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Current constraints on the dark energy equation of state
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We combine complementary datasets from cosmic microwave backg(Gihg) anisotropy measurements,
high redshift supernovaéSNIa) observations and data from local cluster abundances and galaxy clustering
(LSS to constrain the dark energy equation of state parametrized by a constant pressure-to-dengity.ratio
Under the assumption of flatness, we fiwgy<—0.85 at 68% C.L., providing no significant evidence for
quintessential behavior different from that of a cosmological constant. We then generalize our result to show
that the constraints placed on a constarf can be safely extended to dynamical theories. We consider a
variety of quintessential dynamical models based on inverse power law, exponential and oscillatory scaling
potentials. We find that SNla observations are “numbed” to dynamical shifts in the equation of state, making
the prospect of reconstructing(z) a challenging one indeed.
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I. INTRODUCTION many authorgsee e.g[13,15,18), since each dataset suffers
from degeneracies between the various cosmological param-
The discovery that the universe’s evolution may be domi-eters andvg . Even if one restricts consideration to flat uni-
nated by an effective cosmological constghitis one of the verses and to a value af, constant with time the SNia
most remarkable cosmological findings of recent years. Aduminosity distance and position of the first CMB peak are
exceptional opportunity is now opening up to decipher thehighly degenerate iwg and()q, the energy density in quin-
nature of dark mattdr2], to test the veracity of theories and tessence.
reconstruct the dark matter’s profile using a wide variety of The paper is therefore structured as follows. In Secs. Il
observations over a broad redshift range. and 11l we will present the CMB, SNla and LSS data used in
One matter candidate that could possibly explain the obthe analysis. In Sec. IV we will present the results of our
servations is a dynamical scalar “quintessence” field. One ofinalysis. We will consider the implications for a dynamical
the strong aspects of quintessence theories is that they gu, in Sec. V. Section VI will be devoted to the discussion of
some way to explaining the fine-tuning problem, why thethe result and the conclusions.
energy density producing the acceleration-i$0™ 12°Mg| A
vast range of “tracker”(see for exampl¢3,4]) and “scal- Il. CONSTRAINTS FROM CMB
ing” (for example[5—8]) quintessence models exist which
approach attractor solutions, giving the required energy den- The effects of quintessence on the angular power spec-
sity, independent of initial conditions. The common characirum of the CMB anisotropies are sevefab,17,18. In the
teristic of quintessence models is that their equations of stat€lass of models we are considering, however, with a negli-
Wq=p/p, vary with time whilst a cosmological constant re- g!ble value of()q in the early universe in order to satisfy the
mains fixed awq_ = — 1. Observationally distinguishing a big bang nucleosynthes{8BN) bound[19], the effects can
time variation in the equation of state or finding, different ~ be reduced to just two.

from —1 will therefore be a success for the quintessential First, since the inclusion of quintessence changes the
scenario. overall content of matter and energy, the angular diameter

In this paper we will combine the latest observations ofdistance of the acoustic horizon size at recombination will be
the cosmic microwave backgroutt@MB) anisotropies pro- altered. In flat modelsi.e. where the energy density in mat-
vided by the Boomerang9], DASI [10] and Maxima[11] ter is equal td), =1— (), this creates a shift in the peaks
experiments and the information from large scale structurdositions of the angular spectrum as
(LSS with the luminosity distance of high redshift superno-
vae (SNIa) to put constraints on the dark energy equation of R=V(1-Qg)y,
state parametrized by a redshift independent quintessence-

field pressure-to-density ratiw, . We will also make use of Zgec 3

the Hubble Space TelescofdST) constraint on the Hubble y= fo [(1-Qq)(1+2)
parameterh=0.72+0.08 [12]. We will then also consider

whether one can feasibly extract information about the time +Qo(1+2)30 W]~ Vg7, (1)

variation ofw from observations.
The importance of combining different data sets in ordert is important to note that the effect is completely degenerate
to obtain reliable constraints owg has been stressed by in the interplay betweewg and(q. Furthermore, it does
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CMB Degeneracy In order to speed-up the computation time of the theoret-
6000 ey S — ical models for differentwg we make use of &-splitting
o D e R e ] technlque[zo]. Basically awg=—1 andwq>—1 model are
so00 | ____9}0.440::0.073*,:0'54“,2: 06 i calculated in two different ways. For lolthe 2 models are
computed in the ordinary way by solving the Boltzmann
N“:‘L 4000' Q=0 ] equation, in or(_jer _to properly take into ac_count the ISW
& effect. For the high just a flat,wo= —1 model is calculated.
) Thiswg=—1 model is then shifted using the expression for
f 3000 the angular diameter distance in Hd) to obtain thewy>
= —1 models.

