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Cosmi
 Mi
rowave Ba
kground anisotropies with mixed iso
urvature perturbationsR. Trotta, A. Riazuelo and R. DurrerD�epartement de Physique Th�eorique, Universit�e de Gen�eve, 24 quai Ernest Ansermet, CH-1211 Gen�eve 4, Switzerland(12 O
tober 2001)In the light of the re
ent high quality data of the 
osmi
 mi
rowave ba
kground anisotropies, severalestimations of 
osmologi
al parameters have been published. In this work we study to whi
h extentthese estimations depend on assumptions about the initial 
onditions of the 
osmologi
al perturba-tions, whi
h are usually supposed to be adiabati
. We show that for more generi
 initial 
onditions,not only the best �t values are very di�erent but the allowed parameter range enlarges dramati
ally.This raises the question whi
h 
osmologi
al information (matter 
ontent of the Universe vs. physi
sof in
ation) 
an be reliably extra
ted from these data.PACS: 98.80-k, 98.80Hw, 98.80CqIntrodu
tion. The dis
overy of anisotropies in the
osmi
 mi
rowave ba
kground (CMB) by the COBEsatellite in 1992 [1℄ has stimulated an enormous a
tivityin this �eld, whi
h has 
ulminated re
ently with the highpre
ision data of the BOOMERanG [2℄, DASI [3℄ andMAXIMA-1 [4℄ experiments. The CMB is developinginto the most important observational tool to study theearly Universe. So far, these data have however mainlybeen used to estimate 
osmologi
al parameters for a spe-
i�
 model of initial 
u
tuations, namely s
ale invariantadiabati
 perturbations [5{12℄. In all presently knownworking models of 
osmi
 stru
ture formation, initial
onditions 
ome from an early in
ationary phase of theuniverse. The simplest models of in
ation do indeed leadto adiabati
 perturbations. However, string 
osmologymodels predi
t iso
urvature perturbations or a mixtureof iso
urvature and adiabati
 perturbations, where theiso
urvature mode 
losely resembles the neutrino iso
ur-vature density NID mode dis
ussed below [13{15℄. Alsoordinary in
ationary models with more than one s
alar�eld generi
ally predi
t mixtures of adiabati
 and iso
ur-vature 
u
tuations [16,17℄.Apart from a sto
hasti
 ba
kground of gravity waves,CMB anisotropies are so far our only window to thephysi
s of in
ation and hen
e to the physi
s at stringsor even Plan
k s
ale. It is therefore 
ru
ial that we learnas mu
h as possible about the physi
al me
hanisms ofin
ation from these data.In this work we investigate to whi
h extent the de-termination of 
osmologi
al parameters depends on as-sumptions about initial 
onditions. We show in a spe
i�
example how the allowed parameter range is enlargedwhen the usual requirement for purely adiabati
 initial
onditions is relaxed. In order to limit the 
omputa-tional e�ort, we have 
hosen to vary some 
osmologi
alparameters and keep the others �xed. We set the to-tal density parameter 
tot � 
� + 
m = 1 and �xed
m � 

+
b = 0:3 and 
� = 0:7, where 

 and 
b arethe density parameters of 
old dark matter (CDM) andbaryons respe
tively, and 
� denotes the density param-eter due to a 
osmologi
al 
onstant, 
� � �=3H20 , and

H0 � 100h km s�1 Mp
�1 is the Hubble parameter to-day. For �xed 
�, 
m and spe
tral index nS = 1, we de-termine the parameters h and !b � 
bh2 for generi
 (i.e.mixed adiabati
 and iso
urvature) initial 
onditions. Wealso 
omment the question: what is the preferred iso
ur-vature 
ontribution to the perturbations? We shall seethat, with present CMB data, this question 
annot beanswered without strong assumptions about the 
osmo-logi
al parameters.Initial 
onditions. Some observable 
onsequen
es ofdeviations from a pure adiabati
 model were �rst inves-tigated in Ref. [18℄. So far, only one study 
onsideringthe adiabati
 mode together with just one iso
urvaturemode has been undertaken re
ently [19℄. To 
hoose amore generi
 set of initial 
onditions we follow the pro-
edure outlined in Ref. [20℄. In our model, the matter
omponents of the universe are CDM, baryons, mass-less neutrinos, and photons. Apart from the adiabati
mode, one 
an show that perturbations 
an have a baryoniso
urvature mode (BI), a CDM iso
urvature mode (CI),a neutrino iso
urvature density mode (NID), and a neu-trino iso
urvature velo
ity mode (NIV), the pre
ise def-inition of whi
h is given in Ref. [20℄. We have noti
edthat implementing the initial 
onditions for all the modeswas simpler and numeri
ally unproblemati
 in a gauge-invariant formalism as 
ompared to syn
hronous gauge(see [21℄ for details). The most generi
 initial 
onditionsfor �ve modes are then given by a positive semi-de�nite5�5 matrixM representing the amplitude of ea
h of themodes, in
luding all the possible 
ross-
orrelations.For a �xed set of 
osmologi
al parameters, we �rst
ompute the CMB anisotropy spe
trum Cij` when onlyone of the elements of the 
orrelation matrix is non-zero(Mij = 1, all other elements vanish) with a �xed spe
tralindex nS = 1 for all modes. We then setC`(M) = 5Xi;j=1MijCij` : (1)As already noti
ed in Ref. [22℄, the BI and CI 
omponentsof the 
orrelation matrix are identi
al, up to a multipli
a-1



tive 
onstant. We have therefore restri
ted our analysisto the four modes AD, CI, NID, NIV without loss ofgenerality. We vary the 
orrelation matrix M and the
osmologi
al parameters !b and h to sear
h for the best�t to the data using a maximum likelihood method.

