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We constrain cosmological parameters in flat cosmologies with tracking dark gioemgyintessengaising
the existing data on cosmic microwave backgro@@#IB) anisotropies. We perform a maximum likelihood
analysis using combined data from COBE-DMR, BOOMERanG, DASI and MAXIMA, obtaining estimates for
the dark energy densitf2, and equation of stat&q, the physical baryon densi) h?, the scalar perturba-
tion spectral indexyg, the ratioR between the tensor and scalar perturbation amplifodéhe tensor spectral
indexny). Dark energy is found to be the dominant cosmological compadfigyt 0.7]i8j8;?, with an equation
of statew,=—0.82"517(68% C.L). Our best fit value of the physical baryon density is in good agreement
with the primordial nucleosynthesis bound. We find no significant evidence for deviations from scale invari-
ance, although a scalar spectral index slightly smaller than unity is marginally preferred. Finally, we find that
the contribution of cosmological gravitational waves is negligible. These results confirm that quintessence is
slightly preferred with respect to ordinary cosmological constant by the present CMB data.
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[. INTRODUCTION of baryons in the universe, especially through the relative
amplitude of acoustic peaks. Measurements of the physical
Accurate measurements of the cosmic microwave backbaryon density2,h? from the CMB (where(),, is the ratio
ground (CMB) anisotropy on subdegree angular scales repof baryons to critical density today, artdis the present
resent one of the greatest achievements in modern cosmdtiubble parameteH, in units of 100 km/sec/Mpcare con-
ogy. Two balloon-borne experiments BOOMERar{®],  Sistent with the big bang nucleosynthe¢&BN) [7]. This
MAXIMA [2], and the ground-based interferometer DAS|indicates that baryons can only account for roughly 5% of
[3] provided data on the CMB anisotropy angular powerthe critical density. In fact, several pieces of evidence, in-
spectrum at multipoles corresponding to angular scales exfuding CMB anisotropy measurements, suggest that the

tending far below the degree, up to a few arcminutes. ThesBUlK Of the total energy density is in some form of “dark”

results give statistically strong evidence for one peak in th@onbaryonic_component, with cold dark ”.‘"?‘“er parti_cles
ults giv sca’y g evi P ! %DM) contributing roughly 25% of the critical density,

power spectrum on angular scales corresponding to a degré ile about 70% of the total energy density is made of a

in the sky and significant indications for a second and a third" . ) ;
T ) ) mooth component with negative equation of state. The lat-
peak on smaller angles, confirming and extending earlier an

r, which is the subject of the present work, and is described
less accurate data from BOOMERanG and MAXIMA, in detail below, has attracted a lot of interest in recent years

Together with the plateau observed by the Cosmic Backzq is commonly known as “dark energy” or “quintes-
ground Explorer(COBE) Differential Microwave Radiom-  ¢once
eter (DMR) [5] on larger angular scales, these CMB data  There are at least three independent pieces of evidence in
favor a flat Friedmann-Robertson-WalkgRW) cosmologi-  fayor of dark energy. First, type la supernovae observations
cal model and strongly support the existence of superhorimdicate that the universe is experiencing a phase of acceler-
zon, almost scale-invariant curvature perturbations at decotsted expansiofi8,9]; recently it has been also noticed that
pling, which oscillate coherently after horizon crossing; thisacceleration is a relatively recent occurrence in the cosmo-
is consistent with a primordial phase of accelerated expariogical evolution[10]. In FRW cosmologies, cosmic accel-
sion as predicted in the context of the simplest inflationaryeration is possible only if a component with equation of state
cosmology[6]. less than—1/3 is dominating the expansion. Second, best fits
The CMB anisotropy is strongly sensitive to the amountof the present CMB data favor a total energy density which
is very close to the critical valugl—3]. Third, large scale
structure observations suggest a universe with a low density
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tal physics[12], we mention here the main aspects of thistional waves, perturbation spectral indices, and physical
difficulty. If one tries to interpret it as a vacuum expectationbaryon densityQ),h?. We assume Gaussian and adiabatic
value of some fundamental quantum field, any known scalénitial conditions(see, however, Ref32]) and a flat geom-

of particle physics is tens of order of magnitude larger tharetry.

