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uctuationsis analyzed. Using a �2 minimization method, assuming
�+
matter = 1 and no contribution from gravity waves,we show that this data set determines quite precisely thevalues of the spectral index n of the primordial powerspectrum, baryon, cold dark matter and massive neutrinodensity 
b, 
cdm and 
� respectively, the Hubble constanth � H0=(100km/s/Mpc) and the value of the cosmologicalconstant, 
� .Varying all parameters, we found that a tilted �MDMmodel with one sort of massive neutrinos and the parame-ters n = 1:12�0:10, 
m = 0:41�0:11 (
� = 0:59�0:11),
cdm = 0:31�0:15, 
� = 0:059�0:028, 
b = 0:039�0:014and h = 0:70� 0:12 matches observational data best.
� is higher for more species of massive neutrinos, �0:1 for two and � 0:13 for three species. 
m raises by� 0:08 and � 0:15 respectively.The 1� (68.3%) con�dence limits on each cosmologicalparameter, which are obtained by marginalizing over theother parameters, are 0:82 � n � 1:39, 0:19 � 
m � 1(0 � 
� � 0:81), 0 � 
� � 0:17, 0:021 � 
b � 0:13 and0:38 � h � 0:85 1:5 � bcl � 3:5. Here bcl is the cluster biasparameter. The best-�t parameters for 31 models whichare inside of 1� range of the best model are presented(Table 4).Varying only a subset of parameters and �xing theothers changes the results. In particular, if a pure mattermodel (
m = 1) is assumed, MDM with 
� = 0:22�0:08,three species of massive neutrinos and low h = 0:47�0:05matches the observational data best. If a low densityUniverse 
m = 0:3 is assumed, a �CDM model with-out hot dark matter and high h = 0:71 matches theSend o�print requests to: Bohdan Novosyadlyj

observational data best. If the primordial power spec-trum is scale invariant (n � 1) a low density Universe(
m = 0:45� 0:12; h = 0:71� 0:13) with very little hotdark matter (
� = 0:04� 0:03, N� = 1) becomes the best�t. It is shown also that observational data set used hererules out the class of CDM models with h � 0:5, scale in-variant primordial power spectrum, zero cosmological con-stant and spatial curvature at very high con�dence level,> 99:99%. The corresponding class of MDM models areruled out at � 95% C.L.Key words: Large Scale Structure: cosmological models,power spectrum, cosmological parameters1. IntroductionObservations of the large scale structure (LSS) of the Uni-verse carried out during the last years and coming up fromcurrent experiments and observational programs allow todetermine the parameters of cosmological models and thenature of dark matter more precisely. The usual cosmolog-ical paradigm - a scale free power spectrum of scalar pri-mordial perturbations which evolve in a multicomponentmedium to form the large scale structure of the Universe- is compatible with the observed cosmic microwave back-ground (CMB) temperature 
uctuations. Most in
ation-ary scenarios predict a scale free primordial power spectraof scalar density 
uctuations P (k) � kn with arbitrary nas well as gravity waves which contribute to the powerspectrum of CMB temperature 
uctuations (�TT )` at lowspherical harmonics. But models with a minimal numberof free parameters, such as the scale invariant (n = 1)standard cold dark matter model (SCDM) or the stan-dard mixed (cold plus hot) dark matter model (SMDM)



2 Cosmological parameters from LSSonly marginally match observational data. Better agree-ment between predictions and observational data can beachieved in models with a larger number of parameters:cold dark matter (CDM) or mixed dark matter (MDM)with baryons, a tilted primordial power spectra, spatialcurvature (
k), a cosmological constant (
�) and a ten-sor contribution to the CMB anisotropy power spectrum.The neutrino oscillations discovered recently in theSuper-Kamiokande experiment (Fukuda et al. 1998) showthat at least one species of weakly interacting neutri-nos have non-zero rest mass. Assuming that the largerone of them is about m� ' p�m2� � 0:07 eV we �nd
� � 7:4 � 10�4N�=h2. It is also possible that one, twoor three species have masses in the eV range and give ap-preciable contribution to the dark matter content of theUniverse.The presence of rich clusters of galaxies at z �0:54; 0:55; 0:8 (Bahcall & Fan 1998) indicates a low mat-ter density.In this work we do not include into our anal-ysis the recent observations of distant supernovae(Perlmutter et al. 1998, Riess et al. 1998). The SNeIameasurements support a positive cosmological con-stant. Assuming a 
at Universe, 
� + 
m = 1, avalue of 
� � 0:7 is preferred (see also the re-view by Bahcall et al. 1999), but, in agreement withValdarnini et al. 1998, Primack & Gross 1998, we �ndthat on the basis of LSS data alone, a non-vanishing cos-mological constant is preferred within the class of modelsanalyzed in this work.Another approach based on the search of best-�t cos-mological parameters in open and critical density CDMand �CDM models without gravitational waves for the to-tal combination of observational data on CMB anisotropyhas been carried out by Lineweaver & Barbosa 1998. Butthe CMB data set corresponds to very large scales(� 100h�1Mpc) and it is not su�ciently sensitive tothe existence of a HDM component. The power spec-tra of density 
uctuations obtained from the spatialdistribution of Abell-ACO clusters (Einasto et al. 1997,Retzla� et al. 1998), APM, CfA and IRAS galaxy surveys(Einasto et al. 1999 and references therein) are extendedto smaller scales up to galaxy scales which are below theneutrino free streaming scale. On small scales constraintsare obtained from absorption features in quasar spectraknown as the Ly-� forest (Gnedin 1998, Croft et al. 1998).The determinationof cosmological parameters from some observations of theLSS of the Universe was carried out in many papers (e.g.Atrio-Barandela et al. 1997, Lineweaver & Barbosa 1998,Tegmark 1999, Bridle et al. 1999, Novosyadlyj 1999 andreferences therein). Recently, Bridle et al. 1999 have an-alyzed the cluster abundances, CMB anisotropies andIRAS observations to optimize the four parameters(
m, h, �8, and bIRAS in a open CDM model.Atrio-Barandela et al. 1997 use the cluster power spec-