FIG. 1. CMB anisotropy spe
trum for di�erent values ofthe 
osmologi
al parameters !b and h. We have shown thebest-�t 
orresponding to a purely adiabati
 
ase (dashed line)and allowing general initial 
onditions, mixed models (solidline). The 
alibration and the beam size of the BOOMERanGdata have been optimized to �t the mixed model (solid errorbars) or the adiabati
 model (dotted error bars). The param-eter 
hoi
e on top (!b = 0:02, h = 0:65) 
an be �tted by bothmodels while the values !b = 0:042, h = 0:65, 
an only be�tted by a mixed model.

Data analysis. We restri
t our analysis to the COBE[1℄ and BOOMERanG [2℄ data. For the latter, we takeinto a

ount the 
alibration and the beam size un
ertain-ties [2℄ whi
h we treat just like two additional (normallydistributed) parameters of the problem. The �ts are
omputed using a downhill simplex method [23℄ initiatedafter 
hoosing a starting point randomly. The positivesemi-de�niteness of the 
orrelation matrix M is ensuredby penalty fun
tions (more details are given in [21℄). Thebest �t is then estimated after 15,000 minimization runsusing this pro
edure. It turns out that the topology ofthe �2 surfa
e on our 14-dimensional parameter spa
e isquite 
ompli
ated with many lo
al minima and proba-bly many degenera
ies (see also the example dis
ussedin [19℄).In Fig. 1 we show the best �t spe
tra for two di�erent
hoi
es of the 
osmologi
al parameters !b and h. Both ofthem are good �ts if we allow for mixed initial 
onditions.On the plot we have also indi
ated the redu
ed �2. Fora �xed 
hoi
e of !b, h the purely adiabati
 model hasonly 3 parameters (the amplitude of the adiabati
 mode,the BOOMERanG 
alibration and beam size). With 26data points (7 from COBE and 19 from BOOMERanG)this leads to FAD = 26� 3 = 23 degrees of freedom. Themixed models have a symmetri
 4�4 matrix determiningthe initial amplitude, leading to a total of 12 parametersand hen
e FMIX = 14 degrees of freedom. If we also vary!b and h, the number of degrees of freedom is loweredby 2. It is not surprising that for �xed values h = 0:65,!b = 0:02, whi
h are well �tted by the adiabati
 model,the redu
ed �2 of the adiabati
 model is somewhat lowerthan the one of the mixed model, sin
e FMIX < FAD(as an example, see top panel of Fig. 1). For the mixedmodel, the absolute �2 is always lower.For both models we determine the likelihood fun
tionsof the 
osmologi
al parameters !b and h by marginalizingover the initial 
onditions and the BOOMERanG 
alibra-tion and beam size. The result is shown in Fig. 2 wherethe likelihood 
ontours in the (!b; h) plane for likelihoodsof 50%, 68%, 95%, 99% are indi
ated for purely adiabati
models (top) and for mixed models (bottom). Theseplots represent the main result of our paper. It is re-markable to whi
h extent the innermost good �t 
ontouropens up, on
e we allow for iso
urvature 
omponents.Strangely, the only ex
luded region whi
h remains is theupper left 
orner 
ontains the value of !b = 0:019� 0:02inferred from big bang nu
leosynthesis (BBN) [24℄ andthe Hubble spa
e teles
ope key proje
t value for the Hub-ble parameter [25℄ of h = 0:72 � 0:08. On the 
ontrary,there is absolutely no upper limit for !b within the regimeinvestigated here! This is explained by the fa
t that thestrongest features of a high baryon density universe, theasymmetry between even and odd a
ousti
 peaks andthe shift of the peak position due to the 
hange in thesound velo
ity, 
an be fully 
ompensated by an admix-ture of iso
urvature modes (see lower panel of Fig. 1). A2