S
8

The theoretical models are computed using a modified
version of the publicly availablemBFAST program[22] and
are compared with the recent BOOMERanG-98, DASI and
] MAXIMA-1 results. The power spectra from these experi-
ol o o ments were estimated in 19, 9 and 13 bins respectively,
10 100 1000 spanning the range 28 <1100. We approximate the experi-
Multipole / mental signalCg” inside the bin to be a Gaussian variable,
and we compute the corresponding theoretical vﬂﬂbby
FIG. 1. CMB power spectra and the angular diameter distancgonvolving the spectra computed lowBFAST with the re-
degeneracy. The models are computed assuming flatfigssl  spective window functions. When the window functions are
—Qy—Qq=0). The integrated Sachs-Wolfe effect on large angu-net available, as in the case of Boomerang-98, we use top-

lar scale slightly breaks the degeneracy. The degeneracy can byt window functions. The likelihood for a given cosmologi-
broken with a strong prior o, in this paper we use the results cal model is then defined by —2 |n£:(cth
B

from the HST. [ i
_CEX)MBB,(C}:,—CET) whereCll' (C2 is the theoretical

not qualitatively add any new features additional to those(experlmental band power andi g is the Gaussian curva-

produced by the presence of a cosmological condia ture of the likelihood matrix at the peak. We consider 10%,

o : - - ; % and 4% Gaussian distributed calibration er@nsuK)
d it is not highl tive to further time depend f .
and 115 ot highly senstive fo TN ime CEpententies %tor the BOOMERanG-98, DASI and MAXIMA-1 experi

éecondly, the time-varying Newtonian potential after de-ments respectively and we take int.o account .for_the be_am
coupling will produce anisotropies at large angular scale rror in BOOMERanG-98 by analytic marginalization as in

through the integrated Sachs-Woli&W) effect. The curve 23]. Wed also |_nclude t’he Cosmic Blfckground Explorer
in the CMB angular spectrum on large angular scales de(-COBE) ata using KnoxX'sRADPACK packages.

pends not only on the value of but also its variation with

redshift. However, this effect will be difficult to d_|sentangle . CONSTRAINTS FROM SUPERNOVAE

from the same effect generated by a cosmological constant,

especially in view of the affect of cosmic variance and/or Evidence that the universe’s expansion rate was acceler-
gravity waves on the large scale anisotropies. ating was first provided by two groups, the SCP and High-

In order to emphasize the importance of degeneracies b&earch Teanil] using type la supernova@&NIa) to probe
tween all these parameters while analyzing the CMB dataethe nearby expansion dynamics. SNla are good standard
we plot in Fig. 1 some degenerate spectra, obtained keepingandles, as they exhibit a strong phenomenological correla-
the physical density in matte\,h?, the physical density in tion between the decline rate and peak magnitude of the lu-
baryonsQ,h? and R fixed. As we can see from the plot, minosity. The observed apparent bolometric luminosity is re-
models degenerate iwg can be constructed. However, as lated to the luminosity distance, measured in Mpc, iy
we will utilize in the next sections, the combination of the =M +5 logd, (2)+25, whereM is the absolute bolometric
different datasets can break the mentioned degeneracies. magnitude. The luminosity distance is sensitive to the cos-

To constrainwg from CMB, we perform a likelihood mological evolution through an integral dependence on the
analysis comparing the recent CMB observations with a seilubble factord,=(1+z)[g[dz'/H(z',Qq,w,)] and there-
of models with cosmological parameters sampled as followsfore can be used to constrain the scalar equation of state. We
0.1<0,<1.0, —1.0swps=—-0.55, 0.015,<0.20; 0 evaluate the dark energ@/w likelihoods assuming a con-
<<0.9 and 0.45:h<0.95. We vary the spectral index of stant equation of state, such thatl(z)=p,=;Q;(1
the primordial density perturbations within the range  +2)©*3%) The predictedn,; is then calculated by calibra-
=0.6Q ...,1.40, we allow for a possible reionization of the tion with low-z supernovae observatio®5] where the
intergalactic medium by varying the CMB photons optical Hubble relationd,~H,cz is obeyed. We calculate the like-
depth in the range 0:07-<0.4 and we re-scale the fluctua- lihood, £, using the relation£=Loexp(—Xz(Q,wQ)/Z)
tion amplitude by a pre-factd€,g, in units of C3°25. We  where £, is an arbitrary normalization ang? is evaluated
also restrict our analysis ftat models,Q);,,=1, and we add using the observations of the SCP group, marginalizing over
a conservative external prior on the age of the univégse Hg. As can be seen in Fig. 2 there is an inherent degeneracy
>10 Gyrs(see e.g[24]). in the luminosity distance in th@, /wq plane; one can see

