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By combining data from seven cosmic microwave background experinteisiding the latest WMAP
results with the Hubble parameter measurement from the Hubble space telescope and luminosity measure-
ments of type la supernovae, we demonstrate the bounds on the dark energy equation \of, statiee
—1.45<wu<—0.74 at the 95% confidence level. Although our limit @, is improved with respect to
previous analyses, cosmological data do not rule out the possibility that the equation of state pavgnoéter
the dark energyQ is less than—1. We present a tracking model that ensungsg< —1 at recent times and
discuss the observational consequences.
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[. INTRODUCTION predicted by the model. Hence, if the present data are com-
patible with a constanlvo=—1, it may not be possible to

There is now a growing body of evidence that the evolu-discriminate between a cosmological constant and a dynami-
tion of the universe may be dominated by a dark energyal dark energy model.
componentQ, with the present-day energy density fraction  The limitation towo>—1, on the contrary, is a theoreti-
Qq=2/3[1]. Although a true cosmological constahtmay cal consideration motivated, for example, by imposing on
be responsible for the data, it is also possible that a dynammatter(for positive energy densitigshe null energy condi-
cal mechanism is at work. One candidate to explain the obtion, which states thaf ,,N*N”>0 for all null four-vectors
servations is a slowly rolling dynamical scalar “quintes- N*. Such energy conditions are often demanded in order to
sence” field [2—4]. Another possibility, known as K  ensure the stability of the theory. However, theoretical at-
essence’[5-8|, is a scalar field with noncanonical kinetic tempts to obtairvg<<—1 have been considerd®,10,15—
terms in the Lagrangian. Dynamical dark energy modelsl7], while a careful analysis of their potential instabilities
such as these, and othd®&-11], have an equation of state has been performed i8]

Wo=pq/pg that varies with time compared to that of a cos- Moreover, Maoret al. [19] have recently shown that one
mological constant, which remains fixed @afg_,=—1. may construct a model with a specifzedependentvq(z)
Thus, observationally distinguishing time variation in the=—1, in which the assumption of constamg, in the analy-
equation of state or finding/q different from—1 will rule  sis can lead to an estimated valugq<—1. This further

out a pure cosmological constant as an explanation for thilustrates the necessity of extending dark energy analyses to
data, but will be consistent with a dynamical solution. values ofwo<—1.

In recent years many analyses of several cosmological In this paper we combine constraints from a variety of
data sets have been produced in order to constwaijrisee, observational data to determine the currently allowed range
e.g.,[12] and references therginn these analyses the case of values for the dark energy equation of state parameter
of a wg constant with redshift in the rangeg=—-1 was wg. The data used here come from six recent cosmic micro-
considered. The assumption of a consterf is based on wave backgroundCMB) experiments, from the power spec-
several considerations. First of all, since both the luminositrum of large scale structure in the 2dF 100k galaxy redshift
ties and angular distancéwhich are the fundamental cos- survey, from luminosity measurements of type la supernovae
mological observablgglepend orwq through multiple inte-  (SN-Ia) [1] and from the Hubble space telescdptST) mea-
grals, they are not particularly sensitive to variationswef  surements of the Hubble parameter.
with the redshift(see, e.g.[13,12). Therefore, with current Our analysis method and our data sets are very similar to
data, no strong constraints can be placed on the redshift déhose used in a recent work by Hannestad and Morft2éll
pendence ofvg . Second, for most of the dynamical models We will compare our results with those derived in this earlier
on the market, the assumption of a piecewise-constant equpaper in the conclusions.
tion of state is a good approximation for an unbiased deter- In the next section, we demonstrate the plausibility of
mination of the effective equation of stdté4], wo<—1 by presenting a class of theoretical models in

which this result may be obtained explicitly. In our model the
equation of state parameter is approximately piecewise con-
JWQ(a)QQ(a)da stant and hence provides a specific example of a model
which would fit the data described in the remainder of the
: () . . ;
J' Oo(a)da paper. The methods uged to obtain comblne_d constraints on
Q the dark energy equation of state are described in Sec. lll.
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0556-2821/2003/64)/0435097)/$20.00 68 043509-1 ©2003 The American Physical Society



MELCHIORRI et al.

PHYSICAL REVIEW D 68, 043509 (2003

Our likelihood analysis is presented in Sec. IV and our sum- A necessary condition that the theory be stable is that the

mary and conclusions are given in Sec. V.

