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The osmologial onstant and general isourvature initial onditionsR. Trotta,1, � A. Riazuelo,2, y and R. Durrer1, z1D�epartement de Physique Th�eorique, Universit�e de Gen�eve,24 quai Ernest Ansermet, CH{1211 Gen�eve 4, Switzerland2Servie de Physique Th�eorique, CEA/DSM/SPhT,Unit�e de reherhe assoi�ee au CNRS, CEA/Salay F{91191 Gif-sur-Yvette �edex, Frane(Dated: 27 November 2002)We investigate in detail the question whether a non-vanishing osmologial onstant is required bypresent-day osmi mirowave bakground and large sale struture data when general isourvatureinitial onditions are allowed for. We also disuss di�erenes between the usual Bayesian and thefrequentist approahes in data analysis. We show that the COBE-normalized matter power spetrumis dominated by the adiabati mode and therefore breaks the degeneray between initial onditionswhih is present in the osmi mirowave bakground anisotropies. We �nd that in a at universethe Bayesian analysis requires 
� 6= 0 to more than 3�, while in the frequentist approah 
� = 0 isstill within 3� for a value of h � 0:48. Both onlusions hold regardless of initial onditions.PACS numbers: PACS: 98.70V, 98.80Hw, 98.80CqI. INTRODUCTIONEver sine the beginning of modern osmology, one ofthe most enigmati ingredients has been the osmologialonstant. Einstein introdued it to �nd stati osmolog-ial solutions (whih are, however, unstable) [1℄. Later,when the expansion of the Universe had been established,he alled it his \greatest blunder".In relativisti quantum �eld theory, for symmetry rea-sons the vauum energy momentum tensor is of the form�g�� for some onstant energy density �. The quantity� = 8�G� an be interpreted as a osmologial onstant.Typial values of � expeted from partile physis ome,e.g., from the super-symmetry breaking sale whih isexpeted to be of the order of �>�1 TeV4 leading to�>�1:7 � 10�26 GeV2, and orresponding to 
�>�1058.Here we have introdued the density parameter 
� ��=�rit = �=(8�G�rit), where �rit = 8:1�10�47 h2 GeV4is the ritial density and the fudge fator h is de�nedby H0 = 100h km s�1 Mp�1, it lies in the interval0:5 <� h <� 0:8. H0 is the Hubble parameter today.Suh a result is learly in ontradition with kinemat-ial observations of the expansion of the universe, whihtell us that the value of 
tot, the density parameter forthe total matter-energy ontent of the universe, is of theorder of unity, O(
tot) � 1. For a long time, this appar-ent ontradition has been aepted by most osmologistsand partile physiists, with the hind thought that theremust be some deep, not yet understood reason that va-uum energy | whih is not felt by gauge-interations |does not a�et the gravitational �eld either, and henewe measure e�etively � = 0.This slightly unsatisfatory situation beame really�Eletroni address: roberto.trotta�physis.unige.hyEletroni address: riazuelo�spht.salay.ea.frzEletroni address: ruth.durrer�physis.unige.h

