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ABSTRACT

We study the observational constraints of CMB temperatuack @olarization anisotropies
on models of dark energy, with special focus on models witlatian in properties of dark
energy with time. We demonstrate that the key constraimh f@MB observations arises from
the location of acoustic peaks. An additional constraiisegrfrom the limits oy z from the
relative amplitudes of acoustic peaks. Further, we shottltigadistance to the last scattering
surface is not how the CMB observations constrain the coatioin of parameters for models
of dark energy. We also use constraints from Supernova wdisens and show that unlike
the Gold and Silver samples, the SNLS sample prefers a rediparameter space that has a
significant overlap with the region preferred by the CMB akagons. This is a verification
of a conjecture made by us in an earlier wark (Jassal, BagRadmanabhan 2005a). We
discuss combined constraints from WMAP5 and SNLS obsematiWe find that models
with w ~ —1 are preferred for models with a constant equation of statenpeters. In case
of models with a time varying dark energy, we show that caists on evolution of dark
energy density are almost independent of the type of vanassumed for the equation of
state parameter. This makes it easy to get approximateredgrtstirom CMB observations on
arbitrary models of dark energy. Constraints on models witime varying dark energy are
predominantly due to CMB observations, with Supernova trairgs playing only a marginal
role.
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1 INTRODUCTION Sahni & Starobinsky 2000; Padmanabhan_2003; Peebles & Ratra
2003; | Ellis| 2003; Padmanabhan 2005a; Perivolaropaulo$;200

Ohbservgtlonal hewdsnce for. acgelerhatedl expans(ljon dm Copeland, Sami & Tsujikawa 2006) and it is known to be
the _universe_has been growing In_the last two decades consistent with observations. In order to avoid theorética

Ostriker & Steinhardt | 1995; | Bagla, Padmanabhan & Narlikar ; ; .

(199(5! Efstatr:iou (Sutherland&Mz;d(on' 1990). Inde erl1(|1ent problems related to cosmological constant (Weinberg |1989;
S - X T . P Carroll, Press, & Turnerl _1992), many other scenarios have

confirmation_using_observations of high redshift supersova been investigated: these include quintessence (SteinBaas;

(Garnavich et al. 1998; Perlmutter et al. 1999; Tonry et 80X de la Macorra & Piccinelli| 2000 Urena-Lonez & Matds 2000

Bgrrls e1a]] 2004; Riess etlal. 2004; Astier & al. :,2005) hasen |50 alez-Didzl 2002} de Ritis & Marinb 2001;_Sen & Seshadri
this result more acceptable to the community. Using thesereb 2003: [Rubano & Scudellard 2002 Bludman & Rods__2002),

vatip ns along with observ_atio_ns of cosmic microwave basikgd k-essence | (Armendariz-Picon, Mukhanov, & Steinhardt 2001
radiation (CMB) (Melchiorri et dl.L 20001 _Spergel et 4l._2003 Chiba [2002; | Malquarti et al. | 2003:_Chimento & Feinstein
Komatsu et a1 2009) and large scale structure (Percivdl eta 2004; | Scherret 2004) tachyon field (Sen 2003; Padmanabhan
2007), we can construct a “concordance” model for cosmology 200:,f Baala Jassal,&Padmanabha{ D003:  Jassal | 2004:
and study variations aro.und it (e.9., see Dunkleyetal. 8200 |5 ireqabiria & Lazkoz 2004;| Gorini etall 2004; Gibbons
Komatsu et &l.| (2009); Bridle etlal. (2003); Tegmark et/aQ0Zp); 2003 |Kim. Kim & Kim  2003: [Shiu & Wasserman| 2002
for an overview of our current understanding, see Padmamabh Chou,dhurv e't 1. [ 2002 Frolo(/ Kofman & Starobinsky 200’2.
(2005k.1.e)). ) o ) Gibbons 2002), chaplygin gas and its generalisations fGerial.
Observations indicate that the dominant component of gnerg 2001: |Bento. Bertolami & Sen | 2002: | Dev Jain & Alcaniz
density — called dark energy — shoulld have an equation of stat 2003; [Sen & Scherfer| 2005), phantom fieldd (Caldwell
parametew = P/p < —1/3 for the universe to undergo acceler-  [5005- [Hao & Li [2008; | Gibbohs| 2003: Nojiri & Odinsiov
ated expansion. Indeed, present day observations require-1. 2003; [Onemli & Woodard| 2002 Carroll, Hoffman & Trodden

The cosmological constant is the simplest explanation éoekl 2008 | Sinah. Sami & Dadhich | 2003: | Framdtonl  2003:
erated expansion (Weinb&rg 1989; Carroll, Press, & TUrS82 1 ' = ' ' '
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Gonzalez-Diaz 2003; Dabrowski, Stachowiak & SzydlowsKi20
Elizalde, Nojiri, & Odintsovl 2004 Noijiri, Odintsov, & Tsikiawa
2005; |Briscese etal.| 2007;.__Bronnikov, Fabris, & Goncalves
2007; | Bronnikov & Starobinsky 2007), branes (Uzawa & Soda

2001; |Jassal | 2003; | Burgess| _2003| _ Milton _ 2003;
Gonzalez-Diaz | 2000;| Sahni & Shtanoy__2003) and many
others |(Holman & Naidu | 2004;| Onemli & Woodard _2004;

