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Abstract. A major quest in cosmology is the understanding of the nature of dargeriis now well known that a combination

of cosmological probes is required to break the underlying degeremaic cosmological parameters. In this paper, we present a
method, based on a frequentist approach, to combine probes withopitiar constraints, taking full account of the correlations
in the parameters. As an application, a combination of current SNla &8l data with an evolving dark energy component
is first compared to other analyses. We emphasise the consequénicesrplementation of the dark energy perturbations
on the result for a time varying equation of state. The impact of futurekvesgsing surveys on the measurement of dark
energy evolution is then studied in combination with future measurementg aogmic microwave background and type la
supernovae. We present the combined results for future mid-terroagderm surveys and confirm that the combination with
weak lensing is very powerful in breaking parameter degeneraciescénd generation of experiment is however required to
achieve a 0.1 error on the parameters describing the evolution of dargyye
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universe — dark energy — equation of state — evolution

1. Introduction

Supernovae type la (SNIa) observations (Knop et al. 2008s9Ret al. 2004) provide strong evidence that the universe
is accelerating, in very good agreement with the WMAP Cosmicrdvave Background (CMB) results (Bennett et al. 2003,
Spergel et al. 2003) combined with measurements of large staictures (Hawkins et al. 2003, Tegmark et al. 2004). The
simplest way to explain the present acceleration is to ¢htce a cosmological constant in Einstein’s equations. Qoacbwith
the presence of Cold Dark Matter, it forms the so-call@DM model. Even if this solution agrees well with currentajahe
measured value of the cosmological constant is very smalpeoed to particle physics expectations of vacuum enegguiring
a difficult fine tuning. A favourite solution to this problem invelvthe introduction of a new component, called "dark energy”
(DE), which can be a scalar field as in quintessence modeld€iidd 1988, Peebles & Ratra 1988).

The most common way to study this component is to measuredgsdtion of state” (EOS) parameter, definedvas p/p,
wherep is the pressure and the energy density of the dark energy. Most models predietvatving equatiomw(2). It has been
shown (e.g., Maor et al. 2001, Maor et al. 2002, Virey et aD4) Gerke & Efstathiou 2002) that neglecting such evatutio
biases the discrimination betweA€DM and other models. The analysis of dark energy propemgesls to take time evolution
(or redshiftzdependence) into account.

Other attractive solutions to the cosmological constaablem imply a modification of gravity (for a review, cf., e.gue
et al. 2004, or Carroll et al. 2005 and references thereainthis case, there is no dark energy as such and thus no dadyene
equation of state. In this paper, we consider only the dagkggnsolution, keeping in mind that Lue et al. (2004), amotigers,
have shown that the induced changes in the Friedmann egsatiwld be parameterised in ways very similar to a dark gnerg
evolving solution.

* “Centre de Physique H®orique” is UMR 6207 - “Unié Mixte de Recherche” of CNRS and of the Universities “de Proverte' la
Méditerratee” and “du Sud Toulon-Var”- Laboratoryidiated to FRUMAM (FR 2291).
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As various authors have noted (e.g., Huterer & Turner 200dllen& Albrecht 2002), SNIa observations alone will not be
able to distinguish between an evolving equation of state/dBDM. This technique indeed requires prior knowledge of the
values of some parameters. In particular, the precisiorhemtior matter densitf2,, has an impact on the constraints on the
time evolution of the equation of state even in the simplest flat Universe cosmology (e.g., Virezl e2004b).

Extracting dark energy properties thus requires a combamadlysis of complementary data sets. This can be done by com-
bining SNla data with other probes such as the CMB, the lazgkegistributions of galaxies, Lymanforest data, and, in the
near future, the observation of large scale structure \WwigiSunyaev-Zeldovichfiect (SZ) (Sunyaev & Zeldovich 1980) or with
weak gravitational lensing surveys (WL), which provide aigue method to directly map the distribution of dark mattethie
universe (for reviews, cf., e.g., Bartelmann & Schneidd@20ellier et al. 2002; Hoekstra et al. 2002, Refregier 2008/mans
et al. 2005 and references therein).

Many combinations have already been performed wiffedint types of data and procedures, (e.g., Bridle et al., 20889
& Tegmark 2004, Tegmark et al. 2004, Upadhye et al. 2004 ki85, Seljak et al. 2004, Corasaniti et al. 2004, Xia et al.
2004). All studies have shown the consistency of existing dats with theACDM model and the complementarity of the
different data sets in breaking degeneracies and constraiaikgedergy for future experiments. But the resultediby as
much as 2 on the central values of the parameters describing an expaguation of state.

In this paper, we have chosen three probes, which seem tadestrain the parameters of an evolving equation of state
when combined, namely, SNla, CMB and weak lensing. Conisigex flat Universe, we combine the data in a coherent way,
that is to say, under identical assumptions for the darkggneroperties for the three probes, and we completely avmdise
of priors. This had not always been done systematicallylipravious combinations. We also adopt a frequentist apmbréar
the data combination, where the full correlations betwdendosmological parameters are taken into account. Thibadet
allows us to provide, simultaneously, confidence interwals large number of distinct cosmological parameters. bae this
approach is very flexible as it is easy to add or remove parmet contrast with other methods.

The paper is organised as follows: In Sec. 2, we describeranrdwork and statistical procedure, based on a frequeptist
proach, which can accommodate all parameters without maligation. For our simulation and analysis, we use the CKB¥E
package for CMB (Doran 2003), the Kosmoshow program for SNilguin 2003) and an extension of the calculations from
Refregier et al. (2003) for weak lensing. In each case, thgrams take into account the time evolution of the equatfstate
(cf Sec. 2.2 for detalils).

In Sec. 3, we apply this method to current data sets of SNIaVeRGAP data. We first verify that the constraints on the
cosmological parameters estimated with a Fisher matriknigae (Fisher 1935), are consistent with those obtaingd ai
complete error analysis. We then compare these errors tiér works and discuss thefidirences. In particular, we discuss how
the treatment of the dark energy perturbations can exptairesf the diferences found in the literature.

In Sec. 4, we study the statistical sensitivities dfetient combinations of future surveys. We simulate expectator the
ground surveys from the Canadian French Hawaii TelescogadyeSurveys (CFHTLS) and new CMB data from Olimpo as
well as the longer term Planck and SNAP space missions. Egetfuture experiments, the results are combined with a&Fish
matrix technique, compared and discussed.