II. AMODELWITH wo<—1

speed of sound op be positive[22] (see[18] for a detailed
stability analysis of models witwvg<<—1). This yields

2_ (“7p p,X g’(X)

It is a simple exercise to show that a conventional scalar Co=—=—" >0, (8)

field Lagrangian density cannot yield an equation of state ap
parametewo<—1. There are, however, a number of ways

in which the Lagrangian can be modified to makg<—1

px g (X)+2Xg"(X)

where the subscripX denotes a partial derivative with re-

possible. For example, one may reverse the sign of the kiSPect toX. Since we have already specifigd(X) <0 this
netic terms, leading to interesting cosmological and particlén@y be written as

physics behaviof15-18§.

Let us motivate the study ofig<<—1 cosmologies by
describing a class of models in which such evolution arises.

The model we consider is very much in the spiritloes-

sence[6,7]. Comments on the similarities and differences

g’'(X)

9" (X)<-— X 9

Notice the difference between this class of models and the

between the two are briefly discussed at the end of this sed€ssence family in terms of the potenti&l¢) and the con-
tion. We would like to be clear that, as we use them hereStraints placed on the functiogX) andf(¢).

such Lagrangians are constructed to gwvg<<—1. How-

Let us illustrate these constraints with a simple example

ever, the noncanonical structure of these models can arise H{X) =€~ %, with &>0. This function trivially satisfies the

string theory{21].

Consider a theory of a real scalar fiefd assumed to be
homogeneous, with a noncanonical kinetic energy term. The

Lagrangian density is
L=1(4)g(X)=V(9), 2

wheref(¢),g(X) are positive semidefinite function¥ ¢)

constraintg6), (9). The constraint{7) then yields

V(—d’)>(2ax+ 1)e” X,

f(¢)

In the asymptotic regions this becoméd >0 asX— and
V/f>1 asX—0. This may be satisfied without a particularly
large potential by arranging an appropriately behaffeg),

(10

is a potential, andX= ¢?/2. The energy-momentum tensor since Eq.(7) constrains only the ratid//f, making fine-
for this field is straightforward to calculate and yields thetuning issues less severe.

usual perfect fluid form with pressupeand energy density
given by

p=L=1(4)g(X)—V(e), )

dg(X)

p={2XW—9(X) f(¢)+V(g). (4)

Thus, definingw,=p/p, one obtains

" gx¥)f(¢) V()
*” [2Xdg(X)/aX=g(X) 1T (@) + V()

©)

If the Lagrangian(2) is to yieldw,<—1 then Eq.(5) im-
plies

g'(X)<0, (6)

where g’ (X)=dg(X)/dX and we have usefl(¢)=0 and
X=0. We therefore require thgi(X) be a strictly monotoni-

Let us now assume dlat) Friedmann-Robertson-Walker
(FRW) ansatz for the space-time metric
ds?=—dt?+a(t)2dx, (12)

with a(t) the scale factor. The resulting Einstein equations
then become the Friedmann equation

o8] _87C >
and the acceleration equation

a_  4nG 3 13

<=~ 3 (p*3p). (13

One then solves these equations along with those for the
scalar field. In the case d essence wittwo>—1 it has
been showr{5-7] that tracking behavior can be obtained.

cally decreasing function. It is interesting to note in passingrhis means that, for a wide range of initial conditions, the
that, providedf(¢) is positive semidefinite, the functional energy density of the fieleb naturally evolves so as to track
forms of f(¢) andV(¢) play no role in determining whether the energy density in matter, providing some insight into

W, is less than or greater thanl.

why dark energy domination began only recently in cosmic

However, a constraint involving the potential does arisehistory. In our model, in which we have included a potential
from the requirement that the energy density of the theoryor ¢ and are in the regime/o<—1, the analysis becomes

satisfy p>0. This yields

) V(¢)
g(X)—2Xg (X)<—f(¢) : (7)

somewhat more involved. Nevertheless, it can be shown that
tracking behavior persists. However, as in all rolling scalar
models, some fine-tuning remains, since one must ensure the
right amount of dark energy density today.
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FIG. 1. The effect of v_aryingNQ on the Cosmic Background FIG. 2. Degenerate CMB power spectra. The models are com-
Explorer— (COBE-normalized CMB angular power spectrum guted assuming flatnes€) o=y +Qo=1). On large angular

and prt_esent CMB data. _Since the §hift of the power spect_rum i cales the integrated Sachs-Wolfe effect breaks the degeneracy for
proportional toR¢, the discrepancy is more important for higher hi

hly negative values oWy . In general, the degeneracy of the
values of¢. ghty neg Q g g y

spectra can be broken with a strong priortoor on ), .