200%) as well as some peculiar implications of the data
(Padmanabhan & Choudhury 2003; Choudhury & Padmanabhan
2005; Shashikant 2005). Further, it has been shown that otie
servations like temperature anisotropies in the CMB fix iktadce

to the last scattering surface and are a reliable probe &fata@rgy
(Eisenstein & White 2004; Jassal, Bagla & Padmangpbhar 2005)
this work, we try to understand the origin of the constramtmod-

Padmanabhan 2005c, 2002; Andrianov, Cannata & Kamenshchikels of dark energy from CMB anisotropy observations. We show

2005; Lazkoz, Neseseris & Perivolaropoulos 2005;
Cognola, Elizalde, Nojiri, Odinstov & Zerblni 2006; Ren & Kig
200%; |Polarski & Ranguet | 2005;| Sola & Stefahcic__2005;
Das, Banerjee & Dadhich | 2005; | _Apostolopoulos & Tetradis
2006; | Arianto et &ll_2007;_Sahni, Shafieloo & Starobinsky 800
In these models one can hawe# —1 and in generalv varies with
redshift. For references to papers that discuss specifielsoihe
reader may consult one of the many reviews (Sahni & Starkins

that the angular scale of acoustic peaks provides the lgauin-
straint on the combination of parameters. An additionalst@mnt
comes in through the degeneracy Witk z, where a constraint on
Qnr from the relative heights of acoustic peaks translatesanto
indirect constraint on the equation of state parameter

In an earlier work, we compared the constraints on models of
dark energy from supernova and CMB observations and pointed
out that models preferred by these observations lie inndisparts

2000; | Padmanabhan 2003; Peebles & Ratra |2003;| Ellis| 2003; of the parameter space and there is no overlap of regionseallo
Padmanabhan 2005a; Alceaniz 2006). Even though these modelsat 68% confidence levell (Jassal, Bagla, & Padmanathan 2005a).
have been proposed to overcome the fine tuning problem for Even though different observational sets are sensitiveftereint

cosmological constant, most models require similar finengin
of parameter(s) to be consistent with observations. Neghgss,
they raise the possibility ofv(z) evolving with time (or it being
different from—1), which can be tested by observations.

Given thatw for dark energy should be smaller thar /3 for
the Universe to undergo accelerated expansion, the energitd
of this component changes at a much slower rate than thatttéma
and radiation. (Indeedy = —1 for cosmological constant and in
this case the energy density is a constant.) Unless a rapidly
varying function of redshift and becomes ~ 0 at (z ~ 1), the
energy density of dark energy should be negligible at higsidts
(z > 1) compared to that of non-relativistic matter. If dark energ
evolves in a manner such that its energy density is compatabbr
greater than the matter density in the universe at high iesishen
the basic structure of the cosmological model needs to béfiedd
We do not consider such models, instead we confine our aitenti
to constraints on dark energy in realistic models and chobser-
vations which are sensitive to evolution®ofz) at redshifts: < 1.

combinations of cosmological parameters, we do not expedets
favoured by one observation to be ruled out by another wheh su
a divergence is not expected. This divergence may point ioeso
shortcomings in the model, or to systematic errors in olzgeEms,
or even to an incorrect choice of priors. We suggested tlimhiay
indicate unresolved systematic errors in one of the obtens
with supernova observations being more likely to suffentfriis
problem due to the heterogeneous nature of the data seldeait
the time. In Supernova Legacy Survey (SNLS) (Astier et ad590
survey, a concerted effort has been made to reduce systesmatis
by using only high quality observations. The systematiceutain-
ties are reduced by using a single instrument to observedtus fi
Using a rolling search technique ensures that sources afesto
and data is of superior quality (for details see Astier &(2005)).

If our claim about Gold+Silver data set were to be true, SNat&d
should not be at variance with the WMAP d&ta this work we
study constraints on dark energy models from high redshjfes
nova observations from the SNLS survey and also obsengatbn

Supernova observations permit a large variation in the-equa the temperature and polarisation anisotropies in the CMigube

tion of statel(Alam et al. 2004a,b). It has recently been edghat
a cosmological constant with a small curvature can be ingésd
as a dynamical dark energy model (Clarkson, Cortés, & Bsse
2007; | Virey et al.| 2005). We have shown that a combination

of supernova observations with CMB observations and abun-

dance of rich clusters of galaxies provides tight constsaon

WMAPS data.

This paper is a revised version of an earlier manuscript lvhic
became out of date after WMAP-3 and then WMAP-5 data were
released. In the interim period, the issue of systematigzhiomo-
geneous data sets has been accepted, therefore we do natsereph
that aspect much in this version. The focus of the currenepip

variation of dark energyl| (Jassal, Bagla & Padmangbhan | 2005; twofold: to study constraints on dark energy models in lighthe
Jassal, Bagla, & Padmanabhan 2005a). Of these CMB data pro-SNLS and WMAP-5 data, and, to understand the combination of

vides the most stringent bounds on the allowed variatiorvoy e
lution of dark energy density. In this paper the main motorais

to study how these models fare in the light of current CMB data
(Dunkley et all 2008; Komatsu etlal. 2009).

cosmological parameters that is constrained by the CMBraase
tions.