Finally, our conclusions are summarised in Sec. 5.

2. Combination method

In this section, we first summarise the framework used inghjser, and describe our approach based on frequentististati

2.1. Dark Energy Parametrization

The evolution of the expansion parameter is given by the HuparameteH through the Friedmann equation

H@Y _ 34 Px@ 2

( Ho) =(1+2 Qm+px(0)Qx+(1+z) Qx, (1)
with

ex(@ ‘

o0 " exp[S fo (1+w(Z)) dIn(1+2) 2

where the ratio of the dark energy density to the criticalsitgris denoted2y in a general model an@, in the simplest case
of a Cosmological Constaniv(= —1). Qy is the corresponding parameter for (baryaruold dark) matter. Note that we have
neglected the radiation componét. The present total and curvature density parameterQanedQ, = 1 — Q, respectively.
The present value of the Hubble constant is parameteriselg as100h km s Mpc™2.
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As it is not possible to constrain a completely unknown fior@l formw(z) of the time evolution of the equation of state,
we adopt a parametric representation ofzldependence of the equation of state. We need this pararfeetrido fit all the data
sets over a large range mffrom z ~ 0 — 1 for the SNla and weak lensing, upzoe= 1100 for the CMB. For this purpose, we
choose the parametrization proposed by Chevallier & Pkilé2§01) and Linder (2003) :

W(2) = Wo + Waz/(1 + 2), 3)

which has an adequate asymptotic behaviour. In this pagethus use two parameterg andw,, to describe the time evolution
of the equation of state (see justifications in Linder & HateR005). For this parametrizationw(z), Eq. 2 reduces to:

,DX(Z) — pX(O) e—3WaZ/(1+Z) (1 + 2)3(1+W0+Wa). (4)

For a constantv = Wy (Wa = 0), the usual formpx(2) = px(0) (1+ 2)33+%) s recovered.
The comoving distancg is defined as

Z C
@) = fo o7 (5)

and the comoving angular-diameter distan(@ is equal, respectively, t@, Rysin(x/Ro), Ro sinh(y/Rp), for a flat, closed and
open Universe where the present curvature radius of thersavs defined &R’y = ¢/(kHo) with respectively? = 1, -Q,, and
Q,.

2.2. Statistical approach

Most recent CMB analysis use Markov Chains Monte Carlo sitihs (Gilks et al. 1996, Christensen & Meyer 1998) with
bayesian inference. The philosophical debate betweerayesian and the frequentist statistical approaches isloey@ scope
of this paper (for a comparison of the two approaches seén$taince, Feldman & Cousins 1998 and Zech 2002). Here, we
briefly review the principles of each approach.

For a given data set, the bayesian approach computes thedgilitybdistribution function (PDF) of the parameters ddsiag
the cosmological model. The bayesian probability is a meastithe plausibility of an event, given incomplete knovgedin
a second step, the bayesian constructs a 'credible’ intesgatered near the sample mean, tempered by 'prior’ assomsp
concerning the mean. On the other hand, the frequentistrdigies the probability distribution of the data as a functad the
cosmological parameters and gives a confidence level thajilen interval contains the parameter. In this way, thgueatist
completely avoids the concept of a PDF defined for each pdesnfes the questions asked by the two approaches fieralit,
we might expect dferent confidence intervals. However, the philosophicieténce between the two methods should not
generally lead, in the end, to majoifidirences in the determination of physical parameters anddabefidence intervals when
the parameters stay in a physical region.

Our work is based on the 'frequentist’ (or 'classical’) caolgfince level method originally defined by Neyman (1937). This
choice avoids any potential bias due to the choice of prioraddition, we have also found ways to improve the calcoiati
speed, which gives our program some advantages over othesiba programs. Among earlier combination studies (Bridle
et al. 2003, Wang & Tegmark 2004, Tegmark et al. 2004, Upaditya. 2004, Ishak 2005, Seljak et al. 2004, Corasaniti et
al. 2004, Xia et al. 2004) only that of Upadhye et al. (20048sualso a frequentist approach.

2.2.1. Confidence levels with a frequentist approach

For a given cosmological model defined by theosmological parameteés= (64, ..., 6,), and for a data set df quantities
X = (Xg,. .., Xny) measured with gaussian experimental erears= (o1, . . ., on), the likelihood function can be written as:

1 (Xl =X model)z)
L(X, 0x,0) = ex (— : . 6
(koi6) = e - (6)
whereXmode = (X1.models - - - » XNmodet) 1S @ Set of corresponding model dependent values.

In the rest of this paper, we adopy&notation, which means that the following quantity is mirsem:
X2(%, 05 8) = =2In(L(x, 07x; 6)) (7)

We first determine the minimumﬁ of y2(x, oy; ) letting free all the cosmological parameters. Then, taseinfidence level (CL)
on any individual cosmological parametgy we scan the variabl@: for each fixed value of;, we minimise again?(x, oy; 6)
but with n — 1 free parameters. The difference Ax?(6;), between the new minimum awﬁ, allows us to compute the CL on
the variable, assuming that the experimental errors arssggu
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1 00
1-CL(¢) = ——— f e V2Nt /21 (8)
I V 2Naot I'(Ngot/2) YAx9)

whererl is the gamma function and the number of degrees of freelgynis equal to 1. This method can be easily extended
to two variables. In this case, the minimisations are peréat forn — 2 free parameters and the confidence level6ZH() is
derived from Eq. 8 withNgor = 2.

By definition, this frequentist approach does not requigeraarginalisation to determine the sensitivity on a singtévidual
cosmological parameter. Moreover, in contrast with bayesieatment, no prior on the cosmological parameters idate&Vith
this approach, the correlations between the variables atteally taken into account and the minimisation fit can explthe
whole phase space of the cosmological parameters.

In this study, the minimisations af?(x, ox; 6) are performed with the MINUIT package (James 1978). Foltparameter
study proposed in this paper, each fit requires around 2@ilesions ofy?. The consumed CPU-time is dominated by the
computation of the angular power spectru@z)(of the CMB in CMBEASY (Doran 2003). In practice, to get the &Ir one
variable, as shown, for instance, in Fig. 1, the computatiotine C, is done around 10000 times. The total number of calls to
perform the study presented in Tab. 1, is typically 3 or 4 Sramaller than the number of calls in the MCMC technique uged b
Tegmark et al. (2004). This method is very powerful for sindythe impacts of the parameters: it is not costly to add wronee
parameters because the numbe€ptomputations scales with the number of parameters, in asintvith the MCMC method,
which requires the generation of a new chain.