disturbing a ouple of years ago, as two groups, whihhad measured luminositydistanes to type Ia supernovae,independently announed that the expansion of the uni-verse is aelerated in the way expeted in a universedominated by a osmologial onstant [2, 3℄. The ob-tained values are of the order O(
m) � O(
�) � 1 andannot be explained by any sensible high energy physismodel. Traking salar �elds or quintessene [4, 5℄ andother similar ideas [6℄ have been introdued in orderto mitigate the smallness problem | i.e., the fat that� � 10�46 GeV4. However, none of those is ompletelysuessful and really onvining at the moment.After the supernovae Ia results, osmologists havefound many other data-sets whih also require a non-vanishing osmologial onstant. The most prominentfat is that anisotropies in the osmi mirowave bak-ground (CMB) indiate a at universe, 
tot = 
m+
� =1, while measurements of lustering of matter, e.g., thegalaxy power spetrum, require � � h
m ' 0:2. But alsoCMB data alone, with some reasonable lower limit on theHubble parameter, like h > 0:6, have been reported torequire 
� > 0 at high signi�ane (see, e.g., Refs. [7, 8℄and others).This osmologial onstant problem is probably thegreatest enigma in present osmology. The supernova re-sults are therefore under detailed srutiny. For exampleRef. [9℄ is not onvined that the data an only be un-derstood by a non-vanishing osmologial onstant. Cos-mologial observations are usually very sensitive to sys-temati errors whih are often very diÆult to disover.Therefore, in osmology an observational result is usu-ally aepted by the sienti� ommunity only if severalindependent data-sets lead to the same onlusion. Butthis seems exatly to be the ase for the osmologialonstant.This situation prompted us to investigate in detailwhether present struture formation data does requirea osmologial onstant. One may ask whether enlargingthe spae of models for struture formation does miti-
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2gate the osmologial onstant problem. There are sev-eral ways to enlarge the model spae, e.g. one may al-low for features in the primordial power spetrum, like akink [10℄. In the present paper we study the osmologi-al onstant problem in relation to the initial onditionsfor the osmologial perturbations. In a �rst step we re-disuss the usual results obtained assuming purely adi-abati models and we investigate to whih extent CMBalone or CMB and large sale struture (LSS) require
� 6= 0 in a at universe. We shall �rst present theusual Bayesian analysis, but we also disuss the resultswhih are obtained in a frequentist approah. We �ndthat even if 
� = 0 is exluded at high signi�ane ina Bayesian approah this is no longer the ase from thefrequentist point of view. In other words the probabilitythat a model with vanishing 
� leads to the present-dayobserved CMB and LSS data is not exeedingly small.We then study how the results are modi�ed if we allowfor general isourvature ontributions to the initial ondi-tions [11, 12, 13℄. In this �rst study of the matter powerspetrum from general isourvature modes we disoverthat a COBE-normalized matter power spetrum repro-dues the observed amplitude only if it is highly domi-nated by the adiabati omponent. Hene the isourva-ture modes annot ontribute signi�antly to the matterpower spetrum and do not lead to a degeneray in theinitial onditions for the matter power spetrum whenombined with CMB data. This is the main result of ourpaper.The paper is organized as follows: In the next setionwe disuss the setup for our analysis, the spae of osmiparameters and of initial onditions, and we reall the dif-ferene between Bayesian and frequentist approah. InSe. 3 we present the results for adiabati and for mixed(adiabati and isourvature) perturbations. Se. 4 is ded-iated to the onlusions.II. ANALYSIS SETUPA. Cosmologial parametersAs it has been disussed in the literature, the reentdata-sets, BOOMERanG [7℄, MAXIMA [14℄, DASI [15℄,VSA [16℄, CBI [17℄ and Arheops [18℄ are in very goodagreement up to the third peak in the angular powerspetrum of CMB anisotropies, ` � 1000. In our anal-ysis we therefore use the COBE data [19℄ (7 points ex-luding the quadrupole) for the ` region 3 � ` � 20and the BOOMERanG data to over the higher ` part ofthe spetrum (19 points in the range 100 � ` � 1000).Sine Arheops has the smallest error bars in the regionof the �rst aousti peak, we also inlude this data-set(16 points in the range 15 � ` � 350). Inluding any ofthe other mentioned data does not inuene our resultssigni�antly. The BOOMERanG and Arheops absolutealibration errors (10% and 7% at 1�, respetively) aswell as the unertainty of the BOOMERanG beam size