A variety of observations can be used to constrain models 2 DARK ENERGY

of dark energy, e.g. segl B of Jassal, Bagla. & Padmanabhan
(2005a) for an overview. Observations of high redshift su-

2.1 Cosmological equations

pernovae provided the first direct evidence for accelerated If we assume that each of the constituents of the homogersalis

expansion of the universe (Riess etal. 1998; Perlmuttdr et a
1999). This, coupled with the ease with which the high

redshift supernova data can be compared with cosmological

models has made it the favourite benchmark for compari-
son with models of dark energy. It is often considered suf-

ficient to compare a model with the supernova data even

though observers and theorists have pointed out potentidd- p
lems with the data (Perlmutter and Schmidt 2003; Jain & Relst

isotropic universe can be considered to be an ideal fluid,tiaad
the space is flat, the Friedman equations can be written as:

a\2 8rG

z = ==y

a 3 (1)

1 This has been shown by several authors, including ours@vasmuch
earlier version of this manuscript.
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where P is the pressure and = pnr + py + pp With the re-
spective terms denoting energy densities for nonrelétvisatter,
for radiation/relativistic matter and for dark energy. $&are is zero
for the non-relativistic component, whereas radiation ratativis-
tic matter haveP, = p,/3. If the cosmological constant is the
source of acceleration thef),, = constant andP,, = —py-
Analysis of nonflat cosmologies reveals that allowed rarfgain
vature of the univers€g is —0.012 — 0.009 at 95% confidence
level and a flat universe is a good fit to the current data (Xal et
2008).

An obvious generalisation is to consider models with a con-
stant equation of state parameigee= P/p = constant. One can, in
fact, further generalise to models with a varying equatibstate
parameterv(z). Since a function is equivalent to an infinite set of
numbers (defined e.g. by a Taylor-Laurent series coeffig)gittis
clearly not possible to constrain the form of an arbitrangdfion
w(z) using a finite number of observations. One possible way of
circumventing this issue is to parameterise the functign) by a
finite number of parameters and try to constrain these pdeame
with the available observational data. There have been many
attempts to describe varying dark energy with differentapze-
terisations |(Wang & Tegmark 2004; Bassett, Corasaniti &2<un
2004; | Jassal, Bagla & Padmanabhan 2005; |Lee |200%; Lil 2004;
Hannestad & Mortsell | 2004; | Jassal, Bagla, & Padmanabhan
2005a) where the functional form ef(z) is fixed and the variation
is described with a small number of parameters. Obsenadtion
constraints depend on the specific parameterisation chbséiit
should be possible to glean some parameterisation independ
results from the analysis.

To model varying dark energy we use two parameterisations

®)

i

z

(I+2)p
These are chosen so that, among other things, the high fiedshi
behaviour is completely different in these two paramettioss
Jassal, Bagla & Padmanabhan (2005)p If= 1, the asymptotic
valuew(oco) = wo + w’(z = 0) and forp = 2, w(oo) = wo.
For bothp = 1, 2, the present value/(0) = wy. Clearly, we must
havew(z > 1) < —1/3 for the standard cosmological models
with a hot big bang to be valid. This restriction is imposedmand
above the priors used in our study.

The allowed range of parameters andw) = w’(z = 0)
is likely to be different for differenp. However, the allowed vari-
ation at low redshifts ippz should be similar in both models as
observations actually probe the variation of dark energysity

w(z) = wo +w'(z = 0) ; p=1, 2

2.2 Observational Constraints
2.21 Supernova Data

In this work, we concentrate on SN and WMAP observations.
SN data provides geometric constraints for dark energyution.
These constraints are obtained by comparing the predicrad |
nosity distance to the SN with the observed one. The theateti
model and observations are compared for luminosity meesuare
magnitudes:

mp(z) = M + 5logio(DL) (4)

where M = M — 5logio(Ho) and D, = Hodr, M being the
absolute magnitude of the object adid is the luminosity distance

CMB constraintson Dark Energy 3
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Figure 1. This figure shows contours of angular diameter distance.
The range plotted is the range allowed by WMAP5 data. From the
line on to the one at bottom the values correspond dtg
12000, 13000, 14273, 20000 and20100 Mpc.

QNR
0.3 0.35 0.4

0.25

0.2

1 1 1
-0.5

Figure 2. This figure shows contours of constant angular size of the
Hubble radius. The contours from left to right correspondgto!
0.0165, 0.017, 0.18, 0.020.

dz
H(z)

where z is the redshift. This depends on evolution of dark en-
ergy through H(z). For our analysis we use the SNLS data
set (Astier et al. 2005) and for reference we also used the com
binedgold andsilver SN data set in_Riess etlal. (2004) (see also
(Nesseris & Perivolaropoulos 2005)). This data is a cdtecbf
supernova observations fram Tonry et al. (2003); Garnagicii.
(1998) and many other sources withisupernovae discovered with
Hubble space telescope (Riess et al. 2004). The parameiss &y
comparison of models with SN observations is small and we do a
dense sampling of the parameter space.

dr = (14 2)a(to)r(z); r(z)=c

(©)

222 CMB Data

CMB anisotropies constrain dark energy in two ways, throtingh
distance to the last scattering surface and through therhtied
Sachs Wolfs (ISW) effect (Peiris and Spergel 2000). Giver tife
physics of recombination and evolution of perturbationesdnot
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Figure 3. Marginalized likelihood contours for different paramstéor ACDM model. The regions enclosed by the contours are 68% atd@mfidence
limits. The results are consistent with WMAPS5 results A€DM model. The left plot shows the allowed rangenin- Q  rh? plane. The next figure shows
the correlation between parameterandQ gh?. The figure on the right shows corresponding contours in 7 plane.

change ifw(z) remains within someafe limits, any change in the
location of peaks will be due to dark energy (Eisenstein & ¥#/hi
2004). For models with a variable(z), the constraint is essentially
on an effective valuev. sy (Jassal, Bagla, & Padmanabhan 2005a).
This constraint can arise either through the angular dianais-
tance or the angular size of the acoustic horizon seen redléat
the scale corresponding to the acoustic peaks in the CMBlangu
power spectrum.

