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We compare the latest observations of cosmic microwave backg(@mB) anisotropies with the theoret-
ical predictions of the standard scenario of structure formation. Assuming a primordial power spectrum of
adiabatic perturbations we found that the total energy density is constrainedXg,bel.03+0.06 while the
energy density in baryon and cold dark mat@bM) are),h?=0.021+0.03 and() ;q,h?=0.12+0.02(all at
68% C.L), respectively. The primordial spectrum is consistent with scale invarianee(.97+0.04) and the
age of the universe ig=14.6+0.9 Gyr. Adding information from large scale structure and supernovae, we
found strong evidence for a cosmological constBnt=0.70"35 and a value of the Hubble parameter
=0.69+0.07. Restricting this combined analysis to flat universes, we put constraints on possible “extensions”
of the standard scenario. A gravity waves contribution to the quadrupole anisotropy is limited to0b42
(95% C.L). A constant equation of state for the dark energy component is bound ta,ke-0.87. We
constrain the effective relativistic degrees of freedbip<6.2 and the neutrino chemical potential0.01
<¢.<0.18 and¢,, |=<2.3 (massless neutrinps
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The past years have been an exciting period for the fielavill include the new ARCHEOPS, ACBAR, BOOMERanG
of the cosmic microwave backgroui@MB) research. With and VSAE data sets, which provide the best determination to
recent CMB balloon-borne and ground-based experimentdate of region in the spectrum from the scales sample to
we are entering a new era of “precision” cosmology that COBE up to the Silk damping scales.
enables us to use the CMB anisotropy measurements to con- Second, we will also focus on possible deviations to the
strain the cosmological parameters and the underlying theditandard scenario, like gravity waves, an equation of state for
retical models. With the TOCO0-97/98[1,2] and the dark energwo>—1 or an extra background of relativ-
BOOMERanG-973] experiments a firm detection of a first iStic particles. _ o
peak on about degree scales has been obtained. In the frame-AS a first step, we consider a template of adiabatic,
work of adiabatic cold dark matt¢éEDM) models, the posi- /A-CDM models computed witkmBrFAST [21], sampling the
tion, amplitude and width of this peak provide strong sup-various parameters as follows: the phy5|_cal density in cold
porting evidence for the inflationary predictions of a low dark matter .qh®= wcqn=0.01, . . .0.40, in steps of 0.01;
curvature (flat) universe and a scale-invariant primordial the  physical ~ density in  baryons Quh’*=w,
spectrum4,5]. =0.00% ...,0.040, in steps of 0.001, the cosmological con-

The new experimental data from BOOMERanG L&, stant(),=0.0,...,0.95, in steps of 0.05 and the curvature
DASI [7], MAXIMA [8], CBI [9], VSA [10] and, more re- {=—0.5,...0.5step 0.05. The value of the Hubble con-
cently, ACBAR[11], ARCHEOPS[12] and revised and im- stant is not an independent parameter, since
proved analysis from BOOMERan[@3] and VSA[14] have
provided further evidence for the presence of the first peak h=V(wcam+ @p)/ (1= 0y —Qy). (1)
and refined the data at larger multipdleee e.g[15]). The
combined data suggest the presence of a second and thi¥e allow for a reionization of the intergalactic medium by
peak in the spectrum, confirming the model prediction ofvarying also the Compton optical depth parametem the
acoustic oscillations in the primeval plasma and sheddinganger.=0.0, ...,0.45 in steps of 0.05.
new light on various cosmological and inflationary param- We also vary the scalar spectral index of primordial fluc-
eters[16—18. tuations in the rangags=0.7, .. .,1.3 in steps of 0.02.

In this Rapid Communication we compare the latest mea- We will then restrict our analysis titat models and, add-
surements of the cosmic microwave background anisotropied external priors as described below, we will constrain pos-
angular power spectrum with the theoretical predictions ofsible extensions of the standard model. In particular, we will
the standard CDM scenario in order to constrain most of itg§onsider a background of gravity waves, parametrized as a
parameters. contribution to the CMB anisotropy quadrupale CE/C?.