are inluded as additional Gaussian parameters, and aremaximized over. We make use of the Arheops windowfuntions found in Ref. [38℄, while for BOOMERanG atop-hat window is assumed.For the matter power spetrum, we use the galaxy-galaxy power spetrum from the 2dF data whih is ob-tained from the redshift of about 105 galaxies [20℄. We in-lude only the 22 deorrelated points in the linear regime,i.e., in the range 0:017 � k � 0:314 [hMp�1℄, and thewindow funtions of Ref. [20℄ whih an be found on thehomepage of M. Tegmark [39℄.Our grid of models is restrited to at universes and weassume purely salar perturbations. Sine the goal of thispaper is more to make a oneptual point than to on-sider the most generi model, we �x the baryon densityto the BBN preferred value 
bh2 � !b = 0:020 [21℄. Weinvestigate the following 3 dimensional grid in the spaeof osmologial parameters: 0:80 � nS (0:05) � 1:20,0:35 � h (0:025) � 1:00, 0:00 � 
� (0:05) � 0:95, wherenS is the salar spetral index and the numbers in paren-thesis give the step size we use. The total matter ontent
m � 
 + 
b is 
m = 1 � 
�, and 
 indiates theold dark matter ontribution. For all models the optialdepth of reionization is � = 0 and we have 3 families ofmassless neutrinos. For eah point in the grid we om-pute the ten CMB and matter power spetra, one foreah independent set of initial onditions (see Se. II Bbelow). B. Allowing for isourvature modesWe enlarge the spae of models by inluding all pos-sible isourvature modes. As it has been argued inRef. [11℄, generi initial onditions for a uid onsistingof photons, neutrinos, baryons and dark matter allowfor �ve relevant modes, i.e., modes whih remain regu-lar when going bakwards in time. These are the usualadiabati mode (AD), the old dark matter isourvaturemode (CI), the baryon isourvature mode (BI), the neu-trino isourvature density (NID) and neutrino isourva-ture veloity (NIV) modes. The CMB and matter powerspetra from the old dark matter and the baryon isour-vature modes are idential (see the argument given inRef. [22℄) and therefore from now on we will just on-sider one of those, namely the CI mode. We assume thatall these four modes are present with arbitrary initialamplitude and arbitrary orrelation or anti-orrelation.The only requirement is that their superposition mustbe a positive quantity, sine the C`'s and matter powerspetrum are quadrati and thus positive observables.For simpliity we restrit ourselves to the ase where allmodes have the same spetral index. Initial onditionsare then desribed by the spetral index nS and a posi-tive semi-de�nite 4� 4 matrix, whih amounts to elevenparameters instead of two in the ase of pure AD initialonditions. More details an be found in Ref. [13℄. Forthe searh among initial onditions we use the simplex



3method desribed in Ref. [13℄, with the following modi-�ation. We �nd it onvenient to express the matrix Adesribing the initial onditions asA = UDUT ; (1)where A 2 Pn, U 2 SOn, D = diag(d1; d2; : : : ; dn) anddi � 0, i 2 f1; 2; : : : ; ng. Here Pn denotes the spae ofn�n real, positive semi-de�nite, symmetri matries andSOn is the spae of n�n real, orthogonal matries withdet = 1. As explained above, here we take n = 4. Wean write U as an exponentiated linear ombination ofgenerators Hi of SOn:U = exp0�(n2�n)=2Xi=1 �iHi1A ; (2)with H1 = 0BBB� 0 1 0 : : :�1 0 0 : : :0 0 0 : : :... ... ... . . . 1CCCA ; (3)and so on, with ��=2 < �i < �=2, i 2 f1; 2; : : : ; (n2 �n)=2g. In analogy to the Euler angles in three dimen-sions, we an re-parameterize U in the formU = (n2�n)=2Yi=1 exp ( iHi) ; (4)with some other oeÆients ��=2 <  i < �=2, i 2f1; 2; : : : ; (n2�n)=2g, whose funtional relation with the�i's does not matter. The diagonal matrix D an bewritten as D = diag (tan(�1); : : : ; tan(�n)) ; (5)with 0 � �i < �=2, for i 2 f1; 2; : : : ; ng. In thisway, the spae of initial onditions for n modes is ef-�iently parameterized by the (n2 + n)=2 angles �i;  j.In our ase, n = 4 and the initial onditions are de-sribed by the ten dimensional hyperube in the variables(�1; : : : ; �4;  1; : : : ;  6). This is of partiular importanefor the numerial searh in the parameter spae. One anthen go bak to the expliit form of A using Eqs. (4), (5)and (1).For a given initial ondition determined by a pos-itive semi-de�nite matrix A and a spetral index nSwe quantify the isourvature ontribution to the CMBanisotropies by the parameter � de�ned as� � XX=CI;NIV;NID 
(`(` + 1))C(X;X)` �`XY=AD;CI;NIV;NID 
`(`+ 1)C(Y;Y )` �` ; (6)where the average <;> is taken in the ` range of interest,in our ase 3 � ` � 1000, and where C(X;X)` stands forthe auto-orrelator of the CMB anisotropies with initialonditions X.