2.2.2. Combination of cosmological probes with Fisher matrices

In parallel with this frequentist approach, to study théistieal sensitivities of dferent combinations of future surveys, we
perform a prospective analysis based on the Fisher matfmigue (Fisher 1935). We validate this approach by compats
estimates of the statistical errors for the current datavghtthose obtained with the frequentist method descriltEn/a.

The statistical errors on tlrecosmological parameteés= (64, .. ., 6,) are determined by using the inverse of the covariance
matrix V called the Fisher matrik defined as:

d%In L(x; 0)

Vhij=Fij=-
( )Ij ij 09i69j s

9)
where £(x; 0) is the likelihood function depending on timecosmological parameters and a data sdiaheasured quantities
X =(X,...,%n). A lower bound, and often a good estimate, for the statifécror on the cosmological paramefiers given by
(Vi)*2.

When the measurements of several cosmological probes argireean the total Fisher matrik: is the sum of the three
Fisher matrices-sn, Fw. and Fcys corresponding respectively to the SNla, weak lensing andB@ildservations. The total
covariance matriF; allows us to estimate both, the expected sensitivity on tsmnological parameters, with the diagonal
terms, and the correlations between the parameters, vethiftiliagonal terms. The Fisher matrices for each probe are gtatdp
as follows.

CMB: In the case of CMB experiments, the data set vextmrresponds to the measurement€gfthe angular power spectrum
of the CMB from¢ = 2 to some cutfi {nx. Using Eq. 9, the Fisher matrix is written as

7
= 1 dC, 0C,

(Feme)ij = lz: g : 0_9| : 6_0, (10)
=2 ¢

whereoy, is the statistical error 06, obtained directly from published results or estimated as gnox 1995):

[ 2
7T\ @+ Dfay

where the second term incorporates tffes of instrumental noise and beam smearing. In EQfkim, fsy, ands are respec-
tively the angular resolution, the fraction of the sky olveerand the expected sensitivity per pixel.

The C, and their derivatives with respect to the various cosmakgbarameters are computed with CMBEASY (Doran
2003), an object oriented+&- package derived from CMBFAST (Seljak & Zaldarriaga 1996).

2

2 fwhm
Cr + (Orwhm9)” - €7@ (11)

SNla: The SNla apparent magnitudescan be expressed as a function of the luminosity distance as

M(2) = M, + 510g10(D1) (12)
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whereD| (2) = (Ho/c) d_(2) is theHp-independent luminosity distance to an object at redstaffThe usual luminosity distance
d.(2) is related to the comoving angular-diameter distariggby d. (2) = (1 + 2) - r(v), with the definition ofr(y) andy(2) given
in Sec. 2.1. The normalisation paramety, thus depends oHp and on the absolute magnitude of SNla.

The Fisher matrix, in this case, is related to the measurpdrapt magnitude of each object and its statistical ertof,

by

= XX 1
o2 00; ; (13)

Weak lensing: The weak lensing power spectrum is given by (e.g., Hu & Tegr809, cf, Refregier 2003 for conventions)
9 (Ho\* . 90) I o (¢
C:-(—)szd —| P{=.x], 14

wherer (y) is the comoving angular-diameter distance, gfndorresponds to the comoving distance to horizon. The ragigght
functiongis given by

ro)rie’ —x)
rv)

wheren(y) is the probability of finding a galaxy at comoving distancand is normalised aﬁ dy n(y) = 1.
The linear matter power spectrubgk, z) is computed using the transfer function from Bardeen ef18186) with the con-

ventions of Peacock (1997), thus ignoring the correctiontaggye scales for quintessence models (Ma et al. 1999).ifmbarl
growth factor of the matter overdensitie€ss given by the well known equation:

o =2 [ " de i) (15)
X

. . 3
5+ 2Ho — 5|—|29m(a)5 =0, (16)

where dots correspond to time derivatives, &yga) is the matter density parameter at the epoch corresponditie dimen-
sionless scale fact@r This equation is integrated numerically with boundaryditans given by the matter-dominated solution,
G =6/a=1andG = 0, asa — 0 (see eg. Linder & Jenkins 2003). We enforce the CMB norratiia of the power spectrum
P(k, 0) atz = 0 using the relationship between the WMAP normalisation mpatarA andog given by Hu (2004). Considerable
uncertainties remain for the non-linear corrections imtgggsence models (cf. discussion in Hu (2002)). Here, wehesktting
formula from Peacock & Dodds (1996).

For a measurement of the power spectrum, the Fisher magnixegit is defined as:

1 0C,9C,
Fuou )i = § , 17
( WL)I] - é[ 60| ag] ( )

where the summation is over modeshich can be reliably measured. This expression assumethéherrorsrc, on the lensing
power spectrum are gaussian and that thffeint modes are uncorrelated. Mode-to-mode correlatiase been shown to
increase the errors on cosmological parameters (Cooray &6{il) but are neglected in this paper.

Neglecting non-gaussian corrections, the statisticabresic, in measuring the lensing power spectr@n (cf., e.g.,
Kaiser 1998, Hu & Tegmark 1999, Hu 2002) is given by:

= 2 C 0-5 18
oc, = m |+2—ng, (18)

wheref is the fraction of the sky covered by the surveyis the surface density of usable galaxies, atf)d= {1y is the shear
variance per galaxy arising from intrinsic shapes and nreasent errors.

2.3. Cosmological parameters and models

For the studies presented in this paper, we limit ourselvabe 9 cosmological parametets= Qp, Qm, h, Ng, 7, Wo, Wy, A
andMg,, with the following standard definitions:
- (i , i=b,m) are densities for baryon and matter respectiv@lyifcludes both dark matter and baryons),
- his the Hubble constant in units of 100 jgtMpc,
- ng is the spectral index of the primordial power spectrum,
- 7 is the reionisation optical depth,
- Alis the normalisation parameter of the power spectrum for Givi8 weak lensing (cf Hu & Tegmark (1999) for definitions).
The matter power spectrum is normalised according to the E@&malisation (Bunn & White 1997), which corresponds



6 Ch. Yecheet al.: Prospects for Dark Energy Evolution

to og = 0.88. This is consistent with the WMAP results (Spergel et aD3)Gand with the average of recent cosmic shear
measurements (see compilation tables in Mellier et al. 2B@2kstra et al. 2002, Refregier 2003).

