matter
power-spectrum today. Moreover, the acoustic peaks and the spectrum turnover are displaced to smaller scales,
compared to ordinary quintessence models, because of the faster growth of the Hubble length, which, for a
fixed value today, delays the horizon crossing of scales larger than the horizon wavelength at matter-radiation
equality and slightly decreases the amplitude of the acoustic oscillations. These features could be detected in
the upcoming observations on CMB and large-scale structure.

PACS numbd(s): 98.80.Cq, 98.70.Vc

[. INTRODUCTION sumes that the Universe has critical density as predicted by
most inflationary models, this component could be the form
Recently a lot of work focused on the cosmological rolein which nearly two thirds of such a density resides.
of a minimally coupled scalar field, considered as a “quin- The major success of the quintessence models is their
tessence”(Q) component which is supposed to provide thecapability to offer a valid alternative explanation of the
dominant contribution to the energy density of the Universesmallness of the present vacuum energy density instead of
today in the form of dynamical vacuum energy or a “decay-the cosmological constant; indeed, we must hapg,
ing cosmological constant[1-5]. This work was motivated <10 *’ GeV* today, while quantum field theories would
by the observational trend for an accelerating Universe, apredict a value for the cosmological constant energy density
suggested by distance measurements to type la supernovadich is larger by more than 100 orders of magnit(fibe a
(see, e.g., Refd6,7]). review, see, for example, Ref8,9]). On the other hand, in
The main feature of such a vacuum energy componengll the models considered up to now, the vacuum energy
which could also allow us to distinguish it from a cosmologi- associated to the quintessence is dynamically evolving to-
cal constant, is its time dependence and the wider range afards zero driven by the evolution of the scalar field.
possibilities for its equation of state compared to the cosmo- Furthermore, in the quintessence scenarios one can select
logical constant case. In order not to violate the principle ofa subclass of models, which admit “tracking solutions”
general covariance, such a time varying scalar field shoull0]: here a given amount of scalar field energy density to-
also develop spatial perturbations. Noticeably, if one asday can be reached starting from a wide set of initial condi-
tions. We are therefore encouraged to pursue the investiga-
tion of quintessence models.

*Email address: perrotta@sissa.it The classical tests of gravity theories put severe con-
"Email address: bacci@sissa.it straints on the scalar field term arising in the action; by far,
*Email address: matarrese@pd.infn.it the strongest constraint being thet&s-Dicke experiment
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[11]. To avoid having to require a coincidental similarity = The induced gravity model was initially proposed by Zee
between different Yukawa couplings, one must constrain ton 1979 [20], as a theory for the gravitational interaction
very small values any explicit coupling of the scalar field toincorporating the concept of spontaneous symmetry break-
ordinary matteif4]. ing; it was based on the observation in gauge theories that
The possible coupling between a quintessence field an@imensional coupling constants arising in a low-energy ef-
light matter has been explored in REF2] and it is subject to fective theory can be expressed in terms of vacuum expecta-
restrictions from the constraints on the time variation of thelion values of scalar fields. This model was subsequently
constants of nature; a recent work explores several cosmdicorporated in models of inflation with a slow-rolling scalar
logical consequences of a coupling between quintessendi€!d [21]; in a modified form it was the key ingredient of the
and matter fieldd13]. Moreover, a possible coupling be- extended |nflat|0|1§1_7] class _of m(_)dels. More recently, it has
tween the scalar field, modeling the quintessence componerftlS0 been adopted in open inflation mode8]. In Ref.[20],
and the Ricci scalaR is not to be excluded in the context of & Scalar field coupled to gravity by a term proportional to
generalized Einstein gravity theories. Because of the reRe” in the Lagrangian, is anchored by a symmetry-breaking
quired flatness of its potential to achieve slow-rolling, thePotential to a fixed value which eliminates the potential en-
coupling between quintessence field and other physical entfrgy in the present broken-symmetric phase of the world. We

ties gives rise to Iong-rang@(Hgl) interactions: in the case Propose here a different role for this scalar field, in the sense

of coupling with the Ricci scalar, these long-range interacthat we keep the same coupling with the Ricci scalar as Ref.

tions are of gravitational nature, giving rise to time variation[20], but we allow for a larger class of potentials than the
of the Newtonian constant, so that the coupling parameter iS0/€man-Weinberg one, also including potentials that do not
constrained by solar system experimefisi]. Recently, ~POSS€SS & minimum and can therefore contribute to the
some authorg 15,16 considered scalar-tensor theories of Présent Quintessence energy density. The second class of
gravity in the context of quintessence models, studying thdh€ories to which we apply our treatment is that of nonmini-
existence and stability of cosmological scaling solutions. M@l coupling of a scalar field to the Ricci curvature, de-
Here we present the evolution of cosmological perturba-sc”bed extensively in curved space quantum field theory
tions in some subclass of these theories, where the scallfXtbooks(e.g., Ref[23]). _
field coupled withR will be proposed as the quintessence = 1n€ Work is organized as follows. in Sec. Il we present
candidate, and we discuss its role on cosmic microwavdhe relevant equations, defining the dynamical system for the

background(CMB) anisotropies and on structure formation background as well as for the perturbations in nonminimally
in the Universe. We name our model “extended quintes-COUpled scalar field cosmologies. Section Il is devoted to
sence” (EQ), in analogy with extended inflation models the definition of the IG and NMC models and to the analysis