C. Bayesian or frequentist?For the sake of larity, we briey reall two possiblepoints of view whih one an take when doing data analy-sis, the Bayesian and the frequentist approah, and high-light their di�erene. More details an be found, e.g., inRefs. [23, 24, 25℄. Another possibility is based on MarkovChain Monte Carlo tehniques, whih we do not disusshere; see instead [26℄ and referenes therein.When �tting experimental data, we minimize a �2 overthe parameters whih we are not interested in. Thisproedure is equivalent to marginalization if the randomvariables are Gaussian distributed. The Maximum Like-lihood (ML) priniple states that the best estimate forthe unknown parameters � is the one whih maximizesthe likelihood funtion:L = L0 exp(��2=2): (7)We then draw 1�, 2� and 3� likelihood ontours aroundthe ML point, i.e., the one for whih the �2 is minimal inour grid of models. The likelihood ontours are de�ned tobe � � �2 � �2ML = 2:30, 6:18, 11:83 away from the MLvalue for the joint likelihood in two parameters, � = 1,4, 9 for the likelihood in only one parameter. This is theBayesian approah: in a somewhat fuzzy way, likelihoodintervals measure our degree of belief that the partiularset of observations used in the analysis is generated by aparameter set belonging to the spei�ed interval. In thisase, one impliitly aepts the ML point in parameterspae as the true value, while points whih are furtheraway from it are less and less \likely" to have generatedthe measurements. This is the ontent of Bayes' The-orem, whih allows us to interpret the joint onditionalprobability L(xj�) of measuring x for a �xed set of pa-rameters � as the inverse probability P (�jx) for thevalue of � given the measurements x.On the other hand, in the frequentist approah oneasks a di�erent question: What is the probability of ob-taining the experimental data at hand, if the Universehas some given osmologial parameters, e.g., a vanish-ing osmologial onstant? Clearly, if we want to answerthe question whether a ertain set of experimental datafores a non-vanishing osmologial onstant, this is a-tually the orret question to ask. To the extent to whihthe C`'s an be approximated as Gaussian variables, thequantity �2 is distributed aording to a hi-square prob-ability distribution with F = N � M degrees of free-dom (dof), whih we denote by P (F )(�2), where N is thenumber of independent (unorrelated) experimental datapoints and M is the number of �tted parameters. Fromthe distribution P (F ) one an readily estimate on�deneintervals. For a given parameter set ~� with hi-square~�2 the probability that the observed hi-square will belarger than the atual value by hane utuations isZ 1~�2 P (F )(x)dx � 1� : (8)



4In other words, if the measurements ould be repeatedmany times in di�erent realizations of our universe, theestimated on�dene interval would asymptotially in-lude the true value of the parameters 100% of the time.It is ustomary in osmologial parameter estimationto present likelihood plots drawn using the Bayesian ap-proah. It is misleading that suh Bayesian ontours areusually alled \on�dene ontours", whih properly des-ignate frequentist ontours. Likelihood (Bayesian) on-tours are usually muh tighter than the on�dene on-tours drawn from the frequentist point of view. Thisis a onsequene of the ML point having often a �2=Fmuh smaller than 1, beause the data-sets are highlyonsistent with eah other and also beause usually notall points are ompletely independent. If we onsider theusual situation in whih likelihood ontours are drawn ina two dimensional plane with all other parameters maxi-mized, the frequentist approah is more onservative thanthe Bayesian one. This is beause in general, for reason-ably good ML values ~�2ML<�O(F ) and F > 2,Z 1~�2F P (F )(x)dx = Z 1~�22 P (2)(x)dx (9)only for ~�2F > ~�22. When looking at likelihood ontoursone should thus keep in mind that a point more thansay 3� away from the ML point is not neessarily ruledout by data, as we shall show below. In order to es-tablish this, one has to look at on�dene ontours, i.e.,ask the frequentist's question. In the following, the term\likelihood ontours" will refer to ontours drawn in theBayesian approah, while the term \on�dene ontours"will be reserved for ontours oming form the frequentistpoint of view. III. RESULTSA. Adiabati perturbationsWe �rst �t CMB data only (N = 42) by maximizingM = 7 parameters, i.e., the BOOMERanG and Arheopsalibration errors, BOOMERanG beam size error, nS, h,
� and the overall amplitude of the adiabati spetrum,and we �nd (Bayesian likelihood intervals on 
� alone):
� = 0:80+0:10�0:35 at 2� and +0:12�0:80 at 3�: (10)The asymmetry in the intervals arises beause the valueof 
� for our ML model is relatively large. One ouldahieve a better preision in determining the ML valueof 
� by using a �ner grid and varying !b as well, whihhas extensively been done in the literature and is not thesope of this work. Moreover, the position of the aous-ti peaks in CMB anisotropies is mainly sensitive to theage of the universe at reombination, whih depends onlyon 
mh2, and to the angular diameter distane, whihdepends on 
m, 
� and the urvature of the universe.When the universe is at, the angular diameter distane