Similar and careful analyses have been done recentlyVe consider the tensor spectral indexto beny=—r/6.8
[19,9,20Q; the work presented here can be considered as #@r ng<<1 andn;=0 for ng>1.
last-minute update of most of the results already published We will also consider an equation of state for the dark
but it will also differ in the following aspects: First of all, we energywy# —1 sampled awg=—1.0,...,-0.4 in step of

0556-2821/2003/68)/0813025)/$20.00 67 081302-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

A. MELCHIORRI AND C. J. COMAN PHYSICAL REVIEW D 67, 08130ZR) (2003

1.0

L]
BBN BBN
ek Low High -

FIG. 1. Confidence contours
in the Qy—Q, (left) and Qyh?
—n (right) planes from the
analysis described in the text.
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0.05. Finally we will constrain an extra background of rela-culated by calibration with low- supernovae observations
tivistic particles, parametrized through an effective numbewhere the Hubble relationd~Hycz is obeyed. We
of relativistic neutrinos AN®"" sampled as AN®'"  calculate the likelihood, £, using the relation £
=0.0,...,10.0 in step of 0.5. = Loexp(— XZ(QQ ,QM \Wq)/2) where L, is an arbitrary
For the CMB data, we use the recent results from theéormalization angy? is evaluated using the observations of
BOOMERanG-98, DASI, MAXIMA-1, CBI, VSAE, [26], marginalizing oveH,.
ACBAR and ARCHEOPS experiments. Where possible, we Finally, we will also consider a o constraint on the
use the publicly available window functions and offset logHubble parameterh=0.71+0.07, derived from Hubble
normal correction prefactops, in order to compute the the- Space Telescop@iST) measurement27].
oretical band power sign&g as in[22]. The likelihood for In order to constrain a parametewe marginalize over
a given theoretical model is defined l}yZIncz(Cgh the values of the other parametgrsThis yields the margin-

—C& Mg (Cpy —CSY) whereMygg, is the Gaussian curva- alized likelihood distributionZ(x)=P(x|Cg) = £(x,y)dy.

ture of the likelihood matrix at the peak. The central values andol limits are then found from the
We include the beam and calibration uncertainties by thel6%, 50% and 84% integrals @f(§).
marginalization methods presented(j23], see alsd24]). In Fig. 1 we plot the likelihood contours on th@,,

In addition to the CMB data we will also consider the —Q, andQ,h?—ng planes, using only the CMB data.
real-space power spectrum of galaxies in the 2dF 100k gal- As we can see from Fig. (left pane) the data strongly
axy redshift survey using the data and window functions ofsuggest a flat universé.e. O=Qy+Q,=1). From our
the analysis of Tegmark et 4R5]. CMB data set we obtaif) =1.03+0.06 at 95% C.L.

To compute£ 297, we evaluate;= P(k;), whereP(k) is The inclusion of complementary data sets in the analysis
the theoretical matter power spectrum andare the 49k  breaks the angular diameter distance degeneracy and pro-
values of the measurements j@5]. Therefore we have vides evidence for a cosmological constant at high signifi-

—2InL£2F=3[P;—(Wp);]¥dP?, whereP; anddP; are cance. Adding the HST constraint, the 2dF data set and
the measurements and corresponding error bard\aissthe  SN-la  gives Q,=0.67"9%3, 0,=0.63"3% and Q,
reported 2% 49 window matrix. We restrict the analysis to a =0.70"39Z, all at 68% C.L.
range of scales where the fluctuations are assumed to be in Combining CMB and 2dF give$=0.69+0.07 in ex-
the linear regime K<0.2h~! Mpc). When combining with tremely good agreement with the HST result.
the CMB data, we marginalize over a biasonsidered to be In the right panel of Fig. 1 we plot the CMB likelihood
an additional free parameter. contours in theQyh?—ng plane. As we can see, the present

Furthermore, we will also incorporate constraints ob-CMB data are in beautiful agreement witioth a nearly
tained from the luminosity measurements of type |-a superscale invariant spectrum of primordial fluctuations, as pre-
novae(SN-la). The observed apparent bolometric luminosity dicted by inflation, and the value for the baryon density
is related to the luminosity distance, measured in Mpc, by=0.020+0.002(95% C.L) predicted by standard big bang
mg=M +5 logd, (2 +25. whereM is the absolute bolomet- nucleosynthesigsee e.g[28]) from measurements of pri-
ric magnitude. The luminosity distance is sensitive to themordial deuterium. For the scalar spectral index, we found
cosmological evolution through an integral dependence om,=0.97+0.04. However, the CMB constraint is also in
the Hubble factord,=(1+2)[5(dz'/H(z',Qq,Qn,W,))  agreement in between 20 with the lower BBN value
where ()5 andwg are the energy density and equation of 0.006<(, h?<0.017 obtained from measurements e
state of the “dark energy” component. We evaluate the like-and "Li [29] at 95% C.L.
lihoods assuming a constant equation of state, such that An increase in the optical depth after recombination by
H(z)=po=iQi(1+2)®"3"), The predictedn,;; is then cal-  reionization (see e.g[30] for a review or by some more