- Mg, is the normalisation parameter from SNla (cf Sec. 2.2.2),

- Dark energy is described by tlg parameter corresponding to the value of the equation &f atat0. When the dependence

of the equation of state is studied, an additional paranveiés defined (cf Sec. 2.1).

The reference fiducial model of our simulation iA\&DM model with parameter&®,, = 0.27, Q, = 0.0463,ns = 0.99,
h=0.72,7 = 0.066,A = 0.86, consistent with the WMAP experiment (see tables 1-2 ing&gpet al. 2003). In agreement with
this experiment, we assume throughout this paper that tiverse is flat, i.e.Q = Qn, + Qx = 1. We also neglect thefect of
neutrinos, using 3 degenerate families of neutrinos withsesa fixed to 0.

In the following, we will consider deviations from this reémce model. For the equation of state, we use as a reference
wp = —0.95 andw, = 0 as central values (we have not used exaedy= -1 to avoid transition problems in the CMB
calculations). To estimate the sensitivity on the paramsadescribing the equation of state, we also consider twerditiucial
models: a SUGRA model, witwg = —0.8, w, = 0.3) as proposed by, e.g., Weller & Albrecht (2002) to repregemtessence
models, and a phantom model (Caldwell 2002) with € —1.2, w, = —0.3).

In this analysis, the full covariance matrix on all paramgte used with no prior constraints on the parameters, avpid
biases from internal degeneracies. We have implementduhtbesvolving parametrization of the equation of state inudations
and analysis of the three probes we consider in this papeMB, SNla and weak lensing.

3. Combination of current surveys

We first apply our statistical approach to the combinatiomesent SNIa and CMB data, without any external constraints
or priors. The comparison of the statistical errors obt@iwéh a global fit using this frequentist treatment, withsbgredicted
with the Fisher matrix technique, also allows us to validate procedure described in Sec. 2. Finally, we compare cuitee
with other published results.

3.1. Current surveys

We use the 'Gold sample’ data compiled by Riess et al. (2004, 157 SNla including a few at > 1.3 from the Hubble
Space Telescope (HST GOODS ACS Treasury survey), and tHisipedh data from WMAP taken from Spergel et al. (2003).
We perform two distinct analyses: in the first case, the éguaf state is held constant with a single parameigand we fit
8 parameters, as described in Sec. 2.2; in the second cazeldpendence of the equation of state is modelled by two Vasab
W andw;, as defined in Sec. 2.1, and we fit 9 parameters.

3.2. Results

The results of this frequentist combination of CMB and SNé&adare summarised in Tab. 1. When the equation of state
is considered constant, we obtaig = —0.92ig:ig (1-0) and the shape of the CL is relatively symmetrical aroundviidee
of wp obtained at thg/2 minimum. When az dependence is added to the equation of state, the CL istilinetrical with
Wo = —1.09j8&g butw, becomes asymmetrical with a long tail for smaller values/gfas can be seen in Fig. 1. The 1-D CL for
W, gives the resulting CL at 68%¢) and 95%(2): w, = 0.82+02% +042

Tab. 1 compares therlerrors obtained with the frequentist method and the ernedigted with the Fisher matrix techniques.
The agreement is good, and in the remaining part of this p&gehe combination of expectations from future surveys,will
use the Fisher matrix approach.

However Upadhye et al. (2004) noticed that the high red§hift of the parametrization of the EOS plays an importaié ro
when we consider CMB data which impos€z — «) < 0. With our choice of parametrization (see definition in Egv@& get
the conditionwy + W, < 0. When a fit solution is found close to this boundary condijtemis the case with the current data, the
CL distributions are asymmetric, giving asymmetrical esrdhe Fisher matrix method is not able to represent cowgiec2-D
CL shapes, as those shown in Fig. 2. For example, the error, dncreases when thev, w,) solution moves away from the
‘'unphysical’ regionwg + w, > 0. To avoid this limitation, we will thus use fiducial valueflsv, closer to zero for the prospective

studies with future surveys.

It is worth noting that the solution found by the fit corresgsno a value ofv slightly smaller than -1 for = 0, and a value
of w slightly larger than -1 for higtz. The errors are such that the valuevofs compatible with -1. However, this technically
means that the Universe crosses the phantom line in its tamelurhis region {v < —1) cannot be reached by the fit, if dark
energy perturbations are computed in the CMBEASY versiorus& To obtain a solution and compare with other published
results, we therefore probed twdigrent conditions, both illustrated in Fig. 2.
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Table 1. Results of the frequentist fit to WMAP and Riess et al. (2004) SNla datahe 8 parameter fit with a constant EOS, the first column
gives the value of the variable at tgg minimum, with the confidence interval at 68%}, the second column shows the &rror computed
with the Fisher matrix techniques. The third and fourth columns presestthe information for the 9 parameter fit witlz dependent EOS.

The I errors are symmetrical for all the variables exceptgrits error goes fromid:2: for CL at 68% to* 342 for CL at 95% (see text).

constant EOS zdependent EOS
fit O Fisher fit O Fisher

Q, 00497%% =+0.003| 0.0557%%% +0.003

Q, 0290% 1004 | 0330% 1004

h 069:0% 4003 | 0690% 4003
ns  0970% 4003 | 0970% 1003
T 0139% 1004 | 0149% 1004

-0.04 —0.04

wo —092010 1011 | -10908 4014

0.82+021 +0.25

—0.26

A 0799% 4010 | 0809% 1010

Mg 159409 1003 | 159509 1003

1-CL
1-CL

0.6 0.6

0.5 0.5

0.4 0.4

0.3 0.3

0.2 0.2

[TTTT

U 0.1

-1.4 -1.3 -1.2 -11 -1 -0.9 -0.8 0 0.2 0.4 0.6 0.8 1 1.2 1.4W
a

Wo

Fig. 1. Confidence level (CL) plots on parametas (left) andw, (right), using WMAP and Riess et al. 2004 SNla data for a 9 parameter fit
with evolving EOS. The dashed lines correspond to the 68%ufihd 90%(1640) confidence intervals.

