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Current constraints on cosmological parameters from microwave background anisotropies
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We compare the latest observations of cosmic microwave background~CMB! 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 constrained to beV tot51.0360.06 while the
energy density in baryon and cold dark matter~CDM! areVbh250.02160.03 andVcdmh250.1260.02~all at
68% C.L.!, respectively. The primordial spectrum is consistent with scale invariance (ns50.9760.04) and the
age of the universe ist0514.660.9 Gyr. Adding information from large scale structure and supernovae, we
found strong evidence for a cosmological constantVL50.7020.05

10.07 and a value of the Hubble parameterh
50.6960.07. 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 to ber<0.42
~95% C.L.!. A constant equation of state for the dark energy component is bound to bewQ<20.87. We
constrain the effective relativistic degrees of freedomNn<6.2 and the neutrino chemical potential20.01
<je<0.18 andujm,tu<2.3 ~massless neutrinos!.
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The past years have been an exciting period for the fi
of the cosmic microwave background~CMB! research. With
recent CMB balloon-borne and ground-based experime
we are entering a new era of ‘‘precision’’ cosmology th
enables us to use the CMB anisotropy measurements to
strain the cosmological parameters and the underlying th
retical models. With the TOCO-97/98@1,2# and
BOOMERanG-97@3# experiments a firm detection of a firs
peak on about degree scales has been obtained. In the fr
work of adiabatic cold dark matter~CDM! models, the posi-
tion, amplitude and width of this peak provide strong su
porting evidence for the inflationary predictions of a lo
curvature ~flat! universe and a scale-invariant primordi
spectrum@4,5#.

The new experimental data from BOOMERanG LDB@6#,
DASI @7#, MAXIMA @8#, CBI @9#, VSA @10# and, more re-
cently, ACBAR @11#, ARCHEOPS@12# and revised and im-
proved analysis from BOOMERanG@13# and VSA@14# have
provided further evidence for the presence of the first p
and refined the data at larger multipole~see e.g.@15#!. The
combined data suggest the presence of a second and
peak in the spectrum, confirming the model prediction
acoustic oscillations in the primeval plasma and shedd
new light on various cosmological and inflationary para
eters@16–18#.

In this Rapid Communication we compare the latest m
surements of the cosmic microwave background anisotro
angular power spectrum with the theoretical predictions
the standard CDM scenario in order to constrain most of
parameters.

Similar and careful analyses have been done rece
@19,9,20#; the work presented here can be considered a
last-minute update of most of the results already publis
but it will also differ in the following aspects: First of all, w
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will include the new ARCHEOPS, ACBAR, BOOMERanG
and VSAE data sets, which provide the best determinatio
date of region in the spectrum from the scales sample
COBE up to the Silk damping scales.

Second, we will also focus on possible deviations to
standard scenario, like gravity waves, an equation of state
the dark energywQ.21 or an extra background of relativ
istic particles.

As a first step, we consider a template of adiaba
L-CDM models computed withCMBFAST @21#, sampling the
various parameters as follows: the physical density in c
dark matterVcdmh2[vcdm50.01, . . . 0.40, in steps of 0.01;
the physical density in baryons Vbh2[vb
50.001, . . . ,0.040, in steps of 0.001, the cosmological co
stantVL50.0, . . .,0.95, in steps of 0.05 and the curvatu
Vk520.5, . . . 0.5step 0.05. The value of the Hubble co
stant is not an independent parameter, since

h5A~vcdm1vb!/~12VL2Vk!. ~1!

We allow for a reionization of the intergalactic medium b
varying also the Compton optical depth parametertc in the
rangetc50.0, . . .,0.45 in steps of 0.05.

We also vary the scalar spectral index of primordial flu
tuations in the rangenS50.7, . . .,1.3 in steps of 0.02.

We will then restrict our analysis toflat models and, add-
ing external priors as described below, we will constrain p
sible extensions of the standard model. In particular, we w
consider a background of gravity waves, parametrized a
contribution to the CMB anisotropy quadrupoler 5C2

T/C2
S .

We consider the tensor spectral indexnT to benT52r /6.8
for nS,1 andnT50 for nS.1.