the observed one, up to 120 orders of magnitude in the case Before ending this section we wish to emphasize that our
of the Planck scale, leading to an evident “fine-tuning” prob- results on quintessence parameters have to be interpreted in a
lem. Moreover, this extremely low level of vacuum energy isgeneral way. In fact, as discussed in the next section, track-
such that it is dominating the cosmic expansion right nowing solutions with inverse power law potentials predict a
leading to a “coincidence” or “why now” problem. The in- nearly constant equation of state at reds_hn‘_t Wher_e the quin-
terest toward dark energy or quintessence models, first intrd&Ssence is important: the latter case coincides with the sim-
duced in[13,14, resides in their potential ability to alleviate Plest model of quintessence, where this is assumed to consist
these fine-tuning problems, at least at classical level. Quinof @ smooth component with constaw,=—1, indepen-
tessence is the simplest generalization of the cosmologic&lently of its nature. Therefore, before going to the specific
constant, involving a scalar fiel¢ with potentialV, which ~ Potential parameters, our results w, constrain the time
provides the required amount of vacuum energy today. Sce@riation of the vacuum energy from a general point of view.
narios with inverse power-law potential$3,15, interest- The paper is organized as follows. In Sec. Il we briefly
ingly connected with high energy particle physics modelsréview the theoretical properties of c_osn"_nologles with dark
[16], have been proven to admit the existence of “tracking” €nergy. In Sec. Ill we describe the region in parameter space
solutions in which the dark energy is able to reach the rewhich we investigate. In Sec. IV we show the results of the
quired value today starting from a very wide set of initial I|kel|hood analysis of CMB data. Section V contains a dis-
conditions in the remote past, thus removing the previouslgussion of our results.

mentioned fine-tuning problefi 3,17, at least for what con-

cerns cosmological classical trajectories. Scenarios with ex- Il. TRACKING QUINTESSENCE AND CMB

ponential potentiald14,15, suggested by string theories ANISOTROPIES

[18], have been demonstrated to possess “scaling” solutions . . . .
in which the scalar field energy density scales as the domi- .In this section we review th.e rglevant aspects_of tracking
nant cosmological component, either matter or radiation. Rejuintessence scenarios, highlighting Fhe SC"?""’“ field dynam-
cently, extended quintessence modé&®], in which the dark ICS anq the main effect; on CMB. gnlsotroples. \We use our
energy possesses an explicit coupling with the Ricci scala “mef'ca' cople which IS a modified Version OMB.FAST
have been studiel?0-23; a detailed study of tracking tra- 1], integrating sc_:alar field cos_mologlcal equations for
jectories and of their effects on CMB and Large Scale Struc_background dynamics as well as linear perturbat|on§, in the
ture can be found in Ref24]. In the next section we briefly general context of scalar-tensor theories of gravity, see

recall how a quintessence component induces its main eﬁec@'g\ﬁzﬂ forth:alls. vsis t inimall led quint
on CMB spectra. e restrict our analysis to minimally coupled quintes-

It is therefore interesting to study how the measured cmpence: By considering 'ghe conformal timen a FRW metric, .
anisotropy constrains quintessence models. This has bedf® Fridemann and Klein-Gordon equations for the evolution
done in several ways in the past, by considering earlier dat the scale factoa and for the dark energy field take the
from MAXIMA and BOOMERanG[4]. CMB anisotropies in