[17], where a Jordan-Brans-DickdBD) scalar field[18] of the background evolution. S(_ectio_n v co_ntain§ and dis-
was added to the action to solve the “graceful exit” problem CUSS€S _the resglts of the numerical integration. Finally, Sec.
of “old inflation.” Of course, the similarity is not complete: Y contains a brief summary of the results and some conclud-
in extended inflation a second scalar field—the “inflaton,” N9 remarks.

undergoing a first-order phase transition, was the actual

source of vacuum energy during inflation. Here, instead, well. COSMOLOGICAL EQUATIONS IN SCALAR-TENSOR

are supposing that our nonminimally coupled scalar field has THEORIES OF GRAVITY

its own potential which gives rise to a tinfend spacevary-

ing cosmological constant term dominating the present—da)(/)f
energy density of the Universe.

The first proposal of using a non-minimally coupled sca-
lar field to obtain a decaying cosmological constant dates S:f d*x A /E[Ef(¢ R)_Ew(d))(ﬁ;ﬂ(ﬁ_
back to 1983, when Dolgoy19] suggested to exploit the B2 ' 2 o
effective negative energy term contributed by the coupling of
a massless scalar field with the Ricci scéfato drive the —V()+ BLyig
overall vacuum energy density to zero asymptotically. The
main problem with such a simple model is that the interest-
ing dynamical range is achieved when the change in the efwhereR is the Ricci scalar8 is a constant needed to fix
fective Newton’s constant strongly contradicts upper limitsunits andLg,q iS a classical multicomponent-fluid Lagrang-
on solar system experimentsee Ref[9]). Our model will  ian including also minimally coupled scalar fields, if any. We
differ from Dolgov’s idea in that we will not assume that the disregard any possible coupling of our scalar field with ordi-
nonminimal coupling term is the only cause of time variationnary matter, radiation and dark mat{e#].
for the effective vacuum energy contribution. This allows us We assume a standard Friedmann-Robertson-Walker
to easily achieve consistency with the solar system expericFRW) form for the unperturbed background metric and we
mental limits on the coupling constants. restrict ourselves to a spatially flat universe. We are using

In this paper we present the background and perturbationsnits wherec=1, but the convention concernings& will
equations in the most general form and we consider theibe stated later, since it will depend on the choice of a specific
evolution for induced gravity(IG) and nonminimally theory included in this general description. Instead, follow-
coupled(NMC) scalar field models. ing Ref.[26], we will choose the relatio,,, =T, to iden-

Our purpose is to describe a class of scalar-tensor theories
gravity represented by the action

: ()

023507-2



EXTENDED QUINTESSENCE PHYSICAL REVIEW 51 023507

tify T,,. Greek indices will be used for space-time coordi-recalling thatTg,ig= — psia+ 3Psia; NOte thatR also ap-
nates, latin ones will label spatial ones. We use the signatungears in the right hand side of the equation, unfasof the
(—,+,+,+). By definingkF=0f/JR, the gravitational field form f(¢,R)=F(¢)R. An expression that will be useful in

equations derived by the actigf) are the following is that of the Ricci scalar:
G : I[))Tﬂuld_l_ ¢ ¢ _ E ¢ ¢;0‘ 6 ) 2
uv wPr= 590P.0 R= ;(H+H ). (9)
f—RF-2V .
+gMVT+FuU«QV_g,U«VFEO' (20 Our treatment of the perturbations to this background fol-

lows (and generalizesa previous work[5], based on the
HereG,, is the Einstein tensor, and all the other contribu-formalism developed in Ref27] to describe the evolution of
tions have been absorbedTn, ; as noted in Refd25,26)), perturbations in the synchronous gauge.

if one writes the gravitational field equation in this form, A Scalar-type metric perturbation in the synchronous
thenT,, can be treated as an effective stress-energy tensoﬁiauge is parametrized as

which ‘allows us to use the standard Einstein equations by o

simply replacing the fluid quantities with the effective ones. ds?=a’[ —d7?+ (8 +h;;)dxdx], (10)
The background effective quantities following from the defi-
nition of T, are

) ~ o~ ~~ 1
. hij(X,T)Zfdskék'x[kikjh(k,T)Jr kk—§ ')67](k,7’)},
1 © ., RF-f 3HE s
“E BpiiaT ﬁ¢ t— +V——-|,

a
whereh denotes the trace df;; ; the fluid perturbations are
described in terms of the variablép=— 5T9, op=6T\/3,
(p+p)0=ikIsT), and p+p)o=—(kik;—38;)3} .
In terms of the effective fluid, the perturbed quantities can
where the overdot denotes differentiation with respect to thde written as

conformal timer andH=a/a.