Figure 1 shows contours of equal angular diameter distance
to the last scattering surface in the,. — w plane. We assumed a
fixed value of Hy andQ 5 for this plot. If the distance to the last
scattering surface is the key constraint on models of daekggn
then the likelihood contours should run along the contofioo-
stant distance in this plane.

We may use the angular size of the Hubble radius at the time
of decoupling as an approximate proxy for the angular sizhef
acoustic horizon for the purpose of this discussion. The@gp
mate angular sizé of the Hubble radius at the time of decoupling
can be written as:

- Ho/ H(2)
[ dy/(H(y)/Ho)
(QNR (1 + 2)3)71/2

jdy/\/QNR (1+2)° + 0PE(2)/0b"

1

(QNR 1+ Z)3)71/2

jdy/\/QNR (1+2)* + Que (14 2)°(1Fers)
0

. (6)

Clearly, the value of the integral will be different if we algewo,

w'(z = 0) and there will also be some dependence on the parame-

terized form. If the location of peaks in the angular powerctpum
of the CMB provide the main constraint, this can only coristra
wesr and not all ofwo, w’ (2 = 0) andp. Therefore if the present
valuewy < weys then itis essential that’(z = 0) > 0, and sim-
ilarly if wo > weyss thenw'(z = 0) < 0is needed to ensure that
the integrals match. Specifically, the combinationwef w’(z = 0)
andp should give uswv. sy within the allowed range.

Figure 2 shows contours of const#hin theQyr — w plane.

If the angular scale of acoustic peaks is the key constraising
from CMB observations for models of dark energy then we sthoul
see two features in the likelihood contours:

e Likelihood contours for models with a constant equation of
state parameten in theQy r — w plane should run along contours
of constan®, as shown in Figure 2.

e Likelihood contours for different models of varying dark-en
ergy should coincide inth@nyr — weys ¢ plane. These should also
coincide with the contours for models with a constantn the
Qnr — w plane.

The origin of the CMB constraints on dark energy therefoneais
in the raw distance to the surface of last scattering butenctim-
bination of parameters that determines the location of paake
angular power spectrum. It is important to note that theadist to
the surface of last scattering is a derived quantity. The Qii8er-
vations constrain only one number, the effective equaticstate.
There is no ambiguity except for models with early dark eperg
(Linder & Robbers 2008). In these models, the growth of pbeu
tions is slower than models in which dark energy comes irdg pt
late times|(Benabed & Bernardéau 2001; Doran & Rohbers 2006)
In our analysis, we use the angular power spectrum
of the CMB temperature anisotropies (Hu & Dodelson 2002;
White & Cohn| 2002] Subramanian 2004) as observed by WMAP
(Dunkley et al.| 2008| Komatsu etlal. 2009) and these are com-
pared to theoretical predictions using the likelihood paog pro-
vided by the WMAP team| (Dunkley etlal. 2008; Komatsu ét al.
2009). We vary the amplitude of the spectrum till we get the
best fit with WMAP observations. The CMBFAETpackage
(Seliak & Zaldarriaga 1996) is used for computing the thecaé
angular power spectrum for a given set of cosmological param
ters. We have combined the likelihood program with the CMB-
FAST code and this required a few minor changes in the CMB-
FAST driver routine. We also made changes in the driver pnogr
to implement Monte Carlo Markov Chain for sampling the param
eter space. Please seée (Jassal, Bagla, & Padmanabhan &§i05a)
details of the MCMC implementation.
Although we can use other observations like abundance of

2 http://www.cmbfast.org



Figure 4. This figure shows contours of angular diameter distance
(blue/dashed) and of constant angular size of the Hubblagdced/solid)
overlaid with likelihood regions allowed by WMAPS data iret y p — w
plane.

rich clusters, baryonic features in the power spectrum,letcwe
find that the two observations used here are sufficient ferdtidy
(Jassal 2009).

3 RESULTS

In this section we will describe the results of our study. \Weled
models in three classes:

e Models with a constant equation of state parame-
ter w. We studied models with perturbations in dark en-
ergy (Bean & Doré| 2004; Caldwell, Dave & Steinhardt 1998;
Weller & Lewis |2003;| Hannestad 2005; Fabris, Shapiro, &Sol”
2007;| Fabris & Goncalves 2006; Unnikrishnan, Jassal, &&exs
2008;| Jassal 2009; Bartolo, Corasaniti, Liddle & Malqu2@i4;
Mota & van de Bruck 2004; Gordon & ku 2004; Gordon & Wands
2005%; | Nunes & Motal 2006} Sergijenko et al. 2008;| Hu _2005;
Mainini|2009/ 2008) as well as without.

e Models with a varying equation of state parameterwith
variation given by Egn.3 (p=1). Perturbations in dark epevgre
not taken into account in this case.

e Models with a varying equation of state parameterwith
variation given by Eqn.3 (p=2). Perturbations in dark epevgre
not taken into account in this case too.