We will also consider an equation of state for the da
energywQÞ21 sampled aswQ521.0, . . . ,20.4 in step of
©2003 The American Physical Society02-1
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FIG. 1. Confidence contours
in the VM2VL ~left! andVbh2

2n ~right! planes from the
analysis described in the text.
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0.05. Finally we will constrain an extra background of re
tivistic particles, parametrized through an effective num
of relativistic neutrinos DNe f f sampled as DNe f f

50.0, . . .,10.0 in step of 0.5.
For the CMB data, we use the recent results from

BOOMERanG-98, DASI, MAXIMA-1, CBI, VSAE,
ACBAR and ARCHEOPS experiments. Where possible,
use the publicly available window functions and offset l
normal correction prefactorsxb in order to compute the the
oretical band power signalCB as in @22#. The likelihood for
a given theoretical model is defined by22 lnL5(CB

th

2CB
ex)MBB8(CB8

th
2CB8

ex) whereMBB8 is the Gaussian curva
ture of the likelihood matrix at the peak.

We include the beam and calibration uncertainties by
marginalization methods presented in~@23#, see also@24#!.

In addition to the CMB data we will also consider th
real-space power spectrum of galaxies in the 2dF 100k
axy redshift survey using the data and window functions
the analysis of Tegmark et al.@25#.

To computeL 2dF, we evaluatepi5P(ki), whereP(k) is
the theoretical matter power spectrum andki are the 49k
values of the measurements in@25#. Therefore we have
22 lnL 2dF5( i@Pi2(Wp) i #

2/dPi
2 , wherePi and dPi are

the measurements and corresponding error bars andW is the
reported 27349 window matrix. We restrict the analysis to
range of scales where the fluctuations are assumed to b
the linear regime (k,0.2h21 Mpc). When combining with
the CMB data, we marginalize over a biasb considered to be
an additional free parameter.

Furthermore, we will also incorporate constraints o
tained from the luminosity measurements of type I-a sup
novae~SN-Ia!. The observed apparent bolometric luminos
is related to the luminosity distance, measured in Mpc,
mB5M15 logdL(z)125. whereM is the absolute bolomet
ric magnitude. The luminosity distance is sensitive to
cosmological evolution through an integral dependence
the Hubble factor dl5(11z)*0

z
„dz8/H(z8,VQ ,VM ,wq)…

where VQ and wQ are the energy density and equation
state of the ‘‘dark energy’’ component. We evaluate the lik
lihoods assuming a constant equation of state, such
H(z)5r0( iV i(11z)(313wi ). The predictedme f f is then cal-
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culated by calibration with low-z supernovae observation
where the Hubble relationdl'H0cz is obeyed. We
calculate the likelihood, L, using the relation L
5L0exp„2x2(VQ ,VM ,wQ)/2… where L0 is an arbitrary
normalization andx2 is evaluated using the observations
@26#, marginalizing overH0.

Finally, we will also consider a 12s constraint on the
Hubble parameter,h50.7160.07, derived from Hubble
Space Telescope~HST! measurements@27#.

In order to constrain a parameterx we marginalize over
the values of the other parametersyW . This yields the margin-
alized likelihood distributionL(x)[P(xuCWB)5*L(x,yW )dyW .
The central values and 1s limits are then found from the
16%, 50% and 84% integrals ofL(§).

In Fig. 1 we plot the likelihood contours on theVM
2VL andVbh22nS planes, using only the CMB data.

As we can see from Fig. 1~left panel! the data strongly
suggest a flat universe~i.e. V5VM1VL51). From our
CMB data set we obtainV51.0360.06 at 95% C.L.

The inclusion of complementary data sets in the analy
breaks the angular diameter distance degeneracy and
vides evidence for a cosmological constant at high sign
cance. Adding the HST constraint, the 2dF data set
SN-Ia gives VL50.6720.13

10.07, VL50.6320.09
10.11 and VL

50.7020.05
10.07, all at 68% C.L.

Combining CMB and 2dF givesh50.6960.07 in ex-
tremely good agreement with the HST result.

In the right panel of Fig. 1 we plot the CMB likelihood
contours in theVbh22nS plane. As we can see, the prese
CMB data are in beautiful agreement withboth a nearly
scale invariant spectrum of primordial fluctuations, as p
dicted by inflation, and the value for the baryon densityvb
50.02060.002 ~95% C.L.! predicted by standard big ban
nucleosynthesis~see e.g.@28#! from measurements of pri
mordial deuterium. For the scalar spectral index, we fou
ns50.9760.04. However, the CMB constraint is also
agreement in between 22s with the lower BBN value
0.006,Vbh2,0.017 obtained from measurements of4He
and 7Li @29# at 95% C.L.

An increase in the optical depthtc after recombination by
reionization ~see e.g.@30# for a review! or by some more
2-2
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exotic mechanism damps the amplitude of the CMB pea
Degeneracies with other parameters such asnS are present
~see e.g.@31#! and we cannot strongly bound the value oftc .
In the range of parameters we considered we havetc<0.24
at 12s.