(extendedl quintessence models have been extensively stud- 2\ 8nG 1
ied in[19,24], where thecmBFAST [31] code for the compu- sz(g o a2puiq+ b2 +a’V
tation of cosmological perturbations was upgraded to include a 3 we 2 ’

scalar-tensor theories of gravity, both for the background and
the perturbations, in full generality. In a previous work by us ¢+ 2H¢= —a2V¢, (1)
[25], a minimally coupled quintessence with inverse power
law potentials in the tracking regime, was assumed, to obtaiwhere the dot and the subscriptdenote differentiation with
constraints on the quintessence energy density and its equeaespect to the conformal timeand to the quintessence sca-
tion of state: we found 08Q,=<0.7 and—1=wo=-0.6 lar field, respectively, whiléfluid represents contributions
at 95% confidence level, favoring potentidd§ )¢«  from all the species but quintessence af{d) is the scalar
with a=<2. In Ref.[26], limits on the coupling between quin- field potential. We will generally describe the amount of a
tessence and dark matter have been obtainef27hcon-  particular species with the present-day rati€), of its en-
straints from exponential and inverse power law potentialsergy densityp, to the critical onep,=3(H/a)?/87G. As we
have been compared. More recert8—3( the impact on already mentioned, several potential shapes are under study:
CMB anisotropies of the spectral separation of acousticosine[33], exponential[16] and inverse power laWyl18].
peaks has been studied. The cosine type has been recently considered in the context
In this work we consider the most recent data from BOO-of extended quintesseng®4]. With an exponential type po-
MERanG, MAXIMA, and DASI, and we relax many of the tential, dark energy possesses the same redshift dependence
assumptions made if25] on the underlying cosmological as the dominant component which is driving the cosmic ex-
model, deriving constraints not only on the quintessence pgpansion, either matter or radiation, and samdehocmecha-
rameters but also on the abundance of cosmological gravitatism or a nontracking behavior is required in order to bring
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it to domination. In the inverse power law case, the tracking B B B A I
solution possesses an approximately constant equation c
state which is not set by the component which leads the
cosmic expansion but by the potential exponent itself. We&
take therefore ]
R
7

s
T

M4+a

V(g)= ; 2

¢ 5

where the value ofe>0 will be specified later and the mass-
scaleM is fixed by the level of energy contribution today
from the quintessence field. As we did in our previous works tez

[19,24,25, we integrate numerically Egél) with the poten- . . -
tial (2) to get the evolution of cosmological background i h
guantities. As first noted ifiL3], the quintessence scalar field 8000 1 1
joins tracking solutions, which are most simply expressed in i
terms of the quintessence energy density and pressure:
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We are interested in quintessence equations of state in th olb———
range —1=wqo=<—0.5, because this is the typical interval 0 500 | 1000 1500
leading to cosmic acceleration todg8,9]; since during the

tracking regime the equation of state is roughly constant in FIG. 1. Top panel: different quintessence trajectories converging
time, it follows that the quintessence energy density plays & the same tracking reginteolid, long and short dashed curyes
role in the cosmic evolution only at low redshifts+%¥ matter and radiation are represented by the dotted curves. Bottom
=10, since the pressureless matter density increases mughnel: CMB spectra, nearly identical, for the three trajectories.
more rapidly with redshift. To give an intuitive description of

the principal cosmological effects of quintessence, it isradiation dominated erdRDE) could have been between the
enough to describe tracking dynamics in the matter domipresent value and tens of orders of magnitude high&f.
nated era(MDE). Since during the MDE the scale factor We show an example of this phenomenology in Fig. 1. In the
goes asa(7)~ 72, it easy to see that a power law solution top panel we plot the redshift evolution of matter, radiation

$o 7 to the Klein-Gordon equatiofl) exists for and quintessence starting from different initial conditions for
the model specified below in E¢l4). Matter and radiation

6 (light dotted curveshave the known scalings; quintessence

0‘:;_2- (4) trajectories converge to the same tracking regime starting

from different initial conditions. The potential parameter is
In this regime, the quintessence energy density scales withl=0.6Mp, whereMp=1/\/G is the Planck mass, and
redshift as = —0.8; the initial conditions for the solid, short dashed and
dashed curve respectively are

P (1+2)37W0), 5) bin=10"3Mp, pkin=0,
where its equation of state is $in=10""Mp, plin=0,
Wom - —— ®) bn=10"Mp, PpRO=10%. (7)
Q a+2’