P=F BPiiia T 2a¢_T—V+—+— 3

1 w . RF—f F HF
a® a®

The background FRW equations read 3 ¢ 1 4,2
) p=F| Bopruiat o —5=F 5| — Tl g 2V, 5
., a .
H2=| a2Bppuu+ o2+ —(RF—f)+a2V—3HF), _ .
°F 2 4) /1P _(pF3p K L PR 12
e @ e 2
. ) 1 5 o e .
H=H —ﬁ[a B(Pauid T Pruia) + 0+ F—2HF], 366 1[ e
w,¢
5 1) +w + = +f 4,—2V 4|0
5) E | B9Pruid 2 2| 2 b ¢ |0
while the Klein-Gordon equation reads X SE . HOF X o—p . K2 o 1Eh g
S T PO PR > L)
4 Y
Furthermore, the continuity equations for the individual fluid (p+p)6= A(Pria Ifﬂu'd) fud
components are not directly affected by the changes in the
gravitational field equation, and for théh component k2( —whSh— 5F+H5F)
- — 14)
2 [= ’ (
pi=—3H(pi+py). ) 2
In this background, the trace of E(®) becomes (p+p)o ,8( Priia t Pfivid) Tfiuid
p
. F
1 @?
—R= ,BTﬂu,d-i—a) +2(f RF— 2V) 2k2 F
| + 3228 OF * 3k2 +5 (15)
F HF
a a The perturbed Klein-Gordon equation reads
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- 1
. W - . 2 w 4 ¢ = =
5¢+(3H+ Td) 5¢+ ke+ 7) ¢7 I:0 F(¢O) 877G’ (22)
—f 42V oh a2 Also, this allows us to define a time variation of the gravita-
+a2 ,d>2 ,¢>) 15(]5: ?+ 2_f sROR. tional constant in nonminimally coupled theories,
w w '’
G F
(16 ot
G F 23

Note the presence of the Ricci curvature sc#an the f o . o .

term in the left hand side, as well as its perturbatisin  (where the subscrigitindicates differentiation with respect to

the right hand one. the cosmic timet) that is bounded by local laboratory and
All these ingredients have to be implemented in the persolar system experimen28] to be

turbed Einstein equations G

1 226p éle*“ per year. (24)

k277— EHh = > (17)

There is another independent experimental constraint coming
. a%(p+p)é from the effects induced on photons trajectofizg]. As well
2= ———— (18) known, by making the transformatiap— & ;g5 such that

2 1
. . 1 » WIBD - .,
h+2Hh—2k?n=—3a%sp, (19 2 (PR 5674, = PogoR+ G~ PigoParoiu
. o (25
h+ 67+ 2H(h+67)—2k’n=—3a%(p+p)o. (20)

the conditionw;5p=500 has to be imposed at the present
This set of differential equations can be integrated once initime. It is easy to see that in our case this takes the form
tial conditions on the metric and fluid perturbations are
given; in this work we adopt adiabatic initial conditiofsee 0
Ref. [5]) for the various components and we perform the “’JBD:FT>5OO’ (26)
numerical integration of the system above for two specific ¢0

classes of scalar-tensor theories, that will be defined in thﬁ/hereFd)O is the derivative of with respect tap calculated

next section. , _at the present time. As we shall see, this constraint turns out
The numerical integration has been performed by modiiy pe the dominant one for our models.

fying the standard codemBrAST [34]. The Q model case Now let us proceed to the definition of the I1G and NMC
was introduced into the code 5] where we investigated mqqels. In induced gravityIG) models the gravitational
the perturbations behavior in these models. Here we providg,ngiant is directly linked to the scalar field itself, as origi-

a further extension to cover EQ models. As a main difference,5 iy nroposed in the context of the Brans-Dicke theory. We
regarding the background evolution, the initial conditions fortrgat here this case by setting

the quintessence have to be searched by an iterative metho

that fixes the initial¢ and ¢ values so that at the present F(¢)=E¢?, (27)
time ag=1 the quintessence energy density has the required
amplitude. where ¢ is the IG coupling constant in this case Egs.

(22),(24),(26) become, respectively,
I1l. INDUCED GRAVITY AND NONMINIMALLY

COUPLED SCALAR FIELD MODELS 1
$o= T (28)
As we mentioned in the Introduction, two subclasses of §87G
nonminimally coupled scalar field theories have been consid- 4
ered[20,21,23. Let us define them in the formalism of the PO _qo 11 < 29
previous section. bo peryear, ¢ 2000 (29

Both these models can be obtained by setting
The minimally coupled case is recovered from IG models in
f(¢p,R)=F()R, w(¢p)=1, (21)  the limit ¢—0; because of Eq29) this implies¢,—, and

it can be quite easily verified that these conditions reduce all
so that many of the formulas in the previous section simthe equations written in the previous case to ordinary general
plify; also we takeB=1 requiring thatF has the correct relativity.
physical dimensions of . Note that all this fixes the link In nonminimally coupledNMC) scalar field models the
between the value oF today and the Newtonian gravita- term multiplying the curvature scal&is made of two con-
tional constanG: tributions: the dominant one, which is a constant, plus a term
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depending onp; minding the constraint on F at the present [ T T ")
time, from Eq.(22), this can be written in the most general 1071 Induced Gravity /
way as : __ ___ Nonminimal Coupling // :
N S 20 Br10- |- /o
(¢)=g_5+F(d)—F(o). (30) I / ]
- / -
Then, we choosé& in Eq. (30) as 5 6x1072 |- / .
S - / 1
= 2 e 3 / |
F(¢)=Ee7, (31 i Y. |
4x107"% 1= / N
where againé is a coupling constahtand the constraints r / ]
(24),(26) become I / ]
2x107% - // n
- 11 2,2 1 I e i
167G Epghio=10 peryear, 3ZFGEé¢po= 500" - % .
(32) 0 L I/\ /I 1 | 1 1 1 Il | 1 1 Il | 1 I_

0 0.01 0.02 0.03

Contrary to the IG case, we are now free to &gt and the £

ordinary GR case is recovered by takiig-0. Having no
restrictions about this point, in our numerical integrations wi
fixed ¢o=Mp=G 2 the Planck massin natural units.
We will only consider here for definiteness the ca@se0.