very high baryon density 
an therefore easily be a

om-modated in this framework. However, for high !b andlow h, it is diÆ
ult to �nd a good �t be
ause there isnot enough power in the se
ondary peak region sin
e theearly integrated Sa
hs-Wolfe e�e
t boosts the �rst peak.
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FIG. 2. The likelihood 
ontours of 50%, 68%, 95%, 99%are indi
ated in the (!b; h) plane for purely adiabati
 models(top) and for mixed models (bottom). The likelihoods are ob-tained by marginalization over the BOOMERanG 
alibrationand beam size, as well as over the initial 
onditions given bythe amplitude of the adiabati
 mode for adiabati
 models andby the matrix M for mixed models. For mixed models, thelowest �2 
orresponds to even higher values of !b and h thanthose shown in the plot.We de�ne the iso
urvature 
ontent of a mixed modelby � = (M22 +M33 +M44)=tra
eM , where M11 denotesthe adiabati
 mode amplitude. The iso
urvature 
ontentin the model shown in the top panel of Fig. 1 is only� = 0:12, while for the parameter 
hoi
e in the bottompanel one has � = 0:69. Hen
e, if the 
osmologi
al pa-rameters are 
lose to those 
hosen in the top panel, we
an 
on
lude that the 
osmi
 perturbations are predom-inantly adiabati
. In Fig. 3 we show the iso
urvature
ontent � of the best �t model obtained by minimizing

�2 by variation of the initial 
onditions for given valuesof the 
osmologi
al parameters. Clearly, the further wemove away from the parameter region well �tted by thepurely adiabati
 model, the higher be
omes the iso
ur-vature 
ontribution needed to �t the data.
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FIG. 3. The iso
urvature 
ontent � of the best �t mixedmodel as fun
tion of the parameters (!b; h) is indi
ated. The
ontours � = 0:2 to 0:9 in steps of 0:1 are shown.The main non-adiabati
 
omponent of our best �tsis the NID mode. This was to be expe
ted, sin
e thismode and its 
orrelator with the adiabati
 mode 
an shiftthe peak positions and 
an substantially add or subtra
tfrom the se
ond peak [20℄. A 
ru
ial point is thereforeto know whether su
h a mode 
an appear in a realisti
stru
ture formation s
enario. It is known that for inter-a
ting spe
ies the non adiabati
 part of the perturbationstends to de
ay with time. Therefore, the generation ofan NID 
omponent 
an only o

ur after neutrino de
ou-pling, that is at T <� 1 MeV. Whether or not su
h aphenomenon 
an o

ur at low energy is an open ques-tion. However, a neutrino iso
urvature perturbation 
analso be due to a fourth spe
ies of sterile neutrinos whi
hmay have de
oupled very early in the history of the Uni-verse. The same remark applies of 
ourse also to theCDM iso
urvature mode. Note that the energy densityof this fourth neutrino type 
annot be very high in or-der not to 
ontradi
t the light element abundan
es, butthere is nothing whi
h prevents (at least in prin
iple) thepresen
e of large perturbations in this 
omponent.Con
lusion. We have shown that allowing for iso
ur-vature perturbations, one may very well �t present CMBdata with 
osmologi
al parameters whi
h di�er 
onsider-ably from the ones preferred by adiabati
 perturbations.More important, allowing for generi
 initial 
onditions,the ranges of 
osmologi
al parameters whi
h 
an �t theCMB anisotropy data widen up to an extent to be
omenearly meaningless.3



On the other hand, assuming measurements of 
osmo-logi
al parameters from other methods like dire
t mea-surements of the Hubble parameter whi
h yield h � 0:65and BBN whi
h implies !b � 0:02, we 
an use the CMBto limit the iso
urvature 
ontribution in the initial 
on-ditions (or other un
onventional features) and therebylearn something about the very early universe, i.e., thein
ationary phase whi
h has generated these initial 
on-ditions. We 
an 
onstrain viable models of in
ation.For 
osmologi
al parameters in the range preferredby other, CMB independent, measurements (
� � 0:7,
m � 0:3, h � 0:65, !b � 0:02) the iso
urvature 
on-tribution in the initial 
onditions has to be relativelymodest (� <� 0:3). Espe
ially, we have 
he
ked that,given these 
osmologi
al parameters, a purely iso
urva-ture model, i.e. one with M11 = 0 
annot �t the data.Finally, and most importantly, our work showsthe danger of 
alling parameter estimation by CMBanisotropy experiments a \parameter measurement"sin
e the results depend so sensitively (and quite un-expe
tedly) on the underlying model assumptions. Werather 
onsider CMB anisotropies as an ex
ellent toolto test model assumptions or 
onsisten
y. In the lightof these �ndings, the importan
e of non-CMB measure-ments of 
osmologi
al parameters 
an 
learly not be over-stated. In short, CMB is the ideal tool to investigatethe primordial parameters for 
osmi
 stru
ture formation(i.e., the initial 
onditions), while there are many otherpossibilities to 
onstrain 
osmologi
al parameters (
's, het
), whi
h we have to use in order to obtain good limitsfor possible iso
urvature perturbations.As has been shown in Ref. [22℄, CMB anisotropiesalone, even if measured with optimal pre
ision limitedby 
osmi
 varian
e as proposed by the PLANCK ex-periment [26℄, do not allow to remove the degenera
ybetween 
osmologi
al parameters and initial 
onditions.Polarization measurements will represent an additionalnon-trivial mean to remove this degenera
y and mightlimit an iso
urvature 
ontribution to about 10%. In thesame vein, using the normalization of the matter powerspe
trum (provided it 
an be measured a

urately) alsohelps to break some of the degenera
ies indu
ed by theiso
urvature modes.A
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