These examples give an idea of the stability of tracking so-
Our numerical integrations reproduce with good approximaiutions. Since the different trajectories differ only at high
tion the tracking condition$5), (6), even if the equation of redshifts when quintessence is subdominant the correspond-
state is not perfectly constant and this has interesting conség CMB spectra, shown in the bottom panel, are to high
quences[35]. The interesting feature of these solutions, precision indistinguishable.
which makes their importance as tracking trajectories, is that Cosmological linear perturbations, including quintessence
they can be reached starting from a very wide set of initiaffluctuations§¢ obeying the perturbed Klein-Gordon equa-
conditions, so that the initial dark energy density deep in theion
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S(O¢)+V 430¢=0, (8) if matter dominates the expansion. When quintessence comes
to dominance the universe accelerates its expansion and the
) _ ) i . . .dark energy leaves the tracking regime. This makes the
are numerically evolved starting from Gaussian adiabatic INipresent equation of state different from the one during the
tial conditions: we refer to our previous workd2,19,24 for  tracking regime; however, this difference is only at the level
full details and formalism. Here we give only an intuitive of 10% for all the cases we consider in deriving our con-
description of the main effects of quintessence on CMBstraints.
which can be understood by considering the tracking behav- As wg moves from the cosmological constant case
ior of the background evolution as expressed by Esjsand  (—1) to larger values, the conformal distangg to the last
(6). Note that the tracking regime itself is strictly valid only scattering surface gets reduced:

1 Zdec dZ
0 VQmated1+2)3+ Qg(1+2)3H W) '

9

Tgec= Ho

As a consequence, the location of all the acoustic features inumberk which is entering the horizon oscillates between
the CMB spectra shifts toward lower multipoles, correspond-compression and rarefaction under the effect of the potential
ing to large angular scales in the sky. wells and hills caused by the dark matter perturbations. In-
The same mechanism leads to a reduction of the inteereasing the baryon amount favors compression with respect
grated Sachs-WolfdSW) effect. The latter is represented by to rarefaction peaks, simply because it shifts toward the bot-
extra power at low multipoled, <10, caused by the dynam- tom of the potential wells the rest position of the oscillator
ics of gravitational potentials at low redshift=10 [37]; [37]. As we already stressed, tracking quintessence is de-
since the distance decreases in quintessence models with sribed by its energy density today and by its equation of
spect to cosmological constant ones, as shown by®gthe  state. The radiation component is made of photons and three
gravitational potentials dynamics is reduced correspondinglymassless neutrino families; the matter component is made of
However, for values ofv, well above—1, the quintessence CDM plus baryons.
starts to dominate the cosmic expansion earlier in time, lead- Concerning perturbations, we allow for departure from
ing to an enhancement of the time interval in which thescale invariance of the initial perturbation spectrum, as well
cosmic equation of state changes and therefore to an increage for a nonzero amplitude of cosmological gravitational
of the ISW power. As a consequence of these two competing/aves. Scale invariance is related to the scalar spectral in-
effects, the ISW effect gets slightly reduced fell=wg= dex, ng; the latter can be defined in terms of the scalar

—0.8, while it increases for larger values. perturbation spectrum at the horizon crossing as
These two effects are purely geometric, i.e., they do not

affect, for a given level of}q, the shape of the acoustic P(k)oks™ (13)

peaks on subdegree angular scales. The latter chanfks if

and the ratio between CDM and baryons changes. In the following, we will refer to cases witmg larger or

In the next section we will discuss in detail the cosmo-smaller than 1 as “blue” and “red” spectra, respectively
logical parameters that we consider, and the region in th&39]-

parametric space which we investigate. Cosmological gravitational waves are tensor perturbations
of the metric. Their power is maximal on superhorizon
IIl. GRIDDING COSMOLOGICAL PARAMETERS scales, corresponding te=200 on the CMB angular power

spectrum, making this multipole region the only one where
In this work we improve considerably the extension andthis component is detectable. Its power can be parametrized
the gridding of the cosmological parameter space with rein terms of the ratioR between the tensor and the scalar

spect to what we did in Ref25]. contributions to the CMB quadrupole; moreover, we adopt