trum together with data of the Saskatoon experiment todiscuss the possible existence of a built-in scale in theprimordial power spectrum. In this paper a total of 23measurements from sub-galaxy scales (Ly-� clouds) overcluster scales up to the horizon scale (CMB quadrupole)are used to determine seven cosmological parameters.Clearly, it is possible that the 'correct cosmologicalmodel' is not one of those analyzed in this paper. If thedata are good enough this can in principle be decided bya �2-test. As long as we �nd a model within the familyof models studied here with an acceptable value of �2, wehave no compelling reason to consider other models.In view of the growing body of observational data, wewant to discuss the quantitative di�erences between the-ory and observations for the entire class of available mod-els by varying all the input parameters such as the tilt ofthe primordial spectrum, n, the density of cold dark mat-ter, 
cdm, hot dark matter, 
� , and baryons, 
b, the vac-uum energy or cosmological constant, 
�, and the Hubbleparameter h, to �nd the values which agree best with ob-servations of LSS on all scales (or even to exclude a wholefamily of models). Here we restrict ourselves to the analy-sis of spatially 
at cosmological models with 
�+
m = 1(
k = 0), where 
m = 
cdm + 
b + 
� , and to an in-
ationary scenario without tensor mode. We also neglectthe e�ect of a possible early reionization which could re-duce the amplitude of the �rst acoustic peak in the CMBanisotropy spectrum.The reason for the restriction of 
at models is mainlynumerical. However, the new CMB anisotropy data fromthe Boomerang experiment actually strongly favors spa-tially 
at universes (Melchiorri et al. 1999b). Neglectingthe tensor mode which a�ects the normalization and theheight of the �rst acoustic peak is motivated by the work ofTegmark 1999, who found that CMB anisotropy data pre-fer no or a small tensor component, however there are alsoarguments in favor of the importance of the tensor mode(Arkhipova et al. 1998, Melchiorri et al. 1999a). Further-more, since the LSS data used in this paper disfavors veryblue spectra, the high acoustic peak indicates that reion-ization cannot be substantial for the class of models ana-lyzed in this paper. Hence we set the optical depth � = 0.The outline of this paper is as follows: In Sect. 2 we de-scribe the observational data which are used. The methodof parameter determination and some tests are describedin Sect. 3. We present the results obtained under di�er-ent assumptions about the parameter ranges in Sect. 4. Adiscussion of our results and the conclusions are given inSects. 5 and 6 respectively.2. The experimental data set2.1. The Abell-ACO cluster power spectrumOne might expect that the most favorable data for thedetermination of cosmological parameters are power spec-