The amount of non-baryonic dark matter is also co
strained by the CMB data withVdmh250.1260.02 at 68%
C.L. The presence of power around the third peak is cru
in this sense, since it cannot be easily accommodate
models based on just baryonic matter~see e.g.@20,32,33# and
references therein!.

Furthermore, under the assumption of flatness, we
derive important constraints on the age of the universet0.
From our CMB data set we obtaint0514.660.9 Gyr con-
sistent with the analyses of Refs.@34,6,35#.

As discussed before, even if the present CMB obser
tions can be fitted with just 5 parameters it is interesting
extend the analysis to other parameters allowed by
theory. Here we will just consider a few of them.

Gravity waves. The metric perturbations created durin
inflation belong to two types:scalar perturbations, which
couple to the stress energy of matter in the universe and f
the ‘‘seeds’’ for structure formation andtensorperturbations,
also known as gravitational wave perturbations. Both sc
and tensor perturbations contribute to CMB anisotropy.
most of the recent CMB analysis the tensor modes have b
neglected, even though a sizable background of gra
waves is expected in most of the inflationary scenarios. F
thermore, in the simplest models, a detection of the G
background can provide information on the second der
tive of the inflaton potential and shed light on the physics
;1016 GeV ~see e.g.@36#!.

The shape of theC,
T spectrum from tensor modes is dra

tically different from the one expected from scalar fluctu
tions, affecting only large angular scales~see e.g.@37#!. The
effect of including tensor modes is similar to just a rescal
of the degree-scale COBE normalization and/or a remova
the corresponding data points from the analysis.

This further increases the degeneracies among cosmo
cal parameters, affecting mainly the estimates of the bar
and cold dark matter densities and the scalar spectral in
nS @38,39,17,40,41#.

The amplitude of the GW background is therefore wea
constrained by the CMB data alone, however, when inform
tion from galaxy clustering and SN-Ia are included, an up
limit on r can be obtained.

In Fig. 2 we plot the constraints obtained in thenS2r
plane under the assumption of flatness and including the
and SN-Ia data. As we can see, the possibility of a ten
component is still in agreement with the combined analy
of these data sets. Including a conservative BBN constr
vb,0.024 further improves the bound tor<0.42 at 95%
C.L. Similar bounds have been found in a previous analy
@42#, without the VSAE, ACBAR and Boomerang revise
data sets.

Quintessence. The discovery that the universe’s evolutio
may be dominated by an effective cosmological const
@26# is one of the most remarkable cosmological findings
recent years. One candidate that could possibly explain
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observations is a dynamical scalar ‘‘quintessence’’ field. T
common characteristic of quintessence models is that t
equations of state,wQ5p/r, vary with time while a cosmo-
logical constant remains fixed atwQ5L521. Observation-
ally distinguishing a time variation in the equation of state
finding wQ different from21 will therefore be a success fo
the quintessential scenario. Quintessence can also affec
CMB by acting as an additional energy component with
characteristic viscosity. However any early-universe impr
of quintessence is strongly constrained by big bang nuc
synthesis withVQ (MeV),0.045 at 2s for temperatures
nearT;1 MeV @43#.

In Fig. 3 we plot the likelihood contours in the (VM , wQ)
plane from our joint analyses of CMB1SN-Ia1HST12dF
together with the contours from the SN-Ia data set only. T
new CMB results improve the constraints from previous a
similar analyses~see e.g.,@44–46#! with wQ,20.87 at 68%
C.L. The current constraints are then perfectly in agreem
with the wQ521 cosmological constant case and give
support to a quintessential field scenario withwQ.21.

In our analysis we only consider the case of a consta
with-redshiftwQ . The assumption of a constantwQ is based
on several considerations: first of all, since both the lum
nosities and angular distances~that are the fundamental cos
mological observables! depend onwQ through multiple inte-
grals, they are not particularly sensitive to variations ofwQ
with redshift. Therefore, with current data, no strong co
straints can be placed on the redshift dependence ofwQ .
Second, for most of the dynamical models on the market,
assumption of a piecewise-constant equation of state
good approximation for an unbiased determination of
effective equation of state

weff;E wQ~a!VQ~a!daY E VQ~a!da ~2!

predicted by the model. Hence, if the present data are c
patible with a constantwQ521, it may not be possible to
discriminate between a cosmological constant and a dyna
cal dark energy model.