11l. COMPARISON WITH OBSERVATIONS: METHOD ] o
fore, even if the CMB spectra are degenerate, combining the

fects of dark energy witwo=—1 on the angular power helpful in boundingwg, .

spectrum of the CMB anisotropies have. been cgrefully ana- on large angular scales the time-varying Newtonian po-
nyzeg (seg, e.%[lz] Iandorf\(laferencr?s gﬁ?'mhe main effect tential after decoupling generates CMB anisotropies through
of changing t € value olvg on the : anlsotroples_ 1S 0 the integrated Sachs-Wolf&éSW) effect. This is clearly seen
introduce a Sh'ft by a Ilnear factdt in thel-space positions in Fig. 2 and is more pronounced for more negative values of
of the acoustic peaks in the angular power spectfas]. Wq . The effect depends not only on the valuenef but also
This shift is given by Q: - : Lony SR

on its variation with redshift. However, this is difficult to

—_— disentangle from other cosmological effects.
R=V(1=0q)y, (14 In all our analysis we will neglect perturbations in the
dark energy component. The reasons for this simplification

where are twofold. On the one hand we prefer our analysis to re-
main as model independent as possible, so that the results

fzdec dz obtained here are not affected by the choice of a particular

y= 0 \/(1—QQ)(1+Z)3+QQ(1+2)3(1+WQ) : dark energy model. The study of the perturbations in particu-

(15) lar quintessential models goes beyond the scope of this pa-
per. On the other hand, this approximation is also satisfied in

In order to illustrate this effect, we plot in Fig. 1 a set of & Proad class of models and it is not completely straightfor-
theoretical power spectra, computed assuming a standamard, to conglude that the mc]u;mns of pe'rturbatlons, while
cosmological model with the relative density in cold dark consistent with general relativity, would yield a better ap-
matter Qcpwh?=0.12, that in baryon€),h?=0.022, with  Proximation for a particular model of dark energy. As an
Hubble parameteh=0.69 but withw,, varied in the range €xample, in Fig. 3, we plot the CMB power spectra for
(—4,-0.5). Itis clear that decreasing, shifts the power =-—0.8 computed with and without assuming adiabatic per-
spectrum toward smaller angular scates| 1. turbations in the dark energy fluid as[i24]. As we can see,

In considering the CMB power spectrum, it is important Since dark energy dominates the overall density only well
to note that there is some degeneracy among the possibidter recombination, the major effects are only on very large
choices of cosmological parametésee, for examplg48]). scales. We found that the inclusion of perturbations has no
First of all, the shift produced by a changevi, can easily  relevant effect on our results for models with>—1 where
be compensated by a change in the curvature. However, déie computations of the perturbations are meaningful.
generacies still exist even when we restrict our consideration In order to boundwg, we consider a template of flat,
to flat models. To emphasize this we plot in Fig. 2 someadiabatic Q-CDM models computed witkmMBFAST [25]. We
degenerate spectra, obtained by keeging?, Quh? and sample the relevant parameters as followQipyh?

R fixed, in a flat universe. In practice, in order to preserve=0.01, . ..,0.40 in steps of 0.0X),h?=0.007, . ..,0.040 in

the shape of the spectrum while decreasing, one has to  steps of 0.001{25=0.0, .. .,0.95 in steps of 0.05, andq
increase(lq . For flat models, one must therefore decrease=—3.0, ... —0.4 in steps of 0.05. Note that, once we have
Qy and, since)y,h? must be constant, increase There-  fixed these parameters, the value of the Hubble constant is
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FIG. 3. Effect of including perturbations in