We consider flat cosmologies and fix the value of thethe single field inflationary consistent relatiGsee, e.g., Ref.
Hubble parameter at present to [6]), linking the tensor spectral index & Summarizing, we

define
H,=65 km/sec/Mpc, (10

) . ) Ctensor R
in agreement with current estimatg86]. We then vary the St S nr=——, (12)
present ratio of baryon to critical density, in order to obtain csealar 6.8

different values of the physical baryon densiy,h2. The

amount of baryons in the universe is one of the most imporwheren:=0 means here a scale invariant tensor power spec-
tant quantities which affect CMB acoustic oscillations. Attrum at horizon crossing. The presence of gravitational
decoupling, any photon-baryon density fluctuation at wavevaves as well as the deviation from scale invariance can be
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TABLE I. Cosmological parameters values. hood, as in38]. We do not consider correlations among the
data points of each experiment, as they are rather small

Parameter Minimum Maximum Step  [1-3]. We take into account the effect of each experiment
0 0.40 0.80 0.02 calibration uncertainty20%, 8% and 8% for BOOMERanG,
wo ~1.00 060 0.03 MAXIMA and DASI, respectively[1-3]) on the measured
Qh? 0.20 0.40 0.02 power spectrum. We dp not take ipto account beam.a.nd
Qepu 1-04 1-04 0.02 pointing inaccuracies, since the details of these uncertainties
Ns 0.90 1.10 0.02 were not made publicly available by the teams. However, we
R 0 0.50 0.05 believe these effects should not affect much the released
Ny ~R/6.8 —R/6.8 0.05/6.8 data.

Likelihood curves for each parameter are shown in Fig. 2.
Each curve is obtained by fixing all the other parameters to
related to the standard slow rolling parameters for single  their best fit value. It is evident that the preferred flat cosmo-
field inflation, which are defined in terms of the inflaton po- logical model involves vacuum energy as the dominant com-
tential and its first two derivative&ee, e.g., Refl6]). One  ponent, at the 70% level. Moreover, our best fit value of the
has baryon densityQ),h?=0.022, is in good agreement with the

primordial nucleosynthesis bound€),h?=0.020+0.002
= R _ E(n 14 3R (13) (95% C.L) [7]. The primordial power spectrum is consistent
136 7 2l's 6.8 with scale invariancens=1, although slightly red spectra
are favored. These results are in good agreement with previ-
A summary of the values of the cosmological parametersus analysefl—3|.

considered in this work is given in Table I. A first new result of our analysis is that models with a
subdominant contribution of gravitational waves are favored.
IV. MEASURES FROM EXPERIMENTAL DATA As we already stressed, the main effect of cosmological

gravitational waves is to enhance the anisotropy power
In this section we compare theoretical CMB angularabove the degree scale, at multipoles200. The likelihood

power spectra corresponding to the models in Table | withcurves indicate that such a contribution is unlikely to be
the most recent data from BOOMERanG, MAXIMA and required by the present data. The relative height of the CMB
DASI, as published iM1-3], as well as with the 4 year acoustic peaks with respect to the plateau region is likely to
COBE-DMR datdg5]. Our data set consists of 65 data points:be determined mainly by the other relevant parameters, i.e.,
19 from BOOMERanG in the range # <1025, 13 from the relative abundance of cosmological components, the
MAXIMA in the range 36<1=<1235, 9 from DASI in the Hubble parameter, the scalar spectral index.
range 1041=<864, and 24 from COBE-DMR in the range = However, for the purposes of this work the most impor-
2<I1=<25. As in[25], for a given choice of parameters we tant result is the preference for quintessence models over
compare the measured quantitiés+ 1)C,/27 to their the-  cosmological constant ones, as implied by a clear peak in the
oretical predictions by evaluating the likelihood of the data,likelihood curve atwg=0.8. This result confirms and
Lxexp(—x?/2). When possibléi.e., COBE and DAS| we  strengthens our previous findinf5]: a remarkably similar
use the offset-lognormal ansatz for the shape of the likeliresult, although with larger confidence regions, was obtained