First, we removed altogether the perturbations for the @aergy, which gives the results presented above. This sliow
comparison with Seljak et al. (2004), who have likely remibdark energy perturbations. Their central value corregpda
Wo = —0.98"938 andw, = —0.05"192 at 95%(2). It is closer tow = —1 than our result and gives errors fog larger than the
ones we get. The comparison is however not exact, sincekSaljal. use a bayesian approach for the fits, and give results f
an evolving equation of state, only for the total combinatad the WMAP and SNla data with other SDSS probes (galaxies
clustering, bias, and Lymanforest).

We also performed the fits, including dark energy pertudoeti only wherw > —1 (which is the default implementation in
CMBFAST). Caldwell & Doran (2005) have argued convincinghat crossing the cosmological constant boundary leaves no
distinct imprint, i.e., the contributions @f < —1 are negligible, because < —1 dominates only at late times and dark energy
does not generally give strong gravitational clusteringr @nalysis, including dark energy perturbations only whers -1,
gives a minimum (cf. right hand side plot in Fig. 2) fap = —1.32°315 andw, = 1.2*3% at 1. This is some & away from
the no perturbation case. We remark that these values ayeclee to those obtained by Upadhye et al.(2004), who use a
procedure similar to ours, without any marginalisation argmeters, a weak constramg + w, < 0 inside their fit. Their result,

Wo = —1.3"93% andw, = 1.257949 at 95%(2r), has almost the same central value as our fit, when we swittheodark energy
perturbation fow > —1. The errors we get are also compatible, and are much ldrgerin the no perturbation case.

The importance and impact of introducing dark energy pbations has been discussed by Weller & Lewis (2003). Their
combined WMAP and SNla analysis with a constant sound spesrgives a more negative value wf when a redshift
dependence is taken into account. Although Rapetti et @04Pobserve a reducedtect when they add cluster data, they still
indicate a similar trend. Finally, when dark energy peratidns are included, we observe that the minimisation isena@ficult
and correlations between parameters increase.

We conclude that our results are compatible with other ghblil papers using various combinations of cosmologic@lgs.o
There is a good agreement of all analysis wihgris constant, showing that data agree well with #4@DM model. However,
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Fig. 2. Confidence level contour plots with WMAP and Riess et al. 2004 SNla ftatthe 9 parameter fit with adependent EOS in the plane
(Wo, Wa). The plot on the left hand side corresponds to the case when we intradudark energy perturbation. For the plot on the right hand
side, we introduce dark energy perturbations only wiven—1.

large uncertainties remain for the location of the minimumthe (v, w,) plane, when a redshift variation is allowed. We
emphasise that this is not due to the statistical methodobimteérnal assumptions. Upadhye et al.(2004) mention theithaty
to the choice of parametrization. We show that the introduaatf dark energy perturbations far> -1, can change the minimum
by nearly 2r and that the minimum is not well established as correlatimta/een parameters increase, and errors, in this zone
of parameter space are very large.

For the sake of simplicity, we decided to present, in the étiis paper, a prospective study without dark energy pleatu
tions, using a Fisher matrix technique.

4. Combination of future surveys

In this section, we study the sensitivity of the combinatiériuture CMB, SNla and weak lensing surveys for dark energy
evolution. We expect new measurements from the CHTLS sarve$NIa and weak lensing in the next few years, which can
be combined with the first-year WMAP together with the expg@&1B data from the Olimpo CMB balloon experiment. These
are what we call 'mid term’ surveys.

The combined mid term results will be compared to the "lomgteexpectations from the next generation of observations i
space which are under preparation, i.e., the Planck Surveigsion for CMB, expected in 2007, and the SNAPEM mission,

a large imaging survey, expected for 2014, which includel Bdlla and weak lensing surveys.

4.1. Mid term surveys

The diferent assumptions we use for the mid term simulations arellagvg, and are summarised in Tab. 3.

CMB: We add to the WMAP data, some simulated CMB expectations framQiimpo balloon experiment (Masi et al. 2003),
equipped with a 2.6 m telescope and 4 bolometers arraysdquéncy bands centered at 143, 220, 410 and 540 GHz. This
experiment will also allow us to observe the first "large™sy of galaxies cluster through the S#ext. For this paper, we will
limit our study to CMB anisotropy aspects.

For a nominal 10 days flight with an angular resoluttpn.m = 4" and with fgy =~ 1%, the expected sensitivity per pixel is
s=3.4x 105 We use Eq. 11 to estimate the statistical eorgr on the angular power spectrum.

SNla: We simulate future SNla measurements derived from the 18NjeS (2001) ground based survey within the CFHTLS
(2001). This survey has started in 2003 and expects to tallsample of 700 identified SNla in the redshift range0z < 1, af-

ter 5 years of observations. We simulate the sample, asiegglan Virey et al. (2004a) with the number of SNIa shown ib. T3,

in agreement with the expected SNia rates from SNLS. We assumagnitude dispersion of 0.15 for each supernova, cdnstan
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in redshift after all corrections. This uncertainty copesds to the most favourable case in which experimentatsyaic errors
are not considered.

A set of 200 very well calibrated SNla at redshift0.1 should be measured by the SN factory (Wood-Vasey et al.)2004
project. This sample is needed to normalise the Hubble a@imgnd will be called the 'nearby’ sample.

Table 2. Number of simulated SNIa by bins of 0.1 in redshift for SNESST and SNAP respectively.

z 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 1.7
SNLS+ HST - 44 56 80 96 100 104 108 10 14 7 12 5 2 3 1
SNAP 35 64 95 124 150 171 183 179 170 155 142 130 119 107 94 80

Finally, to be as complete as possible, we simulate a set 8N84, expected from HST programs, with a magnitude disper-
sion of 0.17 for each supernova, at redshifts between 1 ahdab. 3 summarises the simulation parameters.

Weak lensing: The coherent distortions that lensing induces on the shidmecground galaxies have now been firmly measured
from the ground and from space. The amplitude and angulardkmce of this ‘cosmic shear’ signal can be used to setgstron
constraints on cosmological parameters.

Earlier studies of the constraints on dark energy from demegak lensing surveys can be found in Hu & Tegmark (1999),
Huterer (2001), Hu (2002). More recently, predictions fog tonstraints on an evolving(a) were studied by several authors
(e.g., Benabed & van Waerbeke 2004, Lewis & Bridle 2002). Weeet, in the near future, new cosmic shear results from the
CFHTLS wide survey (CFHTLS 2001).