The most general case, regarding the background evolution We are now ready to make some preliminary investiga-
nost g .  1e9 9 9 tion of the background model. We require that the present
only, is discussed in Ref14].

Let us just mention here that one can always map thigalue of €, is 0.6, with cold dark matter & cpy=0.35,

kind of scalar-tensor theories of gravity to canonical gener ?_hree families of massless Eeutnnos, baryor.l COF.“Q'Bt
relativity, by means of a conformdWeyl) transformation, _.0'0.5 and Hubble qonstaljto—SO Km/_sec/l\/_lpp, the |n|_t|al
leading to the so-called Einstein franeee, e.g., the recent Kinetic energy of¢ is not important since it Is redshifted
review in Ref.[30]), where the gravity sector of the action away during the eyolutlon, SO we can T'X an equal amount of
takes the standard Einstein-Hilbert form. In the latter frame!("ﬂ":“tIC an.d potential energy at the |n|t|a_l F'm(‘to' -
the quintessence field would be minimally coupled with. Letus mtroduce.the next section by fixing th_e compatibil-
gravity, but it would show explicit couplings with all the ity pf our mpdels with the expenme'ntal constrai(2s),(26).
matter components. This mathematical technique is partiCLﬁ‘ first ver5|on'of these results, valid only for NMC models,
larly useful if one is looking for scaling solutiorj45]. We can _be founql in Re{14]. . .
will not adopt this procedure here, but we will make all our F”?“ we integrate equation@),(6) to compare with th_e
calculations in the present physical frame, also called th >.<per|mental constraint of EG24). The re§ults are shown in
“Jordan frame.” -ig. 1, wherd G, /G| at the present time is shown as a func-
Let us elevate nowp to the role of quintessence. This tion of £. Both for NMC and |G, the limit roughly is
requires giving it a nonzero potentisl( ¢). Several poten-
tials have been proposed for the quintessence. In[Bethe £<3x10°2, (34)
authors analyzed a cosine potential motivated by an ul-

tralight pseudo-Nambu-Goldstone boson, while in otherjowever, as we anticipated, the stronger constraint comes

works, trying to build a phenomenological link to supersym-from Eq. (26); it is simple to see that in our models Egs.
metry breaking models, inverse power potential have bee{pg) (32) become

considered[10,3]. As pointed out in Ref[32], inverse
power potentials appear in supersymmetric QCD theories

FIG. 1. Numerical analysis of the time variation of the gravita-
Sional constant versus the QR coupling constant in EQ models.

—4
[33]. Here we take the simplest potential of the second class, £=5x10"" IG case, (35
5 _ —
V(e)= M> 33 £<5x%103(\/Gy) ! NMC case. (36)
¢ L

L In the next section we will explore the effects on the cosmo-
where the mass scald is fixed by the level of energy con- |5gical perturbations spectra of EQ models, also considering
tribution today from the quintessence. values of¢ beyond the above constraints, in order to better

illustrate its effect on the cosmological equations. Then, we
will discuss how future CMB experiments such as MAP and
INote that we define here the coupling constamtith the oppo-  Planck will be able to detect features of the present models
site sign with respect to the standard notation for NMC models. within the range allowed from Eq$35),(36).
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IV. QR EFFECTS ON COSMOLOGICAL PERTURBATIONS 10* T T — T

Here we present the results coming from the integration
of the complete set of equations of Sec. Il. The numerical i
integration of this set of equations has not been performec L H™' (comoving Mpc) ]
before, and we obtain several new and interesting effect:s
concerning cosmologies with a coupling between quintes-
sence and the Ricci curvature scaRyrthat we call the QR
effects; we discuss them in the following subsections.

Let us now set initial conditions for the perturbation equa-
tions, referring to Ref[5] for an extensive treatment. We
adopt isoenthropici.e., adiabatig initial conditions; in the
minimal coupling case they are quite simple: everything is
initially zero except for the metric perturbation It is easy
to check that these conditions remain valid also in the

1000

Induced Gravity, £§=2x107%

present case. In fact, adiabaticity is imposed on each fluic 100 | -~ =0 =
separately, by requiring that the entropy perturbations is
equal to zero initially for each pair of fluid components, in- L -
cluding quintessencks]; these conditions do not depend on T T A
the coupling of a given component witR 10 100 1000 10*