1.0F 1.0
0.8 0.8
fosr 0.6
N
3
N o0ar 0.4
0.2 0.2
0.0 0.0 . . .
0.4 0.5 -1.0 -0.9 -08 -0.7 -0.6 . . .
e FIG. 2. Likelihood curves for cosmological
1.OF 10 e parameters of Table I, normalized to the peak
value.
0.8 0.8 0.8
106[ 0.6 0.6
N
3
S04y 0.4 0.4
0.2F 0.2 0.2
0.0t \ 0.0 0.0 . . .
0.020 0.025 0.030 0.035 0.040 000.102030405 0.90 095 1.00 1.05 1.10
0,h* R n,
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FIG. 3. Likelihood contours at 68%heavy
lines) and 95%(light lines) confidence levels.

0.040 i T T 0.8 :
0.035F ] 0.7 \/: >
«
=< 0.030} ] S o6k 3

0.025 //’/7//_\ 05F E
0.020 . : . 0.4

0.90 0.95 1.00 1.05 1.10 0.90 0.95 1.00 1.05 1.10
ns ns

by considering earlier CMB data releapé], as well as a —9=56. Our best fit hag?=57, andy’/DOF=1. The best

reduced grid in number of parameters and gridding stepsii power spectrum, together with the experimental data, is
Here we are obtaining almost the same measure of thenown in Fig. 5.

vacuum energy equation of state, but considering the most pefore closing this section, let us translate our limits on
recent data as well as allowing for variation of new param+he quintessence equation of state in terms of the potential
eters, namely the gravitational wave amplitude and the scalgqopea defined in Eq(2). As we already stressed, the result
spectral index. To understand the robustness of this result, ('[14) concerning the equation of state provides general evi-
is natural to search what is the dominant effect of quintesyence in favor of a time variation of the cosmological
sence compared to the cosmological constant, directly on thg;cyum energy; the reason is that tracking trajectories with
CMB spectrum. We shall return to this point below. inverse power laws correspond to a nearly constant equation
Figure 3 shows confidence regions for different parameteps state at the redshift of interest, which is the simplest
combinations. Heavy and light lines represent 68% and 95%nodel of quintessence. It is however interesting to determine
confidence levels, respectively. The highest degeneracy cofye corresponding interval in the potential slope; tracking

cerns the R,n;) plane. This degeneracy has a simple explatrgjectories with a present equation of state as in @d)
nation. Increasing the scalar spectral index has the effect Qforrespond to exponents

enhancing the CMB peaks with respect to the region at
=200, and this is disfavored by the data. The presence of a
tensor component reintroduces power at low multipoles, so azo_gfg-g_ (15)
that its net effect, once the power spectrum is normalized, is '
to reduce the excess power of “blue” models at higihe
constraints in theR,ng) plane, in terms of the parameters
and » defined in Eqs(13), appear as in Fig. 4.

In all the other cases the contours are closed, at least ¢
68% confidence level. Summarizing, our best estimate of the
cosmological parameters considered in this work are, at the
68% confidence level:

0.035: T
0.0303
0.0255
0.0202
00=0.713%, wo=-082"31, 0.0152
0,0103

Qph?=0.022+0.003, ng=0.95+0.08,

0.005 :

R=0.5n;=—R/6.8). (14)

0.000C_,
-0.05

0.15
We have fit 65 data points using approximately 9 parameters
(5 cosmological parameters, 3 calibration parameters and an F|G. 4. Likelihood contours at 68%heavy line and 95%

overall normalization of the power spectrurso that the (light lines) confidence levels in the plane of the inflationary slow
number of degrees of freedo(®OF) is roughly DOF=65  rolling parameters, 5 defined in Eq(13).
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FIG. 5. Best fit cosmological model vs experimental d&a, FIG. 6. First peak normalized CMB spectra for our best fit
=0.72wq= —0.8,Qbh2=0.022n5=0.96R=0. Solid error bars model wy=-0.8, solid ling and its cosmological constant
are for COBE(low multipoles and BOOMERanG data, dashed and equivalent (vo=—1, dashed ling
dotted for MAXIMA and DASI data, respectively.