CMB constraintson Dark Energy 5

Table 1. This table lists the priors used in the present work. Apavinfr
the range of parameters listed in the table, we assumedihainiverse is
flat. We assumed that the primordial power spectrum had gaunisdex.
Further, we ignored the effect of tensor perturbations. fEimge of values
for wg andw’(z = 0) is as given below, but with the constraint thatz =
1000) < —1/3. Any combination ofwg andw’(z = 0) that did not satisfy
this constraint was not considered. Values given in passighwere used for
analysing constraints from high redshift supernovag3ifi.

Parameter Lower limit Upper limit
Qp 0.03 0.06

QOngr 0.1 0.5(0.7)

h 0.6 0.8

T 0.0 0.4

n 0.86 1.10

wo —2.0(—4.0) —0.4
w'(z=0) —=5.0 5.0

3.1 Cosmological Constant

We begin with a very brief review of constraints on paraneter
the case where a cosmological constant is the source ofeaecel
ating expansion of the universe. We used priors given in€Tabl
except that the equation of state parameter is fixed te- —1.
Constraints on cosmological parameters are listed in TAble
would like to note that our results match those obtained Ingrot
authors|(Dunkley et al. 2008; Komatsu el al. 2009). Figuriedvs
contours of likelihood for some pairs of parameters as amela
We have shown contours in the- Qnrh?, n—Qgh?, and,n—7
plane. we see that there is a strong correlation betweef2zh2.
These likelihood contours have also been shown as a refefenc
equivalent plots for models witly # —1, and help in checking the
effect of the additional dark energy parameters on allowede of
other parameters.

3.2 Constant w

We first evaluate the nature of the CMB constraint on models of
dark energy. Figure 4 shows likelihood contours from WMABS o
servations in thé)yr — w plane for constaniy models. We find
that the orientation of these contours is roughly along @anst of
constant). To illustrate this, we have overlaid contours from Fig-

We analyse the allowed range of cosmological parameters for ure 1 and Figure 2 in Figure 4. On the other hand there is no sim-

these cosmologies and consider the probability with whiod t
ACDM model is allowed within these three classes of mod-

ilarity between the likelihood and contours of distancehe last
scattering surface. Thus we may conclude that the domiramt c

els. In light of the significant disagreement between the al- straint provided by the CMB observations arises from thation
lowed range of parameters from the high redshift supernova of peaks in the angular power spectrum. The reason for thigts

data from the Gold+Silver set and the CMB anisotropies

the angular diameter distance to the last scattering uitaa de-

from WMAP observations (Jassal, Bagla, & Padmanabhan 2005a rived quantity, whereas the location of peaks in the anguiarer

Nesseris & Perivolaropoulas 2005), we also check the degfee
overlap between the parameter space allowed by the sugeamolv
the CMB observations respectively. The newly released dbni

spectrum of temperature anisotropies is a direct obsezvabl
We use priors given in Table 1 for models with a con-
stant equation of state parameter, with the obvious cdnstitzat

dataset includes data from the Supernova Legacy Survey, thew’(z = 0) = 0. For supernova observations, we used wider pri-
ESSENCE Survey (Wood-Vasey etlal. 2007) and the extended dis ors forw andQxyr in order to illustrate the differences between
tant supernova dataset from HST along with the older dataset the two data sets studied here. We begin with a brief summnfary o
(Kowalski et all 2008). The combined data favours variaitostark results for the Gold+Silver data set. The best fit model ia taise
energy equation of state. isw = —1.99 andQxr = 0.47. The allowed range fow at 95%
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Figure 5. Marginalized likelihood contours if2yr — w plane for different models. In the top figures the blue dadivebs correspond to 68%, 95%
confidence level using the gold data. The red solid linesespnd to confidence levels in SNLS data. The black thicls lave marginalized confidence levels
using WMAPS data. The top left panel if for constantmodels with a homogeneous dark energy and the one on theigigiiten we include dark energy

perturbations. The bottom left plot is for models with= 1 and the right plot is withp = 2.

confidence limit for large priors is-3.73 < w < —1.25. The cor-
responding range for the density parametef.i8 < Qngr <
0.57. With SNLS data, the best fit model is = —1.06 and
Qnr = 0.29. The allowed range fow at 95% confidence limit
is —2.36 < w < —0.74. The allowed range for the density param-
eteris0.11 < Qngr < 0.48. There is clearly a large shift in the
allowed values of parameters.

We illustrate this in Figure 5 (top-left panel) where we have
plotted the regions allowed by the two data set6&4% confidence
levels in thew — Q n r plane. Dashed line shows the region allowed
by the Gold+Silver data set and the solid line is for the SNaf&d
set. We can deduce the following from this figure:

e The region allowed by these two data set§& confidence
level has some overlap, thus we may say that the two sets are co
sistent with each other.

e The overlap is af2xr > 0.36 and is thus at margins of what
is allowed by other observations.

e The ACDM model is ruled out a#8% confidence level by the
Gold+Silver data set.

This point is reiterated by the likelihoods af andQ2n r for these
models in the same panel.

The figure shows the large overlap between the likelihood
curves corresponding to SNLS data and WMAP data where the
Gold+Silver data clearly favours higher values{of r and more
negativew. The phantom models are still allowed but the SNLS
data as well as WMAP data show a preference for models close to
a cosmological constant.

For comparison, WMAP allows-1.25 < w < —0.7 and
0.2 < Qnr < 0.38 if dark energy is assumed to be smooth. If
we allow for perturbations in dark energy then the limits e t
equation of state parameters changes t®25 < w < —0.64 and
0.20 < Qnr < 0.38 as shown in the top right panel of Figure 5.