As we anticipated, the scalar-tensor theories of gravity
that we consider leave several characteristic imprints on cos-
mological perturbations spectra. Also, both IG and NMC  FIG. 2. Time behavior of the Hubble length in EQ models ver-
models, although for different coupling constant rangessus ordinary quintessence.
show a remarkably similar behavior. For clearness, we shall
treat first the features related to the background evolutiosince in our model§ () <F(¢g) at any past time, the shift
and successively the genuine QR effects on perturbations. in the value ofH? due the time variation of the gravitational

constant in EQ models is given by

1+z

A. QR-effects on the background: enhanced Hubble length AH? F(¢)
growth and Q aper>1 2 =1- Fdy) (39

Let us consider the Hubble length first. The integration of
Eqgs. (4),(5) with the potential(33) shows that the time de- As a function the shifAN of the number of relativistic spe-
rivative of the Hubble lengtiH, (z) increasesat nonzero  cies at nucleosynthesis, the above quantity may be written as
redshifts compared with the ordinary quintessence case, both
for NMC and IG models. Therefore, fixing the Hubble length 1— F(¢) _ 7AN/4
at present as we do, implies that in the past it was smaller F(¢g) 10.75+7AN/4°
than in minimally coupled models. This effect is clearly dis-
played by Fig. 2, where the comoving Hubble length as al'herefore, the shifa N°R predicted in our models is
function of z is shown(for simplicity we plot the IG case
only, the NMC one being completely equivalgrthis fea- ANQR= _ 6.14x F(éo)—F(&) 40)
ture has been already noted in the context of pure Brans- ' F(¢o)—2F(p)"

Dicke theories[35]. The sharp change in the time depen-

dence ofH ! at small redshifts is due to th® field, that It is worthwhile to note that for models satisfying E@6),
dominates the cosmological evolution at later times. Thehe predictedAN®R is at the level of 10%, thus being well
source of the enhanced Hubble length growth in our model§€low the current experimental constraints from the nucleo-
is the last term in the Einstein equatitB); as we will show  synthesis.

in & moment, this term is quite large and positive, being also Let us consider now the effects of our scenario on the
responsible for most of the features that we shall see latezosmological equation of state. Th&/F term appears also
concerning the cosmological perturbation spectra. in the effective fluid pressure in E€B), causing the follow-

A related interesting point is that our model predicts aing interesting feature in the behavior of the equation of
small change irtH which mimics a change in the number of state, shown in Fig. 3. As it is evident, in the matter domi-
massless neutrinos at the Nucleosynthesis egeeh Ref. nated erap/p>0 up to 1+z~5, when the quintessence
[36] for an extensive overviewAt this time quintessence is starts to dominate. Thereafter, the cosmic expansion starts to
very subdominant and the cosmological evolution is gov-accelerate because of the vacuum energy stored in the quin-

(39

erned by the equation tessence potential. Thus we have the apparent paradox that in
the matter dominated era the total pressure is nonzero and

H2~ Pluid 37) positive: this is not surprising since it can be brought back to

3F(¢)’ the dynamics of the scalar field itself in scalar-tensor theories
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T | T T TTTT T T T T TTTT T T T T II TTT T T T T
(Ve 1+
02 [ L
& I L
o,
L \ . -
0.4 £ Nonminimal \ Induced Gravity, §=2x107 /
L Coupling, ¢ =3x107% N \
/ . -2 r \ - - - — Qradiation { b
L — — — . Induced Gravity, & =2x10 J \
g \ Q |
Pl § =0 . \ —— %
: \ |
06 [ N \ Qmatter
1 | 1 1 1 1 11 11 | 1 1 1 1 11 1 1 \ f
\ Q
1 10 100 0.1 [ | e o |
1+Z =1 1 ] I | 1 1 ] O | 1 1 ] | 1 1 =
1000 100 10 1
FIG. 3. Time behavior of the cosmic equation of state in EQ 142

models versus ordinary quintessence.
FIG. 4. Time behavior of th€) parameters relative to matter,

of gravity. Corresponding to its positive value in the matterfadiation and quintessence.

dominated era, the equation of state at present, when quin- :
tessence dominates, is slightly above its valueJanodels. ~ Which, as we already noted, regativeif ¢>0. Its ampli-

In other words, we found that the quintessence contributioude is fixed essentially by the dynamics of the scalar field;
to the equation of state in our m0d¢j§/p¢ does not Change as we antICIpated, .thIS term turns OUt to be Important for the
significantly in our case with respect @ models; we found background evolution. The reason is the following. In all the
indeed cases considered, the scalar field evolution is slow, soghat
and the time variation of the potential in the Klein-Gordon
equation can be neglected. Let us consider the radiation

dominated era for simplicitya= a,,q7, Wherea,,qis a con-
stant. Therefore, it is immediate to check that the approxi-

for all the cases considered. This is well within the range ofmate solution of the Klein Gordon equation is
values for which the quintessence is mimicking a cosmologi-
cal constan{37,7].

Let us now come to th€ 7> 1 effect. This interesting
and very peculiar occurrence can be understood by looking
at the behavior of the various components of the energy derin the ideal case where the scalar field evolves for a large
sity in Eq. (4) and is obviously connected with the effect on time so that only the term proportional 1§ is important, we
the equation of state just described. After dividing bothgee thatp/ ¢oc 1/7ocH; in this case the term in E¢44) would
members byH?, the Friedmann equation takes the form  pe of order unity. In the real case these arguments are weak-
ened since the scalar field does not have a perfect slow-
rolling dynamics, and it does not evolve enough to become
much larger than its initial value; nevertheless this qualita-
tively explains why we found)3"~10"2 for models satis-
fying the constraintg26), and for a time interval roughly
covering all the post-equality cosmological history.