is weakly dependent on the relative amounts of 
m and
� as soon as 
� is not too large (see e.g. Ref. [27℄).Hene, one an ahieve a suÆiently low value of 
mh2either via a large osmologial onstant or via a very lowHubble parameter, h<�0:45.We now inlude the matter power spetrum Pm, as-suming Pm = b2Pg, where Pg is the observed galaxypower spetrum and b some unknown bias fator (as-sumed to be sale independent), over whih we maxi-mize. Inlusion of this data in the analysis breaks the
�, h degeneray, sine Pm is mainly sensitive to theshape parameter � � 
mh. We therefore obtain signi�-antly tighter overall likelihood intervals for 
�:
� = 0:70+0:13�0:17 at 2� and +0:15�0:27 at 3�: (11)We plot joint likelihood ontours for 
�, h with ADinitial onditions in Fig. 1. From the Bayesian analy-
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FIG. 1: Joint likelihood ontours (Bayesian), with CMB only(solid lines, showing 1�, 2�, 3� ontours) and CMB+LSS(�lled) for purely adiabati initial onditions.sis, one onludes that CMB and LSS together require anon-zero osmologial onstant at very high signi�ane,more than 7� for the points in our grid! Note that theML point has a redued hi-square �̂2F=56 = 0:59, signif-iantly less than 1.The frequentist analysis, however, exludes a muhsmaller region of parameter spae (Fig. 2). The frequen-tist ontours must be drawn for the e�etive number ofdof, i.e., using the number of e�etively independent datapoints. We an therefore roughly take into aount a 10%orrelation, whih is the maximum orrelation betweendata points given in [7, 18℄, by replaing F by the e�e-tive number of dof, Fe� = 0:9N �M , and rounding tothe next larger integer (to be onservative). One ouldargue that the BOOMERanG and Arheops data pointsare not ompletely independent, sine BOOMERanG ob-served a portion of the same sky path as measured by



5Arheops. This possible orrelation is diÆult to quan-tify, but should not be too important sine the sky por-tion observed by Arheops is a fator of 10 larger thanBOOMERanG's and therefore we ignore it here. Fig. 2is drawn with Fe� = 31 for CMB alone and Fe� = 50 forCMB+LSS, but we have heked that our results do nothange muh if we use a 5% orrelation. It is interestingto note that there are regions in Fig. 2 whih are exludedwith a ertain on�dene by CMB data alone but are nolonger exluded at the same on�dene when we inludeLSS data. In other words, it would seem that taking intoaount more data and therefore more knowledge aboutthe universe, does not systematially exlude more mod-els, i.e., the CMB+LSS ontours are not always ontainedin the CMB alone ontours. This apparent ontraditionvanishes when one realizes that the on�dene limits on,e.g., 
� alone in the frequentist approah are just theprojetion of the on�dene ontours of Fig. 2 on the 
�axis. One an readily verify in Fig. 2 that the on�denelimits for the ombined data-set are always smaller thanthe ones for CMB data alone. There are points with
� = 0 and h ' 0:40 whih are still ompatible within2� with both LSS and CMB data, at the prie of push-ing somewhat the other parameters. In the best �t with
� = 0 shown in Fig. 3, one has to live with a red spe-tral index nS = 0:80. Furthermore, the alibration of theBOOMERanG and Arheops data points is redued inthis �t by 34% and 26%, respetively, i.e., more than 3times the quoted 1� systemati error.
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FIG. 2: Con�dene ontours (frequentist) with CMB only(solid lines, 1�, 2�, 3� ontours and Fe� = 31) andCMB+LSS (�lled, Fe� = 50) for purely adiabati initial on-ditions.In both ases, it is lear that one an exploit the 
�, hdegeneray to �t CMB data alone with a model having
� = 0. For a at universe like the one we are on-sidering, one has then to go to a muh smaller value ofthe Hubble parameter than the one indiated by other
FIG. 3: Best �t with 
� = 0 and purely AD initial ondi-tions, ompatible with CMB and LSS data within 2� on-�dene level. In the lower panel, only the 2dF data pointsleft of the vertial, dotted line | i.e., in the linear region |have been inluded in the analysis. Note the low �rst aoustipeak due to the joint e�et of the red spetral index and ofthe absene of early ISW e�et. In this �t, the alibrationof BOOMERanG (red errorbars) and Arheops (blue error-bars) has been redued by 34% and 26%, respetively. This ismore than 3 times the quoted 1� alibration errors for bothexperiments. To appreiate the di�erene, we plot the nonrealibrated value of the BOOMERanG and Arheops datapoints as light blue and magenta rosses, respetively. In theupper panel, green errorbars are the COBE measurements.Even though the �t is \by eye" very good, it seems highlyunlikely that the alibration error is so large.measurements, most notably the HST Key Projet [28℄,whih gives h = 0:72 � 0:08. The LSS data are mainlysensitive to the shape parameter � � 0:2. Hene LSSwith 
m = 1:0 would require an even lower value of hwhih is not ompatible with CMB. Therefore inlusionof LSS data tends to exlude any at model without aosmologial onstant. Summing up, for purely adiabatiinitial onditions the Bayesian approah gives very strong