questions arise. First, which is the effect of quintessence,
Note that this is slightly different, although within arlin-  compared with a pure cosmological constant, which makes
terval, from what would be obtained from Ed6), « present data prefer a quintessence component. Second, which
=0.7"52. As we already mentioned, this is because the recosmological parameter not considered in this work can
sult(15) is numerically obtained from the present equation ofmimic the effects of quintessence, thus undermining the ro-
state, which is slightly different from its value during the bustness of our results.
tracking regime. We address the first question by comparing the CMB

This completes the constraints obtained from the comparispectrum which represents the best(fi#) with its cosmo-
son of our CMB spectra with the data. The most interestindogical constant analog, in which all the parameters have the
aspect is the evidence in favor of a time variation of thesame value except for the equation of state, which is set to
vacuum energy component. In the next section we will dis-—1. The two spectra are compared in Fig. 6, normalized to
cuss the robustness of these results. the first peak height. It is evident that they differ mainly
because quintessence causes a systematic shift of all the
acoustic features toward larger angular scales, or lower mul-
tipoles; as we already mentioned in Sec. Il, this is due to a

Our results(14) have been obtained under a number ofprogressive reduction of the conformal distance between us
assumptions. and the last scattering surface, ag moves from—1 to

First, all the perturbations, including those in the quintes-higher values. Note also that the effect is small compared to
sence component, are assumed to be Gaussian and initiafjje data error bars; indeed the cosmological constant, at the
perfectly adiabati¢32]. The tensor spectral index has been95% confidence level, is still compatible with present data,
related to the amplitude of gravitational waves through theas it is evident in Figs. 2 and 3.
consistency relatiori12); moreover, the global geometry is ~ The answer to the second question can now be given. If
assumed to be flat. Even if these choices reduce considerabie fix the relative abundances today, the only parameter
the parameter space region that we explore, they are justifiatthich we do not consider and that could mimic the projec-
by the prediction of the simplest inflationary modg#§. In  tion effect in Fig. 6 is the cosmic curvature, represented by
addition, we assumed three massless neutrino families dbe total density paramet€l,,,. It is indeed well known that
well as a dark matter type which is purely cold; these con-a closed universe witkl;,;>1 moves the acoustic features
ditions are those currently preferred by data on the larg@f the CMB spectrum toward smaller multipolg37]. This
scale structure of the Univers$gl]. argument is supported by earlier constraints on cosmological

Within these hypotheses, our comparison with CMB datgparameters—obtained without considering quintessence
revealed an interesting indication in favor of a time-varyingmodels—that were set by experiments measuring subdegree
vacuum energy. Even if this result depends crucially on th6CMB anisotropies; the quoted results fdi., were
present CMB data which are still far from the performancesl.04" 332 (or 1.02°339, 0.90"318, 1.04+0.06 for BOO-
that will be reached by satellite measuremddi®,41], two ~ MERanG, MAXIMA and DASI, respectively{1-3]. Al-

V. DISCUSSION
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though flatness is well withind for all the experiments, itis data is quite robust. Future satellite missidd®,41 will

however interesting that quintessence offers a mechanism #low to further test this result.

explain the slight preference of the existing data for closed

models, the same mechanism being the reason why we find ACKNOWLEDGMENTS

indications in favor of a dynamical vacuum energy in this We used a modified version afmBrasT [31]. We are

work. grateful to Fabio Pasian and Claudio Vuerli for support in
We conclude that, in the framework of flat cosmologies,data storing. A.B. acknowledges fruitful discussions with

the preference in favor of quintessence from present CMBDomenico Marinucci.
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