In this paper, we will consider measurements of the lensowep spectrunC, with galaxies in two redshift bins. We will
only consider modes betweén= 10 and 20000, thus avoiding small scales where instrumegtiématics and theoretical
uncertainties are more important.

For the CFHTLS survey, we assume a sky coverage of?1The rms shear error per galaxy is takerras= 0.35 and the
surface density of usable galaxies as 20 afwwhich is divided evenly into to redshift bins with median sadts z,, = 0.72 and
1.08. The redshift distribution of the galaxies in each refidfin is taken to be as in Bacon et al. (2000) with the aboveiared
redshifts (cf Tab. 3 for a summary of the survey parametévs)use Eq. 18 to estimate the statistical ecrgy.

4.2. Long term survey

The future will see larger surveys both from the ground aratepTo estimate the gain for large ground surveys compared
to space, critical studies taking into account the intdrggibund limitation (both in distance and in systematice)usth be done,
and systematicfeects, not included here, will be the dominant limitationthis paper, we limit ourselves to the future space
missions.

We simulate the Planck Surveyor mission using Eq. 11 withpirdormances described in Tauber et al. (2004). Assuming
that the other frequency bands will be used to identify theophlysical foregrounds, for the CMB study over the wholg ske
consider only the three frequency bands (100, 143 and 217 @tz respectively §swm = 9.2/, 7.1’ and 50') resolution and
(s=2010°, 2.210° and 48 10°%) sensitivity per pixel.

We also simulate observations from the future SNAP sateli? m telescope which plans to discover around 2000 idehtifi
SNla, at redshift 0.2 z <1.7 with very precise photometry and spectroscopy. The Silimibution, given in Tab. 2, is taken
from Kim et al. (2004). The magnitude dispersi@(m)qisp is assumed to be 0.15, constant and independent of the ftedishi
all SNla after correction. Moreover, we introduce an irrgile systematic errar-(m);,, following the prescription of Kim et al.
(2004). In consequence, the total error on the magniit(d®:. per redshift biri, is defined asor (M), ; = a(m)gisp/Ni +o(m?,
whereN; is the number of SNIa in the ith 0.1 redshift bin. In the cas8NAP, o-(m);,, is equal to 2.

The SNAP mission also plans a large cosmic shear survey. d$sljlities for the measurement of a constant equation of
state parametev with lensing data were studied by Rhodes et al. (2004), Mests&l. (2004), Refregier et al. (2004). We extend
here the study in the case of an evolving equation of stateus®én the simulation the same assumptions as in Refregar et
(2004) with a measurement of the lensing power spectruméa&hift bins, except for the survey size, which has incret&reen
300 to 10002 (Aldering et al. 2004) and for the more conservative rangauaitipolest considered (seg4.1).

The long term survey parameters are summarised in Tab. 3.

4.3. Results

The combination of the three data sets is performed with vatitbut, a redshift variation for the equation of state, lfoth
mid term and long term data sets.
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Table 3. Simulation inputs for CMB, SNla and Weak Lensing observations

CMB surveys
Ty f(GHz) Orwhm (7) s(10°°)
Current WMAP (Spergel et al.(2003)) full sky 23/33/41/61/94 13 -
Data
Mid term Olimpo 0.01 143220/41Q540 4 3.4
Data + WMAP
Longterm full Sky 100 9.2 2.0
data Planck 143 7.1 2.2
217 5.0 4.8
SN surveys
SN # Redshift range  Statistical error  Systematic error
Current Riess et al. (2004} HST 157 z< 17 ~0.25 -
Data
Mid term SNfactory 200 z<01 0.15 -
Data SNLS 700 03<z<1 0.15 -
HST 54 1<z 0.17
Longterm SNfactory 300 z<01 0.15
Data SNAP 2000 0l<z<17 0.15 0.02
WL surveys

Zm (2 bing) A(ded) total ng(amin?) o,
Mid term CFHTLS 0.72,1.08 170 20 0.35
Data
Longterm SNAP 0.95,1.74 1000 100 0.31
Data

The diferent plots in Fig. 3 show the results for individual mid tggmebes and for their combination. The results are for a
constantwg, plotted as a function of the matter dendi}y,. The combined contours are drawn using the full correlatiatrix
on the 8 parameters for thefidirent sets of data.

The SNLS survey combined with the nearby sample will imprthes present precision omn by a factor 2. The expected
contours from cosmic shear have the same behaviour as thelitiiiFovide a slightly better constraint 6x, and a diferent
correlation withw: CMB and weak lensing data have a positive Q) correlation compared to SNla data, which have a negative
correlation. This explains the impressive gain when thedhtata sets are combined, as shown in Tab. 4. Combining WMAP
with Olimpo data, helps to constraimthrough the correlation matrix as Olimpo expects to haveenitfiormation for the large
¢ of the power spectrum.

Fig. 4 gives the expected accuracy of the mid term surveysherparameters of an evolving equation of state. The CL
contours plots ofv, versusag, are obtained with a 9 cosmological parameter fit. Here alsmgbserve a good complementarity:
there is little information on the time evolution from SNIdtkvno prior, while the large redshift range from CMB datadslag
a strong anti-correlated constraint agp.

A combined analysis proves far superior to analysis witly @Nlla. In the favourable case, where we add more SNla from
HST survey, we expect a gain of a factor 2 on the errors, bstribt enough to lift degeneracies and the expected preaision
w, with these data will not be $licient to answer questions on the nature of the dark energy.

The simulated future space missions show an improved 8étysio the time evolution of the equation of state. The aecy
onw, for the diferent combinations are summarised in Tab. 4. There is adang@improvement from the combination of the
three data sets. The precision, for the long term surveykbesLiicient to discriminate between theffidirent models we have
chosen, as shown in the left hand side plot of Fig. 5 and in Sawhile it is not the case for the mid term surveys. This figure
illustrates, moreover, that the errorswpandwy, and the correlation between these two variables are dyrdegendent on the
choice of the fiducial model.