6support to 
� 6= 0; in the more onservative frequentistpoint of view, while 
� 6= 0 annot be exluded withvery high on�dene, present LSS and CMB data start tobe inompatible with a at universe with vanishing os-mologial onstant. These onlusions are in qualitativeagreement with previous works [29, 30, 31, 32, 33, 34, 35℄.In the next setion we investigate the stability of thosewell known results with respet to inlusion of non-adiabati initial onditions.B. Isourvature modesWe now enlarge the spae of models by inluding allpossible isourvature modes with arbitrary orrelationsamong themselves and the adiabati mode as desribedin the previous setion. We �rst onsider CMB data onlyand maximize over initial onditions. The number of pa-rameters inreases by nine and the number of dof de-reases orrespondingly with respet to the purely ADase onsidered above. Likelihood (Bayesian, see Fig. 4)and on�dene (frequentist, see Fig. 7) ontours widen upsomewhat along the degeneray line. The enlargement isless dramati than for other parameter hoies, see, e.g.,Ref. [13℄ where the degeneray in !b; h was analyzed.This is partially due to our prior of atness whih reduesthe spae of models to the ones whih are almost degener-ate in the angular diameter distane. Most of our modelshave the �rst aousti peak of the adiabati mode alreadyin the region preferred by experiments. Hene in most ofthe �ts isourvature modes play a modest role, espeiallyin the parameter regions with large 
�, h (f Fig. 9 andthe disussion below). Nevertheless, beause of the 
�, hdegeneray, even a modest widening of the ontours alongthe degeneray line results in an important worsening ofthe likelihood limits. The ML point does not depart verymuh from the purely adiabati ase, but now we annotonstrain 
� at more than 1� (Bayesian, CMB only):
� = 0:85+0:05�0:35 at 1�, (12)and no limits for 0:0 � 
� � 0:95 at higher on�dene.In Fig. 5 we plot the dark matter power spetra of thedi�erent auto- (upper panel) and ross-orrelators (lowerpanel) for a onordane model. The norm of eah puremode (AD, CI, NID, NIV) is hosen suh that the or-responding CMB power spetrum is COBE-normalized.The ross-orrelators are normalized aording to totallyorrelated spetra, i.e.A(X;Y) =pAXAY=2 ; (13)where A(X;Y) denotes the norm of the ross-orrelatorbetween the modes X,Y and AX the norm of the puremode X. The CMB power spetrum for this set of os-mologial parameters an be found in Ref. [12℄. A ruialresult is that the COBE-normalized amplitude of the ADmatter power spetrum is nearly two orders of magnitude
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FIG. 4: Joint likelihood ontours (Bayesian) with generalisourvature initial onditions, with CMB only (solid lines,1�, 2�, 3�) and CMB+LSS (�lled). The disonneted 1�region is an arti�ial feature due to the grid resolution.larger than the isourvature ontribution. The main rea-son for this is the amplitude of the Sahs Wolfe plateauwhih is about 13	 for adiabati perturbations and 2	 forisourvature perturbations. Here 	 is the gravitationalpotential. This di�erene of a fator of about 36 in thepower spetrum on large sales is learly visible in theomparison of PAD and PCI (the di�erene inreases atsmaller sales). The ase of the neutrino modes is evenworse sine they start up with vanishing dark matter per-turbations. That the CDM isourvature matter powerspetrum is muh lower than the adiabati one has beenknown for some time (see e.g. Ref. [36℄). However, it wasnot reognized before that the same holds true for theneutrino isourvature matter power spetra as well, and{ more importantly { that this leads to a way to breakthe strong degeneray among initial onditions whih ispresent in the CMB power spetrum alone.In an analysis with general initial onditions inlud-ing LSS data only we obtain very broad likelihood andon�dene ontours whih exlude only the lower rightorner of the (
�; h) plane. In ontrast to the CMBpower spetrum, the matter power spetrum an be �t-ted with extremely high adiabati and isourvature on-tributions, whih are then typially anelled by largeanti-orrelations between the spetra. This behavior isexempli�ed for a model with general IC and 
� = 0:70,h = 0:65, nS = 1:0 in Fig. 6. The best �ts with LSSdata only are dominated by large isourvature ross-orrelations. Clearly, the resulting CMB power spetrumis highly inonsistent with the COBE data. Hene suh\bizarre" possibilities are immediately ruled out one weinlude CMB data. Conversely, moderate isourvatureontributions an help �tting the CMB data, and do notinuene the matter power spetrum, whih is ompletely