the dark energy fluid with a constant equation of
state in the CMB power spectrum. Since dark en-
ergy dominates at late redshifts, the effect is
present only on large angular scales.
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not an independent parameter, since it is determined througiestrict the analysis to a range of scales over which the fluc-
the flatness condition. We adopt the conservative top-hauations are assumed to be in the linear regime (
bound 0.45:h<0.85. <0.1h~* Mpc). When combining with the CMB data, we
We allow for a reionization of the intergalactic medium marginalize over a bias considered to be an additional free
by varying the Compton optical depth parametgover the  parameter.
range7.=0.05 ...,0.40 in steps of 0.05. We also incorporate constraints obtained from the lumi-
For the CMB data we use the recent temperature andosity measurements of type la superno(@id-1a). In doing
cross polarization results from the WMAP satellig6] us-  this, note that the observed apparent bolometric luminosity
ing the method explained if27] and the publicly available mg is related to the luminosity distanady , measured in
code on the LAMBDA Collaboration website. We further Mpc, by mg=M +5 logd, (2 +25, whereM is the absolute
include the results from the BOOMERanG-§33], DASI bolometric magnitude. Note also that the luminosity distance
[29], MAXIMA-1 [30], CBI[31], VSAE[32], and Archeops is sensitive to the cosmological evolution through an integral
[33] experiments by using the publicly available correlationdependence on the Hubble factor
matrices and window functions. We consider 7%, 10%, 4%,
5%, 3.5%, and 5% Gaussian distributed calibration errors for z
the Archeops, BOOMERanG-98, DASI, MAXIMA-1, VSA, dL=(l+Z)J dz'
and CBI experiments, respectively, and include the beam un- 0

certainties using the analytical marginalization method pre- - . .
sented i 34]. The likelihoodZ for a given theoretical model We evaluate the likelihoods assuming a constant equation of
is defined by state, such that

. (18
H(Z',Qq,0n,Wg)

_cth th ex
—2InL=(Cg —CEX)MBB()(CBO—CBO), (16) HZ(Z):HgE Qa(l+z)(3+3wa), (19)

whereMggo is the Gaussian curvature of the likelihood ma-
trix at the peak andCg is the theoretical or experimental where the subscriptr labels different components of the
signal in the bin35]. cosmological energy budget. The luminosity; predicted

In addition to the CMB data we also consider the real-from the observations is then calculated by calibration with
space power spectrum of galaxies in the 2dF 100k galaxjow-z supernovae observations for which the Hubble relation
redshift survey using the data and window functions of thed, ~H,cz is obeyed. We calculate the likelihoa®®N using
analysis of Tegmarlet al. [36]. To compute the likelihood the relation
function £29F for the 2dF survey we evaluate =P(k;),

whereP(k) is the theoretical matter power spectrum &nd N XZ(QQ Ay, Wo)
are the 4% values of the measurements[B6]. Therefore, Lo=LoeXp ——— 5|, (20)
_ 12
—2Ing2F=> w (17)  whereL, is an arbitrary normalization ang? is evaluated
i dp? using the observations dfl] and marginalizing oveH,.

Finally, we also consider thedl constraint on the Hubble
whereP; anddP; are the measurements and correspondingarameterh=0.71+0.07, obtained from Hubble space tele-
error bars andV is the reported 2% 49 window matrix. We  scope measurement37].
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TABLE I. Constraints onwg andQ,=1—g using different -0.5
priors and data sets. We always assume flatness and that the age
the universety>10 Gyr. The 2r limits are found from the 2.5%
and 97.5% integrals of the marginalized likelihood. The HST prior
is h=0.71+0.07, while for the big-bang nucleosynthesis BBN -1
prior we use the conservative boufi,h?=0.020+0.005.

T
e CMB+WMAP+HST-+SN-Ia+
99%, LSS+BBN

CMB+HST ~1.65<wo<—0.54 -15
0.19<Q,,<0.43
CMB+HST+BBN ~1.61<wo<—0.57
0.20< (), <0.42
CMB+HST+SN-la ~1.45<wo<—0.74
0.21<0,,<0.36
CMB+HST+SN-lat2dF  —1.38<wo<—0.82
0.22<0,,<0.35 -25

Wao
L L B R A B AL R B

68%  95% 99%
-3 PR [T T T T T T T T

Table | shows the @ constraints owg in a flat universe 0.2 0.4 0.6 0.8 1
for different combinations of priors, obtained after marginal- Qmatter
izing over all remaining parameters. o ) .