Figure 4 shows the various contributions to the cosmic
density parameters as a function of redshift. The matter ra-

While QZ andQZ are the generalization of the kinetic and diation equality epoch is clearly visible, as well as the matter

potential energy densities in scalar-tensor theories, the real§jominated era, and, finally, the quintessence dominated era
new component is at very small redshifts. Also, the su@identically equal to 1

is shown, and it is immediately seen that in the matter domi-
nated era one has

—15%5—0.9
Py

(41)

52
aradv<[>

b= binitial — 8

( =7 i‘:'nitial) . (45)

l=Q(Z)matter_*_Q(Z)radiation+ﬂ(z)¢a (42)
where it must be noted thd?, is actually made of three
terms, namely,

0(2) =225+ Q25+ Q2. (43)

Faob
R_ 4
a9 == F (44)

Q matte|> l ' (46)
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FIG. 5. Time behavior of the, parameters relative to the cmB temperature(top left), polarization (top right), and matter
potential, kinetic and purely QR terms. power spectruntbotton).

As we already anticipated this is only an apparent paradox, 1
because of the presence of thegativeenergy component in Ver(#)=V($)— 5F(H)R. (47)
the Einstein equatiot¥), explicit in Eq.(44). Figure 5 shows
the various contributions to the quintessence energy densits it is clear from equatiorf9), R is positive in the matter
As it can be seen, for the chosen value of the coupling congyminated erfa(t)~t23]. Thus, from Eq(47), after differ-
stant¢, o3t reaches values of a few percent and is re-gniiating with respect tey, both the forces coming frof.
sponsible for the conditiof46). This completes a rapid sur- orenegative pushing together the field towards increasing
vey of the features regarding the cosmologlcal backgroungsjues. In conclusion, the dynamics &f is boosted byR
evolution; some of them have a relevant influence on thgygether with its potentiaV. As a consequence, part of the
perturbation behavior, which is the subject of the next subrgsmic Background ExplorefCOBE) normalization at/
section. =10 is due to the Integrated Sachs-Wolfe effect; thus the
actual amplitude of the underlying scale-invariant perturba-
A. QR effects on the CMB: Integrated Sachs-Wolfe effect, tion spectrum gets reduced. This is the main reason why the
horizon crossing delay, and reduced acoustic peaks oscillating part of the spectrum, both for polarization and

. L temperature, is below the corresponding on€imodels.
The phenomenology of CMB anisotropies in EQ models o is, however, another effect that slightly reduces the

is rich and possesses distinctive features. In the top left pangl /i de of the acoustic oscillations. We have seen in Fig. 2
of Fig. 6, the effect of '”Cfe?‘s'”ﬂof‘ the power spectrum of that the Hubble length was smaller in the pasEi@ than in
COBE-normalized CMB anisotropies is shown. Note that WeO models. This has the immediate consequence that the ho-

priotted cazes_ alsobeﬁcegdln_g tge lin@e), t(.) ma_:fﬁ clgarer ¢ rizon crossing of a given cosmological scale is delayed. This
the perturbations behavior in EQ scenarios. The ris& of s manifest in Fig. 7, where we have plotted the photon den-

Ranced. the oscillting one attenated, and the focation of 1 Pertrbation in the Newronian gaugf; we choose this
" ihating wend X . &uantity since it is simply 4 times the dominant term of the
peaks shifted to higher multipoles. Let us now explain thes

' . ; T™MB temperature fluctuation88]. Its expression in terms
effects. The first one is due to the integrated Sachs—WoIf%f the quantities in the synchronous gauge is

effect, arising from the change from matter to quintessence
dominated era occurred at low redshifts. This occurs also in . -

ordinaryQ models, but in EQ this effect is enhanced. Indeed, SNe s+ h+67 P (48)

in ordinary Q models the dynamics ap is governed by its T k2 p

potential; in the present model, one more independent dy-

namical source is the coupling between dield and the The scale shown in Fig. 7 is chosen so that it reenters the
Ricci curvatureR. As it can be easily understood by the horizon roughly between matter-radiation equality and de-
Lagrangian in Eq(1), the scalar fieldp evolves as dictated coupling. Both in the IG and NMC cases, it is evident that

by the effective potential the oscillations start later than in ordina@models. As well
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FIG. 7. Comparison of the time behavior of the photon density
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fluctuations for the scale shown for EQ a@dmodels.

known, the amplitude of the acoustic oscillations slightly de-
creases if the matter content of the universe at decoupling i

increased>5,3].

Finally, note how the location of the acoustic peaks in
term of the multipolel at which the oscillation occurs, is
shifted to the right. Again, the reason is the time dependence
of the Hubble length, which at decoupling, subtended a =
smaller angle on the sky. It is straightforward to check that "
the ratio of the peak multipoles in Fig. 6 coincides numeri-
cally with the the ratio of the values of the Hubble lengths at

decoupling in Fig. 2 irEQ andQ models.

These considerations do not change at all for NMC mod-
els. Really, IG and NMC models present, for different values
of ¢, remarkably similar features, yielding a genuine signa-
ture of scalar tensor theories in the cosmological perturba-

tions spectra.