>
S
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FIG. 2. Contours of constarR (CMB) and SNla luminosity
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FIG. 3. The likelihood contours in théXy ,wq) plane, with the
remaining parameters taking their best-fitting values for the joint
CMB+ SNla+ LSS analysis described in the text. The contours cor-

respond to 0.32, 0.05 and 0.01 of the peak value of the likelihood,
distance in thewq-Qy, plane. The degeneracy between the two which are the 68%, 95% and 99% confidence levels respectively.
distance measures can be broken by combining the two sets of

complementary information. The luminosity distance is chosen t
be equal tod, at z=1 for a fiducial model with(2,=0.7, Qy
=0.3, h=0.65. (We note that adlo=1-), goes to zero the

dark energy present.

he CMB ) o—wg degeneracy and improves the upper limit

on wg, with wo<—0.74. Finally, including information
from local cluster

abundances throughrg=(0.55
dependence dR andd, uponw,, also become zero, as there is no +0.1)Q0,,%°, whereag is the rms mass fluctuation in spheres

of 8h~1 Mpc, further breaks the quintessential-degeneracy,

giving wo<—0.85 at Ir. Also reported in Table | are the
that little can be found out about the equation of state fronconstraints or{)y, . As we can see, the combined data sug-

Wq .

Table | shows the & constraints onwg for different com- 04 P -
binations of priors, obtained after marginalizing over all re-
maining nuisanceparameters. The analysis is restricted to - »
flat universes. One can see that, is poorly constrained 08 - o ]
from CMB data alone, even when the HST strong prior on B S -7
the Hubble parameteh=0.72+0.08, is assumed. Adding a
big bang nucleosynthesis priof),h?=0.020+ 0.005, has
small effect on the CMB-HST result. Adding SNla breaks

IV. RESULTS

TABLE I. Constraints orwg and (y=1—Qq using different
priors and datasets. We always assume flatnesst@nd0 Gyr.

The 1o limits are found from the 16% and 84% integrals of the ~~

marginalized likelihood. The HST prior is=0.72+0.08 while for
the BBN prior we use the conservative bourd,h?=0.020
+0.005.

CMB+HST
CMB+HST+BBN
CMB-+HST+ SNla

CMB+HST+ SNla+ LSS

Wo<—0.62
0.15<0,<0.45
~0.95<Wqo< —0.62
0.15<0,<0.42
~0.94<wo<—0.74
0.16<0,<0.34
Wo<—0.85
0.28< ), <0.43

luminosity distance data alone. However, the degeneracies gests the presence of dark energy with high significance,
CMB and SNla data complement one another so that toeven in the case CMBHST. It is interesting to project our
gether they offer a more powerful approach for constrainindikelihood in the)o—wq plane. Proceeding as [126], we

T T T
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FIG. 4. The variation of)4 andwg with redshift for the three
models described in Sec. V. The power law poter@ial line) wq

shows a steady small variation, the exponential feature potential,
(short dashed lineacts remarkably like a cosmological constant at

late times, after a deviation from behaving like normal matter with
wqo~0, whilst the oscillating potentidtot-dash shows a continual
variation inwg .
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FIG. 5. Comparison of CMB temperature power spectra for the FIG. 6. The implication of a deviatiodwqg=1—We(t/Wg 0On
dynamical quintessence model with an exponential potential with &D1=1—D(Wef)/D (Wg) and Amg=mg(Wgq) —Mg(Wesr) for
feature described in Sec. V, and a model with constagt w for ~ the three models in Sec. V. The tracker potentfall line) has
the dynamical model. In both cases with,=0.7 andH,=65. One ~ Wert= —0.727, the exponential potential with featutiashed ling
can see that the constant model is a remarkably good approximatiditS Wert=—0.993 and the oscillatory potentidtot-dash has
to the dynamical model, despite the equation of state of the dynamier= —0.529. Notice thaD, andmg are in turn both desensitized
cal model varying significantly from the effective value from re- t0 any varation irwg .
combination until nowadays. ) .