These figures allow us to conclude that:

e WMAP observations of temperature and polarization
anisotropies strongly favour models around = —1, i.e., the
ACDM model. As a result, WMAP and Gold+Silver data sets
have a small region of overlap as the latter does not favouetso
aroundw = —1. (It is this disagreement that had led us to suggest
that the supernova data set could be plagued by some syatemat

e The best fit of each set is ruled out by the other data set at effects (Jassal, Bagla, & Padmanabhan 2005a), partiguderlit

this confidence level. Indeed, the best fit of Gold+Silverndst is
allowed by the SNLS data with a probabilily = 12.65% while
the best fit of the SNLS data set is allowed by the Gold+Siletad
set withP = 8.14%.

contains supernovae from a number of different sourceshdn t
work, we have used WMAP first year data.)

¢ WMAP and SNLS data sets have a region of overlap within
68% confidence levels.
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e There is no significant change in the likelihood contours for tions, all that one needs is to check whether ¢ is in the range
other cosmological parameters as we go from the cosmologica allowed by CMB observations fap in the constantv model.

constant model to dark energy with a constant equation & sta We return to the issue of variation of dark energy density al-
parameter (not constrained toe = —1), or when we go from a lowed by observations. A pictorial representation of resislgiven
smooth dark energy to the model where dark energy is allowed t in Figure 7, where we have plottee =(z)/ppr(z = 0) as a func-
cluster. tion of redshift. Different panels show the evolution oftiquantity

) as allowed by the SNLS data set, WMAP5 observations of tem-
Thus we can say that SNLS and WMAP data are in (much) better heratre and polarization anisotropies in the CMB and cogti

agreement as compared to the Gold+Silver and WMAP data sets. .qnstraints from WMAP5+SNLS. These are plotted for cortstan
(with and without dark energy perturbations), and for Valgav
with p = 1 andp = 2. Dark energy was assumed to be homo-
geneous in all cases except for the second row that corrdsgon
constantw models with perturbations in dark energy. We can con-
It has been claimed that observations, in particular olserv clude that:

EO?S Oft h'?h redshlftl iuper?odvai (the Go{lgl andw G|0Ig+K?2ver e Supernova observations are a tight constraint for modets wi
ata sets) favour evolution of dark energy (Alam etal. 20ia constantw, but these are not as strong as CMB constraints.

Padmanabhan & Choudhlty 2003; Jonssonlet al. |2004; Jimenez « SNLS+WMAPS data offers tighter constraints than eitheadat

gggi ABmendtczIaC& Quer(.:t(.elgr:l 20035(‘)](')”;?”32 etal. .:.20331 E,%% set and the cosmological constant is allowed with a high ahvdb
 LRASSEL, L OTASAN Lnz 4._Corasanifi etal 42 ity. This follows from the complementary nature of the twaeo

Daly_& Djorgayski 2004, Gony.2004; Choudhury & Paglm_ana_bh_an straints as seen from the orientation of the likelihood corg (e.g.,
2005;| Wang 2004; Wang etlal. 2004). As such a variation is im- see Figure 5)

possible if acceleration of the universe is caused by thenoes e Supernova observations do not constrain evolution of dark e

Itoglce}‘IEcorI]stt_ant, Ift (Ijs Ilr(n portant" t'? teit this cla:jmf. Notalttl’:hc;a ergy density in models with a variabte. Very large variation in
erm “Lvolution of dark energy”has been used for VOIULon 0y, energy density is allowed by these observations.

the e.quation of state parameter, as well as for evollutiome.fg;/ « WMAPS5 observations are, in contrast, a much tighter con-
density for t_he dark energy component. In an earlier studygus straint and do not allow significant variation in dark enetfgyeed,
the Gold+Silver data S?t’ we had f°“'?d that supernova oserv the variation in dark energy density allowed by WMAPS5 observ
tionsdo no.t favour evolution of the equation of state parameter over tions for models with variable is not significantly larger than that
models with a constant < —1. But these models are favoured allowed for constants models.

strongly as compared to the cosmological const.ant modekhwh e We demonstrate that the constraints on dark energy paresnete
was allowed. W'thp. = 6.3% amongst models W!th constant for varyingw models are the same as the constraints on consgtant
Wh_en_ combined with WMAP a_md other constraints, the allowed models if we considet. ; ; for varying dark energy models.
variation of dark energy is restricted to a narrow range andets « SNLS+WMAP constraints are essentially dominated by the

?roun? tBhe ?oszc)) Ic()jglcal ckc))rn stag:)gge fa\\//(\)/uref]l (ﬁgljakte2ﬁ§ if WMAP data and follow the same pattern. SNLS observations add
assal, badla. admanabfian a). We should note "W to the overall constraint by limiting the range of valueswaiéd for

combine only the Gold+Silver (or Gold) supernova and WMAP
data then results favour evolution of z, but adding observations
of galaxy clustering removes this inclination. We would like to add a note of caution that the analy-
We studied constraints on models of varying dark energy with sis for varyingw models does not take perturbations in dark
the SNLS and WMAP5 data and the results are summarised in ta-energy into account. However, these are more important for

3.3 Varyingw(z)

ble 2, which gives the ranges of parameters allowe@bgé con- w > —1 or models with rapidly varyingw (Bean & Dore
fidence level. The supernova data constraisbut does not ef- 2004;| Caldwell, Dave & Steinhaldt 1998; Weller & Lewis 2003;
fectively constrainw;. On the other hand, CMB data constrains an |Hannested 2005) and such models are not allowed by obsarahti
effective equation of state and hence indirectly providesstraints constraints.