Let us consider now realistic cases respecting the con-&
straints from Eq(26). Figures 8 and 9 show the temperature e
perturbation spectra for NMC and IG cases with the indi- =
cated coupling constants. The effects described previoushd .
are evident particularly in Fig. 9, where the changes in the ™ 1.08x10710 b—eeoooe
first acoustic peaktop) and in the power at low's (bottom)
have been zoomed; also, the slight difference between IC
and NMC models is visible. We notice that features of this
amplitude in the CMB spectra, induced by models satisfying
the existing constraints from Eq&4),(26) are detectable by
the future generation of CMB experiments; in particular, the
Microwave Anisotropy ProbéMAP) and Planck will bring

10°

PHYSICAL REVIEW 51 023507
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FIG. 8. CMB temperature Perturbations for IG and NMC mod-
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FIG. 9. CMB temperature perturbations for IG and NMC mod-

the accuracy on the CMB power at percent level up to els, for¢ satisfying the constraints from solar system experiments:
=1000[40].

first acoustic peak and loWs power zoomed.
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B. QR effects on matter perturbations: power-spectrum 0.1 ) ) ) L
decrease and peak shit ~~ fF-————— Nonminimal Coupling, £=3x107%

T T T T T
TR A W

After decoupling, the different models considered in Fig.

6 evolve until the present, when we snhapshot the mattel
power-spectrum in the bottom left panel. Soon after their 0.01
introduction,Q models were considered more appealing than
those involving a cosmological constant term because ol
their capability to shift the power spectrum toward larger
scales without increasing its overall amplitude, which would 0.001
have required an antibias mechanism. We find here that thic ™
effect is enhanced if a QR coupling exists. This is evident in
both the bottom right panel in Fig. 6. The spectra are COBE
normalized as it is evident in the top panel. For increaging

the spectra loose power. The reason of this behavior is tha0.0001
the CMB spectra include different effects together with the

true perturbation amplitude; on the large scales measured b
COBE, the matter perturbations add with the large integratec
Sachs-Wolfe effect; the greater §s the stronger being the fosl— vl vl il
integrated Sachs-Wolfe effect, the weaker the true perturba 1 10 100 1000 10*
tions amplitude, as we pointed out in the previous subsec- 14z

tion. This causes the power-spectrum decrease that is well

visible in the figure.

The other effect is the slight shift of the location of the
peaks toward larger wave numbers. Again, this is due to th
time dependence ofi~!; since it is smaller in extended
guintessence models than in ordinary quintessence ones, t
horizon crossing is delayed for all the cosmological scales,
for the given value oH,.

These are the most prominent features concerning the
power spectrum. In principle however, there are terms in the
cosmological perturbation equations that could make soml@’here
relevant effects. We search them as terms that do not multi-
ply fluctuations in the scalar field, since the latter are negli-
gible from the point of view of structure formatiofb].

L_ooking indeed at Eq(15), t_hg last term in the righfc-hand Y(Q,,,0)=0.21- 0.2&+0.3C{2m+ 0.299; (51
side could play some role: it is the shear perturbation asso- Py

ciated with the quintessence and it should be noted that it is

not present in ordinar® models. Looking at Eq(20), itis N is the spectral indekl in our scale-invariant cageh is the
immediate to verify that this term produces a sort of exces®resent Hubble constant in units of 100 kmtsMpc™*and
friction in the dynamics of the quantify+ 67 in addition to ~ {}m the maiter energy amount today. The existing experi-
the cosmological Hubble drag term2in the left-hand side: Mental constraintssee Ref[39]) may be expressed as fol-

we define it as lows:

Induced Gravity, ¢=2x107%

N AR

7T T T

FIG. 10. Time behavior of the friction terrfin arbitrary unitg
arising from the shear perturbation in EQ models compared with its
8osmological counterpart.

ed[39]. An empirical formula forog in these models has
een found as

75=(0.5-0.10)Q_7*m?) (50)

®=(n—-1)+(h—0.65,

E ogQ)}=0.5x0.1. (52)
F= E (49)

Our scenario is not significantly constrained by ExR). For
the models shown in Fig. 6, we found
Its relevance compared té{ has been already discussed

when we dealt with th€) 3~ quantity of Eq.(44). As it is 0g=0.525 for ¢=2x10 2

evident in Fig. 10,F is not so important during the evolution

since it is only a few percent of the Hubble drag during all 05=0.623 for ¢=1072 (53
the evolution. AlthoughF clearly plays the role of a sort of

integrated shear effect, it is less important than those de- 0g=0.725 for ordinaryQ models. (59

scribed at the beginning of this subsection.

These effects change the matter power-spectrum today it is easy to verify that the constraint in EG2) is satisfied
a way that we will better explore in a future work. Here we for ¢<10 2; the same limit for NMC models ist=<
make a first comparison with the known expectations con2x 102, It is remarkable, however, that future experiments
cerning the spectrum normalization ah'8 Mpc, os. will be able to provide much more accurate measurements of
Recently the cluster abundance @models has been ana- the matter power spectrufd].
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V. SUMMARY AND CONCLUDING REMARKS It is therefore immediate to realize that the ford¥yxz/d¢
Our work is based on the possibility that the cosmologicalIn the Klein Gordon equation simply adds to the one coming