081302-2



RAPID COMMUNICATIONS

CURRENT CONSTRAINTS ON COSMOLOGICA. .. PHYSICAL REVIEW D 67, 081302ZR) (2003

exotic mechanism damps the amplitude of the CMB peaks. [T
Degeneracies with other parameters suctnasre present 0.8 | CMB+FLATNESS+2dF+SN-la
(see e.g[31]) and we cannot strongly bound the valuerpf -
In the range of parameters we considered we have0.24
at 1-o. 0.8
The amount of non-baryonic dark matter is also con-
strained by the CMB data witf) 4,;h?=0.12+0.02 at 68%
C.L. The presence of power around the third peak is crucial
in this sense, since it cannot be easily accommodated in
models based on just baryonic matteee e.g[20,32,33 and
references therejn
Furthermore, under the assumption of flathess, we can 0.2
derive important constraints on the age of the univegse
From our CMB data set we obtaig=14.6-0.9 Gyr con-
sistent with the analyses of Ref84,6,33. 0
As discussed before, even if the present CMB observa-
tions can be fitted with just 5 parameters it is interesting to
extend the analysis to other parameters allowed by the FIG. 2. The 68% and 95% C.L. contours for the gravity waves
theory. Here we will just consider a few of them. contribution in theng—r =Cj/C5 plane.

Gravity waves The metric perturbations created during _ _ ) . e
inflation belong to two typesscalar perturbations, which observations is a dynamical scalar “quintessence” field. The

couple to the stress energy of matter in the universe and forfmmon characteristic of quintessence models is that their
the “seeds” for structure formation arténsorperturbations, ~€duations of stateyo=p/p, vary with time while a cosmo-
also known as gravitational wave perturbations. Both scalalogical constant remains fixed alg—,=—1. Observation-
and tensor perturbations contribute to CMB anisotropy. |na_1lly_d|st|ngu!sh|ng a time variation in the equation of state or
most of the recent CMB analysis the tensor modes have bedding wq different from—1 will therefore be a success for
neglected, even though a sizable background of gravityh€ quintessential scenario. Quintessence can also affect the
waves is expected in most of the inflationary scenarios. Fufc’MB by acting as an additional energy component with a
thermore, in the simplest models, a detection of the Gv\phara_cterlstlc VIS_COSI'[y. However any early-u_mverse imprint
background can provide information on the second deriva®f quintessence is strongly constrained by big bang nucleo-
tive of the inflaton potential and shed light on the physics aynthesis withQ)q (MeV)<0.045 at 2r for temperatures
~10% GeV (see e.g[36]). nearT~1 MeVv[43]. _

The shape of th€] spectrum from tensor modes is dras- /N Fig. 3 we plot the likelihood contours in thé), , wo)
tically different from the one expected from scalar fluctua-Plane from our joint analyses of CMBSN-la+HST+2dF
tions, affecting only large angular scalese e.g[37]). The together with the contours from the SN-la data set (_)nly. The
effect of including tensor modes is similar to just a rescaling’®W CMB results improve the constraints from previous and
of the degree-scale COBE normalization and/or a removal ofimilar analysessee e.g.[44—-48) with wo< —0.87 at 68%
the corresponding data points from the analysis. C_.L. The current constraints are then perfectly in agreement

This further increases the degeneracies among cosmologiith the wo=—1 cosmological constant case and give no
cal parameters, affecting mainly the estimates of the baryofuPPOrt to a quintessential field scenario witg> —1.
and cold dark matter densities and the scalar spectral index N our analysis we only consider the case of a constant-
ns [38,39,17,40,41L with-redshiftwq . The assumption of a constan, is based

The amplitude of the GW background is therefore weakly®n _sgveral con5|derat|_ons: first of all, since both the lumi-
constrained by the CMB data alone, however, when informaDosities and angular distancébat are the fundamental cos-

tion from galaxy clustering and SN-la are included, an uppefnological observablgsiepend orwg through multiple inte-
limit on r can be obtained. grals, they are not particularly sensitive to variationsef

In Fig. 2 we plot the constraints obtained in the—r  With redshift. Therefore, with current data, no strong con-

plane under the assumption of flatness and including the 2d§iraints can be placed on the redshift dependencecpf

and SN-la data. As we can see, the possibility of a tenso$econd,_f0r most of the d_ynamlcal models on the market,'the
component is still in agreement with the combined analysi@ssumption of a piecewise-constant equation of state is a
of these data sets. Including a conservative BBN constraif§00d approximation for an unbiased determination of the

w,<0.024 further improves the bound toe<0.42 at 95% effective equation of state

C.L. Similar bounds have been found in a previous analysis

[42], without the VSAE, ACBAR and Boomerang revised Weff”J WQ(a)Qq(a)da/ JQQ(a)da 2

data sets.

QuintessenceThe discovery that the universe’s evolution predicted by the model. Hence, if the present data are com-
may be dominated by an effective cosmological constanpatible with a constantvo=—1, it may not be possible to
[26] is one of the most remarkable cosmological findings ofdiscriminate between a cosmological constant and a dynami-
recent years. One candidate that could possibly explain theal dark energy model.