onw'(z = 0). This is evident from lower panels of Figure 5, where
we have plotted confidence contoursir r — w plane. The CMB
contours are significantly narrower than those given by tinges

nova data. We do not find any significant changes in the liketh 4 DISCUSSION

contours for other parameters suchma§ yrh?, Qzh? andr. For In this work we studied the SNLS data set and compared the con-
instance the range @ty rh? is given by0.21 — 0.33 is valid for straints obtained with constraints from WMAP five year data o
all the models considered here. This is illustrated in Table temperature anisotropies in the CMB. We find that the parame-
Given that CMB observations constrain only one number, we ter values favoured by the two data sets have significant- over
expect that the constraint on models with varyiagz) should lap and the two sets can be combined to put tight constraints
constrain onlyw.ss as defined in Eqr.]6). We confirm this by on models of dark energy. In an earlier work we had noted that
plotting likelihood contours for models with varying(z) on the the Gold+Silver data set does not agree with WMAP observa-
Qnr — wess plane. We also plot contours for constamnimodels tions in that these favour distinct parts of the parametecep
on the same plane for reference. Figure 6 shows these cerftour  (Jassal, Bagla, & Padmanabhan 2005a). Constraints from Y/MA
the models withp = 1 andp = 2. We find very strong coinci- and structure formation favour similar models, but onesirdis
dence in the contours for models with variakléz) when plotted from those favoured by Gold+Silver supernova observatidhss
with wess with the contours for models with constamtthereby indicates some degree of inconsistency between the swzeamal
confirming our conjecture. This also provides an easy agprta other observations and it led us to suggest that the GoldaiSil

constraining models with variable(z) without detailed calcula- data set may be affected by as yet unknown systematic errors
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Figure 6. The black contours in this figure show constraints on thectifie dark energy equation of stai. ; ; for p = 1 andp = 2 from the WMAPS5 data.
The green lines are constraints on constant Q2 y g (without perturbations). These clearly show that the CMBd®nstrains effective equation of state at

©
=]

0.5
T

0.4

NR

4
/

7R

qd
y
_é//

NR

the last scattering surface.

0.6

0.5

0.4

0.3

0.2

N
N
—

Table 2. This table lists the range of parameters allowed within 98%#fidence limit from SNLS, WMAP1, WMAP3 and SNLS+WMAP3.

Parameter ACDM w=const. w=const. p=1 p=2
with perturbations

—-1.92——0.74 —1.92—-0.74 —1.89——0.61 —1.9——0.59 SNLS
w -1.39—-058 —-1.63——-0.66 —1.64——0.42 —1.93— —0.43 WMAP1
—-1.25——-0.7 —-1.25——-0.64 —-1.62——-044 —-1.62— —0.43 WMAPS5

-147—-083 —-157—-0.88 —-1.46——-0.81 —1.74— —0.77 SNLS+WMAP1

—-1.1—-0.9 -1.1—-0.9 —-1.3—-0.8 —1.42— —0.66 SNLS+WMAP5
—4.82—3.3 —4.79—4.23 SNLS
w’(z = 0) —3.09 —1.32 —2.5—4.87 WMAP1
—-1.8—1.2 —-33—2.7 WMAPS5

—0.99 —1.04 —2.22—4.79 SNLS+WMAP1

—1.25—0.91 —2.6—2.7 SNLS+WMAP5
0.22—0.31 0.11—0.47 0.11—0.47 0.11—0.48 0.11—0.48 SNLS
QNR 0.20 — 0.45 0.16 —0.43 0.20 —0.47 0.17—0.45 0.18—0.44 WMAP1
0.19—0.33 0.19—0.38 0.19—0.39 0.19—0.39 0.19—0.38 WMAP3
0.21 —0.34 0.2—0.38 0.2—0.38 0.2—0.38 0.20—0.38 WMAPS5

0.22—0.31 0.15—0.36 0.18—0.41 0.16—0.38 0.19—0.39 SNLS+WMAP1

0.22—0.3 0.22—0.3 0.22—0.3 0.22—0.33 0.21 —0.32 SNLS+WMAP5
h 0.61—0.79 0.61—0.78 0.6 —0.79 0.6 —0.78 0.61 —0.78 WMAP1
0.66 —0.77 0.60 —0.78 0.60 —0.78 0.61 —0.79 0.61 —0.78 WMAPS5

0.69—0.77 0.68—0.78 0.68—0.79 0.67—0.77 0.65—0.78 SNLS+WMAP1

0.68—0.74 0.68—0.74 0.68—0.74 0.66 —0.76 0.65—0.76 SNLS+WMAP5
Qph? 0.02 —0.027 0.021 —0.028 0.02 —0.027 0.02 —0.027 0.02 —0.027 WMAP1
0.021 —0.024  0.021 —0.023 0.02—0.024 0.021 — 0.0235 0.022 —0.024 WMAP5

0.02 — 0.027 0.021—0.027 0.021—0.027 0.021—0.027 0.021—0.028 SNLS+WMAP1

0.021 —0.023 0.021—0.024 0.021—0.024 0.021 —0.023 0.021 —0.024  SNLS+WMAP5
n 0.93 —1.08 0.93—1.1 0.93 —1.09 0.93—1.1 0.93 —1.098 WMAP1
0.94 —0.99 0.93 —0.99 0.93 —0.99 0.93 —0.99 0.93 —0.99 WMAPS5