7

FIG. 5: Dark matter power spetra of the di�erent auto-(upper panel) and ross-orrelators (lower panel) for a on-ordane model with 
� = 0:70, h = 0:65, nS = 1:0,!b = 0:020, with the orresponding CMB power spetrumCOBE-normalized (see the text for details). The olorodes are as follows: in the upper panel, AD: solid/blakline, CI: dotted/green line, NID: short-dashed/red line, NIV:long-dashed/blue line; in the lower panel, AD: solid/blakline (for omparison), < AD;CI >: long-dashed/magentaline, < AD;NID >: dotted/green line, < AD;NIV >:short-dashed/red line, < CI;NID >: dot-short dashed/blueline, < CI;NIV >: dot-long dashed/light-blue line, and< NID;NIV >: solid/yellow line. The adiabati mode is byfar dominant over all others.dominated by the AD mode alone. Combining CMB andLSS data (see Fig. 4) we �nd now (Bayesian, mixed IC):
� = 0:65+0:22�0:25 at 2� and +0:25�0:48 at 3�: (14)The likelihood limits are larger than for the purely adia-bati ase but it is interesting that the Bayesian analysisstill exludes 
� = 0 at more than 3� even with generalinitial onditions, for the lass of models onsidered here.Beause of the above explained reason, the widening ofthe limits is not as drasti as one might fear. Therefore,

FIG. 6: Conordane model �t with general IC and LSSdata only. The total spetrum (solid/blak) is the re-sult of a large anellation of the purely AD part (long-dashed/red) by the large, negative sum of the various or-relators (dotted/magenta, plotted in absolute value). Theshort-dashed/green urve is the sum of the three pure isour-vature modes, CI, NID and NIV. Note that the resulting totalspetrum is less than one tenth of the purely adiabati part.ombination of CMB and LSS measurements turn out tobe an ideal tool to onstrain the isourvature ontribu-tion to the initial onditions.
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FIG. 7: Con�dene ontours (frequentist) with general isour-vature initial onditions with CMB only (solid lines, 1�, 2�,3� ontours Fe� = 22) and CMB+LSS (�lled, Fe� = 41).From the frequentist point of view, one noties that theregion in the 
�; h plane whih is inompatible with dataat more than 3� is nearly independent on the hoie ofinitial onditions (ompare Fig. 2 and Fig. 7). Enlargingthe spae of initial onditions seemingly does not have arelevant bene�t on �tting present-day data with or with-



8out a osmologial onstant. The reason for this is thatthe (COBE-normalized) matter power spetrum is dom-inated by its adiabati omponent and therefore the re-quirement 
mh � 0:2 remains valid. In Fig. 8 we plot thebest �t model with general initial onditions and 
� = 0.We summarize our likelihood and on�dene intervals on
� (this parameter only) in Table 1.