—
N
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FIG. 3. The likelihood contours in the(Xy, , wg) plane, with N,,=3+Ea[%)(§a/7'r)2+175(§a/77)4]. Notice that in order to

the remaining parameters taking their best-fitting values for the s
joint CMB+SN-la+2dFHST analysis described in the text. The get a bound o, we have here assumed that aI.I relativistic
contours correspond to the 68%, 95% and 99% confidence level ’egre.es of freedom, othgr than photons, are given by three
respectively. pos_S|bI)) degenerat_e active neutrinos. _
Figure 4 summarizes the main results with the new CMB
data for the DBBN scenarisee caption We plot the 95%
However one should be very careful about drawing deC L. contours allowed by DBBN together with the analogous
finitive conclusions about dark energy, since a constant equ®59% C.L. region coming from the CMB data analysis, with
tion of state is still an approximation of a real model of darkonly weak age priorto>11 Gyr and the 95% C.L. region of
energy(see e.g[47]). The analysis presented here should bethe joint product distributionC=Lpggn: Lems -
therefore regarded as a “test” for deviations from the cos- \\e obtain the bound\,<8.4, at 95% C.L., which trans-
mological constant scenario. . . lates into the bounds 0.01< £,<0.24, sensibly more strin-
Big bang nucleosynthesis and neutrinds we saw inthe  gent than what can be found from DBBN alone. Combining
previous section, the SBBN 95% C.L. region, correspondingc\BR and DBBN data with the Supernova la d426]
to ,h?=0.020£0.002(95% C.L) (high BBN) and 0.006  strongly reduces the degeneracy betwébp and O, . At
<Q,ph?<0.017 (low BBN), have a large overlap with the 9594 C.L. we findN,<6.2, corresponding to-0.01<¢,
analogous CMBR contour. This fact, if it will be confirmed < 18 and¢, |<2.3.
by future experiments on CMB anisotropies, can be seen as |t js however important to note that possible extra relativ-
one of the greatest successes, up to now, of the standard hefic degrees of freedom, like light sterile neutrinos, would
big bang model. _ contribute toN, as well, and in this respect BBN cannot
SBBN is well known to provide strong bounds on the gjstinguish between their contribution to the total universe
number of relativistic.speci@s,,. On_the other hand, d_egen— expansion rate and the one due to neutrino degeneracy.
erate BBN(DBBN), first analyzed in Refq48-50, gives  Tnerefore, in a more general framework, our estimates for

very weak constraint on the effective number of massles§y can only represent an upper bound for the total neutrino
neutrinos, since an increasefih, can be compensated by a chemical potentials.

change in both the chemical potential of the electron neu- Simjlar results have been obtained in Ré&L—64.

trino, w, =& T, andQuh® Practically, SBBN relies on the  The recent CMB data represent a beautiful success for the
theoretical assumption that background neutrinos have negtandard cosmological model. Furthermore, when constraints
ligible chemical potential, just like their charged lepton part-on cosmological parameters are derived under the assump-
ners. Even though this hypothesis is perfectly justified bytion of adiabatic primordial perturbations their values are in
Occam'’s razor, models have been proposed in the literaturagreement with the predictions of the theory and/or with in-
[51-54, where large neutrino chemical potentials can bedependent observations.
generated. As we saw in the previous section modifications as grav-
Combining the DBBN scenario with the bound on bary-ity waves, quintessence or extra background of relativistic
onic and radiation densities allowed by CMBR data, it isparticles are still compatible with current CMB observations,
possible to obtain strong constraints on the parameters of tHeut are not necessary and can be reasonably constrained
model. Such an analysis was, for example, performed imwhen complementary data sets are included.

Refs.[55-58 using the first data release of BOOMERanG Since the inflationary scenario is in agreement with the
and MAXIMA [59,60. data and all of the most relevant parameters are starting to be
We recall that the neutrino chemical potentials contributeconstrained within a few percent accuracy, the CMB is be-

to the total neutrino effective degrees of freeddy as coming a wonderful laboratory for investigating the possi-
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bilities of new physics. With the promise of large data sets We wish to thank Rachel Bean, Ruth Durrer, Steen
from Map, Planck and SNAP satellites and from the SLOANHansen, Pedro Ferreira, Mike Hobson, Will Kinney, Anthony
digital sky survey, opportunities may be open, for exampleLasenby, Gianpiero Mangano, Gennaro Miele, Ofelia Pisanti,
to constrain dark energy models, variations in fundamentalntonio Riotto, Graca Rocha, Joe Silk, and Roberto Trotta

constants and neutrino physics. for comments, discussions and help.
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