More generally, the combination of the probes with the falirelation matrix allows the extraction of the entire infation
available. For instance, the large correlation betwgegandw, observed for the weak lensing probe combined with the peecis
measurement afs given by the CMB, gives a better sensitivity g than the simple combination of the twg values, obtained
separately for the CMB and weak lensing. Such fieat occurs for several other pairs of cosmological pararmetnsidered
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Fig. 3. CL contours for mid term CMB (WMAR-Olimpo), SNla and weak lensing data from CFHTLS and the combinatioredhtiee probes
for the 8 parameter fit in the plan€g, wy) (see also Tab. 4). The solid lines represent 68%)(195% (2r), and 99% CL contours.

Table 4. Expected sensitivity on cosmological parameters for three scenariiei@supernova and CMB experiments (WMAP and Riess et
al.2004), mid term experiments (CFHT-SNLS (supernova surv&BHTLS-WL (weak lensing) and CMB (WMARQOIlimpo)), long term
experiments (CMB (Planck) and SNAP (supernovae and weak lefisigy) each scenario, the first column gives tle drror computed
with the Fisher matrix techniques for the 8 free parameter configuratidrihensecond columns gives the &rror for the 9 free parameter
configuration.

Scenario Today | Midtem [ LongTerm
Qp 0.003 Q004 Q001 Q002 QOO08 00008
Qn 0.04 004 001 001 0004 Q004
h 0.03 003 001 001 Q006 Q006
Ng 0.03 003 0006 Q009 Q003 Q003
T 0.05 004 001 001 001 001
Wo 0.11 Q22 Q02 Q10 Q02 Qo4
Wy - 0.99 - 0.43 - 0.07
A 0.10 010 002 002 002 002
Mg 0.03 003 001 001 001 001

in this study. The plot, in the right hand side of Fig 5, is dusiration of this &ect. It shows the combination of the 3 probes in
the (v, w,) plane. The & contour for the combined three probes, is more constraifiag the 2-D combination in thevg, w;)
plane of the three probes.

Finally, in the long term scenario, the weak lensing prolvigies a sensitivity on the measurementwf, (v,) comparable
with those of the combined SN and CMB probes, whereas in tlietenin scenario the information brought by weak lensing
was marginal. This large improvement observed in the in&tiom provided by the weak lensing, can be explained by tlyeta
survey size and the deeper volume probed by SNBEM, compared to the ground CFHTLS WL survey. We thus coreclud
that adding weak lensing information will be afiieient way to help distinguishing between dark energy modetystematic
effects are well controlled, the future dedicated space nrissitay achieve a sensitivity of order 0.1wq
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Fig. 4. CL contours for mid term CMB (WMAR-Olimpo), SNla and weak lensing data from CFHTLS and the combinatioredhtiee probes
for the 9 parameter fit in the planed, w,) (see also Tab. 4). The solid lines represent 68%)(105% (2r), and 99% CL contours.

Table 5. Expected sensitivity on cosmological parameters for the long term mssgiith CMB (Planck) and SNAP (supernova surveys and
weak lensing) for the 9 free parameter configuration.

Model | ACDM SUGRA Phantom
Qy 0.0008 00008 00007
Qn 0.004 Q004 Q003
h 0.006 Q006 Q005
Ns 0.003 Q003 Q003
T 0.01 001 001
Wo 0.04 Q04 003
W, 0.07 Q06 014

A 0.02 002 002
Mg 0.015 Q014 Q013

The SNARJDEM space mission is designed, in principle, to controbliservational systematidfects for SNla to the %
level, which is probably impossible to reach for future grdwexperiments. In this study, we assign an irreducibleesyatic
error on SNla magnitudes of 0.02 and systemdtieats have been neglected for CMB and weak lensing. This candwious
impacts on the final sensitivity, in particular, on the risfaimportance of each probe.

Other probes, whose combineffeets we have not presented in this paper, but intend to datihcimming studies, remain
therefore most useful. For example, the recent evidencedoyonic oscillations (Eisenstein et al. 2005) is a proatt thew
probes can be found. The present constraints that thedésrpswide, do not improve the combined analysis we prelserd.
However, getting similar results fromftrent probes greatly contributes to the credibility of aulgsn particular, when the
systematical fects can be quite flerent, as is the case for thdfdrent probes we consider. Finally, the joint analysis ofte

data observed simultaneously with WL, S#Zeet and X-rays, will allow the reduction of the intrinsic matics of the WL
probe.
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Fig. 5. CL contours for future space data from SNAP (SNIa and WL) and RIE@®IB) for a 9 parameter fit in the planeq, w,). The left hand
side figure shows the combination of SNAP (SNWL) and CMB for three dierent modelsACDM, SUGRA and Phantom). The solid lines
represent 68% (&), 95% (2r), and 99% CL contours. The right hand side figure shows the CL focdhgbined three "long term” probes.
The solid lines are thedl.contours for diferent combinations: WL alone, combined SNIa and CMB, and the thrabiced probes.

5. Conclusions

In this paper, we have presented a statistical method basedfrequentist approach to combindfeient cosmological
probes. We have taken into account the full correlationsacdimeters without any priors, and without the use of Markwires.

Using current SNIa and WMAP data, we fit a parametrization okamlving equation of state and find results in good
agreement with other studies in the literature. We confirat data prefer a value of less than -1 but are still in good agreement
with the ACDM model. We emphasise the impact of the implementation of #nke energy perturbations. This can explain the
discrepancies in the central values found by various astiWe have performed a complete statistical treatmentuated the
errors for existing data and validated that the Fisher mé&tdhnique is a reliable approach as long as the parameitgnsy) are
in the ‘physical’ region imposed by CMB boundary conditiof{z — ) < O.

We have then used the Fisher approximation to calculatexfiexcéed errors for current surveys on the ground (e.g., QFR)T
combined with CMB data, and compared them with the expeatgddvements from future space experiments. We confirm that
the complete combination of the three probes, includingkweasing data, is very powerful for the extraction of a canstv.
However, a second generation of experiments like the PlandiSNARIDEM space missions is required, to access the variation
of the equation of state with redshift, at the 0.1 precis@rel. This level of precision needs to be confirmed by furttedies
of systematical #ects, especially for weak lensing.

Acknowledgements. The authors are most grateful to M. Doran for the CMBEASY packége only code that was not developed by this
collaboration, and for his readiness to answer all questions. They wistanik A. Amara, J. Beg A. Bonissent, D. Fouchez, F. Henry-
Couannier, S. Basa, J.-M. Deharveng, J.-P. Kneib, R. Malina,airdni, A. Mazure, J. Rich, and P. Taxil for their contributions to stimutatin
discussions.