FIG. 2. The 68% and 95% C.L. contours for the gravity wav
contribution in thenS2r 5C2

T/C2
S plane.
2-3
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However one should be very careful about drawing
finitive conclusions about dark energy, since a constant eq
tion of state is still an approximation of a real model of da
energy~see e.g.@47#!. The analysis presented here should
therefore regarded as a ‘‘test’’ for deviations from the co
mological constant scenario.

Big bang nucleosynthesis and neutrinos. As we saw in the
previous section, the SBBN 95% C.L. region, correspond
to Vbh250.02060.002 ~95% C.L.! ~high BBN! and 0.006
,Vbh2,0.017 ~low BBN!, have a large overlap with th
analogous CMBR contour. This fact, if it will be confirme
by future experiments on CMB anisotropies, can be see
one of the greatest successes, up to now, of the standar
big bang model.

SBBN is well known to provide strong bounds on th
number of relativistic speciesNn . On the other hand, degen
erate BBN~DBBN!, first analyzed in Refs.@48–50#, gives
very weak constraint on the effective number of massl
neutrinos, since an increase inNn can be compensated by
change in both the chemical potential of the electron n
trino, mne

5jeT, andVbh2. Practically, SBBN relies on the
theoretical assumption that background neutrinos have
ligible chemical potential, just like their charged lepton pa
ners. Even though this hypothesis is perfectly justified
Occam’s razor, models have been proposed in the litera
@51–54#, where large neutrino chemical potentials can
generated.

Combining the DBBN scenario with the bound on bar
onic and radiation densities allowed by CMBR data, it
possible to obtain strong constraints on the parameters o
model. Such an analysis was, for example, performed
Refs. @55–58# using the first data release of BOOMERan
and MAXIMA @59,60#.

We recall that the neutrino chemical potentials contrib
to the total neutrino effective degrees of freedomNn as

FIG. 3. The likelihood contours in the (VM , wQ) plane, with
the remaining parameters taking their best-fitting values for
joint CMB1SN-Ia12dF1HST analysis described in the text. Th
contours correspond to the 68%, 95% and 99% confidence le
respectively.
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Nn531Sa@ 30
7 (ja/p)21 15

7 (ja/p)4#. Notice that in order to
get a bound onja we have here assumed that all relativis
degrees of freedom, other than photons, are given by th
~possibly! degenerate active neutrinos.

Figure 4 summarizes the main results with the new CM
data for the DBBN scenario~see caption!. We plot the 95%
C.L. contours allowed by DBBN together with the analogo
95% C.L. region coming from the CMB data analysis, wi
only weak age prior,t0.11 Gyr and the 95% C.L. region o
the joint product distributionL[LDBBN•LCMB .

We obtain the boundNn<8.4, at 95% C.L., which trans
lates into the bounds20.01<je<0.24, sensibly more strin
gent than what can be found from DBBN alone. Combini
CMBR and DBBN data with the Supernova Ia data@26#
strongly reduces the degeneracy betweenVm and VL . At
95% C.L. we findNn,6.2, corresponding to20.01<je
<0.18 andujm,tu<2.3.

It is however important to note that possible extra relat
istic degrees of freedom, like light sterile neutrinos, wou
contribute toNn as well, and in this respect BBN canno
distinguish between their contribution to the total univer
expansion rate and the one due to neutrino degener
Therefore, in a more general framework, our estimates
Nn can only represent an upper bound for the total neutr
chemical potentials.

Similar results have been obtained in Refs.@61–64#.
The recent CMB data represent a beautiful success for

standard cosmological model. Furthermore, when constra
on cosmological parameters are derived under the assu
tion of adiabatic primordial perturbations their values are
agreement with the predictions of the theory and/or with
dependent observations.

As we saw in the previous section modifications as gr
ity waves, quintessence or extra background of relativis
particles are still compatible with current CMB observation
but are not necessary and can be reasonably constra
when complementary data sets are included.

Since the inflationary scenario is in agreement with
data and all of the most relevant parameters are starting t
constrained within a few percent accuracy, the CMB is b
coming a wonderful laboratory for investigating the pos

e

ls,

FIG. 4. The 95% C.L. contours for degenerate BBN, the CM
results with just the age prior, combined with SN-Ia and combin
with BBN degenerate.
2-4



et
N
le

nt

en
ny
nti,
tta

RAPID COMMUNICATIONS

CURRENT CONSTRAINTS ON COSMOLOGICAL . . . PHYSICAL REVIEW D 67, 081302~R! ~2003!
bilities of new physics. With the promise of large data s
from Map, Planck and SNAP satellites and from the SLOA
digital sky survey, opportunities may be open, for examp
to constrain dark energy models, variations in fundame
constants and neutrino physics.
n.
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