If we are to constrain dynamical models, we need to un-
attribute a likelihood to a point in the(Xy,,wo) plane by ~ derstand how well the effect of a time varyimg, can be
finding the remaining parameters that maximize it. We therModeled by a constae;. In [28] it was shown that in
define our 68%, 95% and 99% contours to be where th&odels in which the dark energy component is negligible at
likelihood falls to 0.32, 0.05 and 0.01 of its peak value, aslast scattering, the CMB and matter power spectra are well
would be the case for a two dimensional multivariate GaussaPproximated byw,=JdaQq(a)wg(a). This is demon-
ian. In Fig. 3 we plot likelihood contours in theg, ,wo) strated in Fig. 5in the case of the exponential poten_t|al with
plane for the joint analyses of CMBSNIat+HST+LSS & feature, usingver=—0.993. In[19] we showed that if the
data together with the contours from the SNla dataset onlydark energy componei a significant proportion, as can be
As we can see, the combination of the data breaks the lumg€en in scaling quintessence models, the dark energy compo-

nosity distance degeneracy. nent can be modelled as an additional contribution to the
effective number of relativistic degrees of freedom. We re-
V. CONSTRAINING DYNAMICAL MODELS strict ourselves to former case in whi€h,(MeV) is negli-

gible. In[13] it is noted that althouglv.; is a good measure

In the previous section we obtained bounds on the equédeor modelling CMB spectra it may not be such a good mea-
tion of state parameteng by assuming it is a constant, in- sure when considerind,. We investigate whether this is
dependent of the redshift. However, in quintessential modelactually the case using the three models outlined above, a
the equation of state can vary with time. It is therefore usefupower law, exponential scaling and scaling oscillatory poten-
to discuss how well our constraints amg apply to less tial, as test cases. In Fig. 6 we show that even a substantial
trivial models. There are a wide variety of quintessentialdeviation fromwe¢; at late times produces a small change in
models; we illustrate our analysis using representatives b, . The effect onrmg is doubly “numbed,” first because of
three of the most general classes of model: the inverse powghie smoothing by the integral relation within d,, see[14]
law, V() =Vqy/¢P [3] with p=1, an exponential scaling for a previous discussion of this, and secondly becamge
potential with a feature,V(¢)=Voe “[A+(d— ¢p)?] ~logd,. As a result the bolometric magnitude taken from the
[18], with A=10, A=0.008, ¢y=25.8, and an oscillatory SNla data is highly insensitive to variations in the equation
scaling potential V(¢)=Vqoe *[1+Asin(ve)] [27] with of state. This does not bode well if we are to try and recon-
A=4, A=0.98, v=0.51. In each cas¥| is chosen so that struct the time varying equation of state from observations. It
Qo=0.7 andH, is 65. The particular time dependent char- looks more likely that,; will be a more tangible observ-
acteristics of each are shown in Fig. 4. able.
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VI. CONCLUSIONS some of the theoretical assumptions we made. The CMB and
LSS constraints can be weakened by the inclusion of a back-

In this paper we have provided new constraints on theground of gravity waves or of isocurvature perturbations or

dark energy equation of state paramaigf by combining by adding features in the primordial perturbation spectra.

different cosmological data. The new CMB results prOV'dedThese modifications are not expected in the most basic and
by Boomerang and DASI improve the constraints from pre-

; P . X simplified inflationary scenario but they are still compatible
vious and similar analysitsee e.g.[13,28,29), with wo< . X
~0.85 at 68% C.L. Wo<—0.76 at 95% C.L. We have with the present data. The SNla result has been obtained

oo .. under the assumption of a constant-with-timg. We have
altio rdg;r:;)nstt;aited rﬂg\ilzlltihneocr?jmrb;nagroeglg fmC'\ﬁ%vda(tjz_W'thshown that in general, ¢ is a rather good approximation for
ome eSS ¢ erto 8~ Wo dynamical quintessential models since the luminosity dis-

generacy. Th? constraints from eagh single datasets are, fhce depends omg through a multiple integral that smears
expected, quite broad but compatible between each Othe'is redshift dependence. As we show in the previous section,

) . . . 1
providing an important consistency test. When comparison 'Bur result is therefore valid for a wide class of quintessential
models. This “numbing” of sensitivity tovg implies that

possible(i.e. restricting to similar priors and datasetsur

gnal)f/_3|sl|s corlrspanblef W'ttlh (_)ther recent ?nglt)r/]sls ”QJ_[S‘_% maybe an effective equation of state is the most tangible
ur final result is perfectly in agreement with the,= arameter able to be extracted from supernovae. However

vith the promise of large data sets from Planck and SNAP

cosmological constant case and gives no support to a quin
essential field scenario withg>—1. A frustrated network satellites, opportunities may yet still be open to reconstruct a
time varying equation of stafel6].

of domain walls or a purely exponential scaling field are
excluded at high significance. In addition a number of quint-
essential models are highly disfavored, power law potentials
with p=1 and the oscillatory potential discussed in this pa-
per, to name a few.

It will be the duty of higher redshift datasets, for example It is a pleasure to thank Ruth Durrer, Steen Hansen and
from clustering observatior80] to point to a variation i~ Matts Roos for comments and suggestions. R.B. and A.M.
that might place quintessence in a more favorable light. are supported by PPARC. We acknowledge the use of

The result obtained here, however, could be plagued bgMBFAST [22].
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