FIG. 8: Best �t with general IC and 
� = 0. As for purelyAD, even with general IC the absene of the osmologialonstant suppresses in an important way the height of the�rst peak. In both panels we plot the best total spetrum(solid/blak), the purely AD ontribution (long-dashed/red),the sum of the pure isourvature modes (short-dashed/green)and the sum of the orrelators (dotted/magenta, multipliedby �1 in the upper panel and in absolute value in the lowerpanel). The matter power spetrum is ompletely dominatedby the AD mode, while the orrelators play an importantrole in anelling unwanted ontributions in the CMB powerspetrum at the level of the �rst peak and espeially in theCOBE region. For this model we have � = 0:39, while theBOOMERanG and Arheops alibrations are redued by 28%and 12%, respetively.In Fig. 9 we plot the isourvature ontribution to thebest �t models with CMB and LSS in terms of the pa-

rameter � de�ned in Eq. (6). The best �t with 
� = 0has an isourvature ontribution of about 40%.
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� 6= 0 is robust with respet to addition of generalinitial onditions in an open universe [37℄.IV. CONCLUSIONSThe onlusions of this work are threefold. The �rstone is not new, but seems to be dangerously forgottenin reent osmologial parameters estimation literature:namely that likelihood ontours annot be used as \ex-lusion plots". The latter are usually substantially wider,less stringent. A more rigorous possibility are frequentistprobabilities, whih however su�er from the dependeneon the number of really independent measurements whihis often very diÆult to ome by.Seondly, we have found that in COBE-normalizedutuations, the matter power spetrum has negligibleisourvature ontributions and is essentially given by theadiabati mode. Hene the shape of the observed matterpower spetrum still requires 
mh ' 0:2, independent ofthe hoie of initial onditions. Due to this behavior, theondition 
 = 
�+
m = 1 requires either a osmologialonstant or a very small value for the Hubble parameter,independently from the isourvature ontribution to theinitial onditions.The third onlusion from our work are the followingresults for the presene of a osmologial onstant: Forat models, a likelihood (Bayesian) analysis strongly fa-vors a non-vanishing osmologial onstant. Even if weallow for isourvature ontributions with arbitrary orre-lations, a vanishing osmologial onstant is still exludedat more than 3�. If we would allow for open models, asigni�ant ontribution from the NIV mode whih hasthe �rst aousti peak at ` = 170 in at models, possiblyould at the same time give a good �t to CMB data andallow for the observed shape parameter � with a reason-able value of h. For tehnial reasons we shall study this



9TABLE I: Results for the likelihood (Bayesian) and on�dene (frequentist) intervals for 
� alone (all other parametersmaximized). A bar, �, indiates that at the given likelihood/on�dene level the analysis annot onstraint 
� in the range0:0 � 
� � 0:95. Where the quoted interval is smaller than our grid resolution, an interpolation between models has beenused. AD onlyBayesian  Frequentist dData-set 
� 1� 2� 3� 1� 2� 3� F �2=FCMBa+atness 0:80 +0:08�0:08 +0:10�0:35 +0:12� < 0:93 � � 35 0:58CMBa +LSSb+atness 0:70 +0:05�0:05 +0:13�0:17 +0:15�0:27 0:15 < 
� < 0:90 < 0:92 < 0:92 56 0:59General ICCMBa+atness 0:85 +0:05�0:35 � � � � � 26 0:74CMBa +LSSb+atness 0:65 +0:15�0:10 +0:22�0:25 +0:25�0:48 < 0:90 < 0:92 < 0:95 47 0:67a COBE, BOOMERanG and Arheops data.b 2dF data. Likelihood interval.d Region not exluded by data with given on�dene.ase in a forthoming paper [37℄.The situation hanges onsiderably in the frequen-tist approah. There, even for purely adiabati models,
� = 0 is still within 3� for a value of h � 0:48 whih ismarginally defendable. The onlusion does not hangevery muh when we allow for generi initial onditions.AknowledgmentsWe thank Alessandro Melhiorri, who partiipated inthe beginning of this projet, and Alain Blanhard forstimulating disussions. RT was partially supported bythe Shmidheiny Foundation. This work is supportedby the Swiss National Siene Foundation and by theEuropean Network CMBNET.
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