References

Aldering G.et al., SNAP Collaboration, 2004, astro4{0405232

Bacon, D.J., Refregier, A., & Ellis, R., 2000, MNRARS, 625

Bacon, D.J., Refregier, A., Clowe, D., Ellis, R. , 2001, MNRBZ5, 1065
Bardeen, J.M., Bond, J.R., Kaiser, N., Szalay, A.S., 1986 opslys.J304, 15
Bartelmann, M., & Schneider, P., 2001, Phys. R&ff), 291

Benabed K. & Van Waerbeke L., 2004, Phys. Rev0, 123515

Bennett Cet al., (WMAP Collaboration), 2003, Astrophys. J. Suppi8, 1
Bunn E. & White S., 1997, Astrop. 480, 6

Bridle S.Let al., 2003, Sciencg99, 1532

Caldwell, R.R., 2002, Phys. Lett. B45, 23

CFHTLS: see e.qg. httgicftht.hawaii.edu, httg/cfht.hawai.ed(SciencgCFHTLS-OLDhistory.2001.html



14 Ch. Yecheet al.: Prospects for Dark Energy Evolution

Caldwell R.R. and Doran M., 2005, astro/p501104

Carlin B.P. and Louis T.A.Bayes and Empirical Bayes Methods for Data Analysis, 1996, (Chapman and Hall, London)
Carroll S.M. et al., 2005, Phys.Rév71, 063513

Chevallier M.& Polarski D., 2001, Int.J.Mod.PhyB10, 213

Christensen N. and Meyer R., 1998, Phys. B8, 082001

Cooray, A., & Hu, W., 2001, Astrophys. 354, 56

Corasaniti Pet al., 2004, Phys.Re\D70, 083006

Doran M., 2003, astro-p8302138

Eisenstein et al., 2005, astro/p501171

Fisher, R.A. 1935, J. Roy. Stat. S&8, 39

Feldman G.J., Cousins R.D., 1998, Phys. R, 3873

Gerke B. F. & Efstathiou G., 2002, MNRAS35, 33

Gilks W.R., Richardson S., Spiegelhalter D. J., 199érkov Chain Monte Carlo in Practice (Chapman and Hall, London)
Hawkins E.et al., 2003, MNRAS347, 78

Heymans Cet al., 2005, astro-pl®506112

Hoekstra, H., Yee, H., & Gladders, M., 2002, New Astron. R&v767

Hu, W., & Tegmark, M., 1999, Astrophys.514, L65

Hu, W., 1999, Astrophys. 522, L21

Hu, W., 2002, Phys. Re65 023003

Hu, W., 2004, preprint astro-gt407158

Huterer, D., 2001, Phys. ReD65, 063001

Huterer, D. and Turner, M.S., 2001, Phys. Re64 123527

Ishak M., 2005, astro-p8501594.

James F., 1978, CERN Program Library Long Writeup, D506.

Kaiser, N., 1998, Astrophys.498, 26.

Kim A.G.et al., 2004, Mon. Not. R. Astron So847, 909

Knop R.Aet al., 2003, Astrophys. 598, 102

Knox L., 1995, Phys. ReD52, 4307

Lewis A. & Bridle S., 2002, Phys. ReéD66, 103511

Linder E.V., 2003, Phys. Rev. Lefi0, 091301

Linder E.V. & Jenkins A., 2003, MNRAS46, 573

Linder E.V. and Huterer D., 2005, astro/pB05330

Lue A., Scoccimaro R. and Starkman G., 2004, Phys. R69, 044005

Ma, C.-P., Caldwell, R.R., Bode, P., & Wang, L., 1999, Astrophy&s21, L1
Maor let al., 2001, Phys. Rev. Let86, 6

Maor I. et al., 2002, Phys. Re\D65, 123003

Masi S.et al., Olimpo Collaboration, 2003, Mem. S.A.It. V@4, 96

Massey Ret al., 2004, Astron. J127 3089

Mellier, Y. et al., 2002, SPIE Conference 4847 Astronomical Teless@nd Instrumentation, Kona, August 2002, preprint astf@2310091
Neyman J., Phil. Trans. Royal Soc. London, Serie23, 333-80.

Peacock, J.A., & Dodds, 1996, MNRAZBO L19

Peacock, J.A., 1997, MNRAZ34 885

Peebles P.J.E. & Ratra R., 1988, Astrophys. J. [328.L17

Rapetti D., Allen S., Weller J., 2004, astro/ph09574, accepted, MNRAS
Refregier A., 2003, ARAALL, 645

Refregier A.et al., 2004, Astron.J127, 3102

Rhodes &t al., 2004, Astrophys.JB05 29

Riess A.Get al., 2004, Astrophys. B07, 665

Seljak U. & Zaldarriaga M., 1996, Astrophys.4R9, 437

Seljak Uet al., astro-pli0407372

Spergel D.N., 2003, Astrophys.J.Suppi8, 175

SNLS httpy/cfht.hawaii.ed{SciencgCFHTLS-OLDistory.-2001.html, cf e.g. httg/cfht.hawaii.eduSNLS
Sugiyama N., 1995, Astrophys.J.Supi0, 281

Sunyaev R.A. and Zeldovich Ya.B., 1980, Ann. Rev. Astron. Adiyepl8, 537
Tauber J.Aet al., Planck Collaboration, 2004, Advances in Space Resea4ckd91
Tilquin A.,2003,http : //marwww.in2p3.fr/renoir /Kosmoshow.html
Tegmark M.et al., 2004, Phys. Re\D69, 103501

Upadhye Aet al., astro-pii0411803

Virey J.-M. et al., 2004a, Phys. Reld70, 043514

Virey J.-M. et al., 2004b, Phys. Re!D70, 121301

Wang Y. & Tegmark M., 2004, Phys. Rev. Led2, 241302

Weller J. & Albrecht A., 2002, Phys. Rel265, 103512

Weller J. & Lewis A.M , 2003, MNRAS346, 987

Wetterich C., 1988, Nucl. PhyB302, 668

Wood-Vasey W.Met al., Nearby Supernova Factory, 2004, New Astron.R&8y637
Xia J.-Q., Feng B. & Zhang X.-M., 2004, astro/0411501

Zech, G., 2002, Eur.Phys.J.diree4, 12