It is clear thatwg, is poorly constrained from CMB data __ FIG- 4. Likelihood contours in thett ,wq) plane for the joint
alone, even when the strang prior on the Hubble parametgg f L iCll L8 B O ameters. The contours cor

_ o+ ; ; ; -fit valu ini . u -
T’]rl(j(r:TeoHSSy-lr-;tEes?s.?plri_o%?}\,z I:SOaOSZSCl)JtmOengA dﬁ ;sg aasgqlg”bgfr_l g res_pond to 0.32, 0.05, and 0.01 of the pt_aak value of the Iikelih_ood,
’ P ' which are the 68%, 95%, and 99% confidence levels, respectively.
fect on the CMB+HST result. Adding SN-la data breaks the Also plotted the likelihood ; ; voe.|
. .. pilotted are the likellnood contours 1trom type-la supernovae
CMB Qy-wq degeneracy and improves the limits g, alone.
yielding —1.45<wg<—0.74. Finally, including data from
the 2dF survey further breaks the degeneracy, givin% ) )
—1.38<wq< —0.82 at 2. However, it is important to state ound onwg is much tighter than the one recently reported
clearly all the caveats about including the 2dF data set: sinc# [20]. In particular, we found that the CMBHST data set
we have not considered perturbations in our analysis, thisan already provide an interesting lower limit e, while
constraint can be safely applied only to models in which theén [20] no constraint was obtained. Part of the discrepancy
effect on structure development is small. However, we in<an be explained by our updated CMB data set with the new
clude this result for comparison with recent similar analysedA\rcheops, Boomerang, CBI, VSA, and, mostly, WMAP re-
(see, e.g.[38]). sults. However, our CMB power spectra in Fig. 1 are in

Also reported in Table | are the constraints @, . The  disagreement with the same spectra plotted in Fig. [20F
combined data suggest the presence of dark energy with highihere the dependence ar, seems limited only to the large
significance, even if one considers only CMBIST data. scale ISW term.

It is interesting to project our likelihood onto the  In the rangew>—1 our results are in very good agree-
(Qu,Wo) plane. In Fig. 4 we plot the likelihood contours in ment with those reported by Spergglal. [38], which uses a
the (Qu,wgo) plane from our joint analyses of CMB different analysis method based on a Monte Carlo Markov
+HST-la+ HST+ 2dF data. As we can see, there is strongchain and a slightly different CMB data set.
supporting evidence for dark energy. A cosmological con- We found that including models wittv<—1 does not
stant withwo=—1 is in good agreement with all the data significantly affect the results obtained under the assumption
and the most recent CMB results improve the constraint®f w>—1. In this respect, our findings are a useful comple-

IV. COMPARISON WITH OBSERVATIONS: RESULTS

from previous and similar analysésee, e.g.[20]). ment to those presented [iB8].
As in[38] and in most previous similar analyses, the con-
V. CONCLUSIONS straints obtained here have been obtained under several as-

sumptions: the equation of state is redshift independent; the
In this paper we have provided new constraints on theperturbations in the dark energy fluid are negligible and/or its
dark energy equation of state parametgy by combining  sound speed never differs from unity in a significant way. It
recent cosmological data sets. We finrd..45<wo<<—0.74 is important to note that our results apply only to models
at the 95% confidence level, with a best-fit mode|, well described by these approximations.
=0.32 andwy=—1.09. A cosmological constant is a good We have also demonstrated that, even by applying the
fit to the data. When comparison is possifile., restricting  most current constraints on the dark energy equation of state
consideration to similar priors and data $etir analysis is parametemwq, there is much uncertainty in its value. Inter-
compatible with other recent analyses wof, (e.g., see estingly, there remains the possibility that it may lie in the
[38,39,12 and references thergin however, our lower regionwg<—1. To illustrate this we have provided a spe-
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cific model in whichw,< —1 is attained, and which satisfies complementary analyses, including weak gravitational lens-

the assumption thatg is approximately piecewise constant, ing [46] and large scale structure survej’] to be per-

as used in the data analysis. However, it remains to be seenfifrmed.

models yieldingy< —1 can arise naturally from fundamen- At present, however, the data remain consistent with both

tal physics, and if so how they might avoid existing theoret-a pure cosmological constart and with dynamic classes

ical constraint$18]. Nevertheless, the observation of a com-of models [2-7,11, as well as with these more exotic

ponent to the cosmic energy budget with,<<—1 would  possibilities.

naturally have significant implications for fundamental phys-

ics. Further, depending on the asymptotic evolutiorwegf,
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