0.93 —1.09 0.94—1.08 0.94—1.09 0.93 —1.09 0.93 — 1.097 SNLS+WMAP1

0.94 —0.99 0.94—0.99 0.93—0.99 0.93 —0.99 0.94 —0.99 SNLS+WMAP5
T 0.002 —0.33 0.011 —0.39 0.007 —0.35 0.13—0.4 0.016 — 0.39 WMAP1
0.054 —0.12 0.05—0.12 0.055 —0.12 0.054 —0.12 0.054 —0.12 WMAPS5

0.004 —0.33 0.008—0.34 0.045—0.37 0.013 —0.38 0.017—0.396  SNLS+WMAP1

0.054 —0.12 0.053—0.12 0.055—0.13 0.52—0.12 0.05—0.125 SNLS+WMAP5
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Figure 7. This figure shows allowed range in variation of dark energysitg as a function of redshift. The top row is for homogersedark energy model,
the second row is for perturbed dark energy, the third rowiis/éryingw with p = 1, and, the last row is for varying with p = 2. The white region is
the allowed range at 63% confidence level, the hatched régithe one disallowed range of dark energy density at 95%demte level and the solid (blue)
region is the one ruled out at 99% confidence level. In all dvesy the left most plot shows range allowed by SNLS data, tidkellenone with WMAPS data
and the right one shows the range allowed by combined data.
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(Jassal, Bagla, & Padmanabhan 2005a). One reason for dgubti

analyses have shown that ISW does not contribute significemt

the supernova data is the heterogeneity of sources fromhwhic constraining cosmological parameters from CMB data (seeXeo

the particular data set was collected (Riess et al. |20041.SSN
(Astier et all 2005) is a homogeneous data set and shouldiffiet s

ample, [(Xia et al. 2009)). The main reason for this is that I&W
fects power at small and due to large cosmic variance these modes

from such problems and indeed we find that there is no incensis do not contribute much to the overall likelihood.

tency between SNLS and WMAP observations.
This highlights the usefulness of CMB observations for
constraining models of dark energy (Eisenstein & White 2004

Jassal, Bagla & Padmanabhan 2005). We believe that CMB-obser ACKNOWLEDGEMENTS

vations should be used for testing any model of dark energyas
pernova observations do not constrain models with varyingf-
fectivelyﬁ. Thus one should use CMB observations as well and not
rely only on supernova observations for constraining suotets.

We would like to add a note of caution against combining the
SNLS data with other data sets of high redshift supernovéigtin
of the very different nature of these data sets. Indeed, baeld
use homogeneous data sets like the SNLS in isolation to dleid
problems mentioned above.

In terms of models, we find that the cosmological constant
is favoured by individual observations (SNLS and WMAP) as
well as in the combined data set with very high probability.
Table 2 gives allowed values of all cosmological paramegars
95% confidence level by SNLS, WMAP as well as the combined
data set. For the cases where a similar analysis has beerbgone
others, our results are consistent with other findings (Bréd al.
2003; | Spergel et al. 2003;_Maccio et al. 2003; Linder & Jeskin
2003; [Pogosyan, Bond & Contaldi_2003; _Tegmark éetlal. 2004;
Wang & Tegmark | 2004; | Giovi, Baccigalupi & Perrotta_2004;
Hannestad. 2004; Huterer & Cooray 2004; |llee 2005; Lee & Ng
2003; |Lee, Lee & Ng | 2003;[ Mainini, Colombo & Bonometto
200%; |Rapetti, Allen & Weller | 2004; | Pogosyan| 2004;
Nesseris & Perivolaropoulos 2005; Seljak et al. 2005;
Shen, Wang, Abdalla & $u___2005;__Feng, Wang & Zhang 2005;
Xia etal. 12006al/b; | Amendola, Campos, & Rosenfeld _2007;
Calvo & Maroto | 2006; Carneiro etial. 2005; Dantas et al. 2007;
Elizalde et al.| 2008; Mota, Kristiansen, Koivisto & Groepe
2007).

We have discussed the origin of the constraint on dark energy

models from CMB observations at length. We may conclude from
the analysis presented here that:

e Location of acoustic peaks in the angular power spectrum of
CMB anisotropies is the main source of constraints.

e CMB observations only constrain. s, an effective value of
the equation of state parameter defined in Egn.(6). This earséd
to translate constraints on models with constamb models where
dark energy properties vary with time.

e We have discussed models wifly = 1 in this paper. In
case this constraint is relaxed then the well known degegera
betweenw and Qg loosens the constraints. However, it is well

known that the SN and CMB data are complementary and can

be combined to provide fairly tight constraints even in tbése
(Perlmutter, Turner & White 1999; Huterer & Turher 2001). tde
not expect variations in curvature to modify our conclusiabout
wess being the only dark energy related quantity constrained by
CMB observations.

e Integrate Sachs-Wolfe (ISW) effect due to perturbations in
dark energy can, in principle, lead to variations in the CMiu-
lar power slectrum at small Our analysis of models with variable
w without perturbations does not take this into account. oei

3 The main constraint on varying models is from the CMB data

Numerical work for this study was carried out at cluster
computing facility in the Harish-Chandra Research Inggitu
(http://cluster.hri.res.in). This research has made dsHASAS
Astrophysics Data System.
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