vacuum energy that seems required to explain the data froﬁ'rlom th? true potentiallVide from_ Eq. (57)_’ having the
high-redshift type-la supernovae resides in the potential erg@Me Sign and therefore enhancing the integrated Sachs-
ergy of a slowly rolling scalar field or quintessence. We con-Volfe effect. As a consequence, part of the COBE normal-
sidered models in which the quintessence scalar field is norfzation is now due to the latter effect and the cosmological
minimally coupled with the Ricci curvature scalythat we ~ Perturbation amplitude, including also the oscillating region
named extended quintessence. of the CMB spectrum, is reduced; this is evident in the CMB
With this aim, and based on a technique obtained in som@olarization and temperature patterns, as well as in the matter
recent workg25,26,9, we integrated the full linear cosmo- power-spectrum today. Moreov_er, the acoustic peaks and the
logical perturbation equations for generalized Einstein gravPOWer-spectrum turnover are displaced to smaller scales; the
ity theories. In this framework we investigated the effects’€@son being that the Hubble lengih * grows more rapidly
produced by two distinct extended quintessence models, ifft these theories than in ordina€y models, delaying, for a

which the gravitational part of the Lagrangian is fixed value ofH,, the horizon crossing of any scale larger
than the Hubble radius at the matter-radiation equality, and

1 F(o) slightly decreasing the amplitude of the acoustic oscillations.
RR—’ TR (59 Another independent QR effect comes from the change of
the fluid shearo arising in generalized Einstein theories.
with From the Einstein equations it turns out that the new terms in
o induce an additional friction to the growth of the gauge-
F(¢)=£¢?  (1G modeld invariant gravitational potential, in addition to that due to
the Hubble drag. This makes the growthWwfweaker and,
and since in adiabatic models the acoustic oscillations are essen-
1 tially driven by this quantity, this results in a reduced ampli-
_ 2_ 42 tude for the acoustic peaks.
F(¢) 167G TE(#°=¢o)  (NMCmodels, (56 For what concerns large-scale structure formation, we
o also considered the effect of the extra term in the fluid shear
¢, indicating theQ value today. _ ~arising from the QR coupling. It produces a sort of friction in
Quintessence models are characterized by a potential eghe dynamics of the metric perturbations, in addition to the
ergy that is comparable to the matter energy density todayyenuine cosmological friction. Although interesting, we

We choose the simplest inverse power potential found that this effect is negligible compared to the effect due
5 to the integrated Sachs-Wolfe effect that changes the normal-
V()= —, (57) |zat|9n to COBE data. o _
¢ It is also remarkable that similar features occur both in IG

. ] o . and NMC models, suggesting the existence of an extended
with the constanM fixed by requiring that the quintessence quintessence phenomenology that is the signature of a large

energy density today yieldg 4=0.6. . class of scalar-tensor theories in the cosmological perturba-
The first check we made by integrating our equations, waggns.

whether our results are compatible with the bounds from the  This is a brief summary of the results we obtained in this

solar system experiments: we found that these constraints aggass of extended quintessence models. Of course, this work
satisfied _if ¢<5x107%, for IG, and é=  does not answer all the questions nor it explores all the as-
5X 10 3(\/Geg) , for NMC models. We went then to @ pects, but the results we obtained show distinctive and prom-
more detailed analysis of the effects on the power-spectriging features at the point that we believe it should be seri-
obtained, that we called QR effects. We found several feagusly taken into account, especially in favor of the hints on
tures that could help in discriminating these models fromthe existence of scalar fields and on their possible couplings
ordinary quintessence. with R coming from fundamental theories. An important

In particular, the integrated Sachs-Wolfe effect, caused byroblem to face is which effects are caused by the fact that
the time variation of the gravitational potential between lastye require that the field coupled witR is a quintessence,
scattering and the present time, which is already active imnd which instead come from the scalar-tensor theories
ordinaryQ models, is now enhanced. This can be understoo¢hemselves. The enhanced Integrated Sachs-Wolfe effect ap-
by considering the Klein-Gordon equation governing thepears to be mostly determined by the extra effective potential
time evolution of¢. Itis easily seen that the coupling wir  coming from the nonminimal coupling; on the contrary, the
induces a new source of effective potential energy; the lattesffects at decoupling appear to be caused mostly by the true
is ineffective in the radiation dominated era, wHew 0, but  scalar field potential, since at that time the Ricci sc&as

becomes important during matter and scalar field dominancenuch smaller than it is now. However, all these consider-

when it originates the effective potential ations, together for example with the exploration of other
scalar field potentials and more general gravitational sectors
Voo — lF((ﬁ)R (58) in the Lagrangian, would deserve a separate work. The re-

QR 2 ' sults obtained here are potentially testable by the upcoming

023507-11



PERROTTA, BACCIGALUPI, AND MATARRESE PHYSICAL REVIEW D61 023507

experiments which aim at gaining detailed information onsions. While completing this paper a paper by Chen and
cosmological parameters, both from the C\#®] and from  Kamionkowski[42] has appeared in which the CMB tem-
the large-scale structufdl]. perature and polarization patterns produced by a pure JBD
field in a standard cold dark matter cosmology have been
considered. Although there is no overlap with our quintes-
sence field, it is worthwhile to note that, for what concerns

We warmly thank Luca Amendola, Robert Caldwell, andthe acoustic peak locations, their results show a similar de-
Karsten Jedamzik for precious comments and useful discupendence on the ;gpc1/¢ parameter.
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