Cosmological parameters from LSS 3tra constructed from the observed distribution of galax-ies. But the power spectra of galaxies obtained from thetwo-dimensional APM survey (e.g. Maddox et al. 1996,Tadros & Estathiou 1996, and references therein), theCfA redshift sur-vey (Vogeley et al. 1992, Park et al. 1994), the IRAS sur-vey (Saunders et al. 1992) and/or from the Las CampanasRedshift Survey (da Costa et al. 1994, Landy et al. 1996)di�er both in the amplitude and in the behavior nearthe maximum. Moreover, nonlinear e�ects on smallscale must be taken into account in their analysis. Forthese reasons we do not include galaxy power spec-tra for the determination of parameters in this work.Here, we use the power spectrum of Abell-ACO clusters(Einasto et al. 1997, Retzla� et al. 1998) as observationalinput. This power spectrum is measured in the range0:03h=Mpc� k � 0:2h=Mpc. The cluster power spectrumis biased with respect to the dark matter distribution. Weassume that the bias is linear and scale independent in therange of scales considered. The position of the maximum(kmax � 0:05h=Mpc) and the slope at lower and largerscales are sensitive to the baryon content 
b, the Hub-ble constant h, the neutrino mass m� and the number ofspecies of massive neutrinos N� (Novosyadlyj 1999). TheAbell-ACO cluster power spectrum ~PA+ACO(kj) (hereand in the following a tilde denotes observed quantities)has been taken from Retzla� et al. 1998. We present 13values of ~PA+ACO(kj) and the 1� errors in Table 1 andin Fig. 1. In a �rst step, we have assumed that the 13points in this power spectrum given below are indepen-dent measurements. The value of �2 obtained under thisassumption is much smaller than the number of degrees offreedom (see below). We interpret this as a hint that the13 points of ~PA+ACO given in Table I cannot be consid-ered as independent measurements. We therefore describethe power spectrum by three parameters A, kbend and �to be of the form~PA+ACO(k) = Ak1 + (k=kbend)� : (1)A �t of the parameters to the observed power spectrumgivesA = (3:78� 1:71)� 106; kbend = 0:056� 0:015;� = 3:49� 0:72: (2)In Fig. 1 we show the observed power spectrum togetherwith the �t. The cosmological model parameters obtainedusing the full power spectrum information or the threeparameter �t are in good agreement, but the latter pre-scription leads to a more reasonable value of �2.This point is quite important since it illustrates thata small �2 need not mean that the error bars of the dataare too large but it can be due to data points dependingonly on a few parameters and therefore not being inde-pendent. If a power spectrum, like the one above can be

modeled by 3 parameters, then, by varying three cosmo-logical parameters, like e.g. the cluster bias bc , the HDMcontribution 
� and the Hubble parameter, h, we can ingeneral (if there is no degeneracy) �t all three parametersA, kbend and � and thereby the entire power spectrum.The number of degrees of freedom in such a �t is 0 andnot 10 as one would infer form the number points of thepower spectrum.To make best use of the observational information, wenevertheless use the full 13 points of the power spectrumto �t the data, but we assign it nF = 3 for the number ofdegrees of freedom.Table 1. The Abell-ACO power spectrum by Retzla� etal. 1998 No kj ~PA+ACO(kj)�� ~P1 0.030 (9:31 � 5:97) � 1042 0.035 (1:04 � 0:66) � 1053 0.040 (1:04 � 0:58) � 1054 0.047 (1:26 � 0:51) � 1055 0.054 (1:45 � 0:69) � 1056 0.062 (1:02 � 0:39) � 1057 0.072 (8:10 � 2:52) � 1048 0.083 (5:44 � 2:19) � 1040 0.096 (5:30 � 2:49) � 10410 0.11 (3:85 � 1:33) � 10411 0.13 (2:03 � 0:86) � 10412 0.15 (2:04 � 0:98) � 10413 0.17 (1:70 � 0:94) � 104

Fig. 1. The Abell-ACO power spectrum by Retzla� et al. 1998.The solid line is the best �t according to Eqs. 1 and 2.



4 Cosmological parameters from LSS2.2. CMB dataWe normalize the power spectrum using the COBE 4-yeardata of CMB tempera-ture 
uctuations (Bennett et al. 1996, Liddle et al. 1996,Bunn and White 1997). We believe that using all avail-able experimental data on �T=T on angular scales smallerthan the COBE measurement is not an optimal way forsearching of best-�t parameters because some data pointsin CMB spectrum contradict each other. Therefore, we useonly the position and amplitude of the �rst acoustic peakderived from observational data as integral characteristicsof CMB power spectrum, which are sensitive to some ofthe model parameters.To determine the position, `p, and amplitude, Ap, ofthe �rst acoustic peak we use the set of observationaldata on CMB temperature anisotropy given in Table 2(altogether 51 observational points). For each experimentwe include the e�ective harmonic, the amplitude of thetemperature 
uctuation at this harmonic, the upper andlower error in the temperature, and the e�ective range ofthe window in `-space. In those cases when original pa-pers do not contain e�ective harmonics and band widthwe have taken them from Max Tegmark's CMB dataanalysis center (Tegmark 1999) dated Nov 25 1999. We�t the experimental data points by a polynomial of 6-th order using the Levenberg-Marquardt method to de-termine the position and amplitude of the �rst peak:[l(l+1)Cl=2�2]1=2 =P6i=0 aili. The best-�t values of thecoe�cients are: a0 = 31:1, a1 = �0:309, a2 = 5:18�10�3,a3 = 9:66� 10�6, a4 = �3:68� 10�8, a5 = 1:22� 10�10,a6 = �9:19 � 10�14 (�2 = 62:9). The amplitude Ap andposition lp of �rst acoustic peak determined from data�tting curve are 79:6�K and 253 correspondingly. Our re-sult di�ers only slightly from the numbers obtained byLineweaver & Barbosa 1998 who found 260 and 88�K.Fig. 2 shows the observational data used together withthe polynomial best �t (solid line).We estimated the error of Ap and lp in the followingway.By varying of all coe�cients ai we determine �2-hyper-surface in 7-dimension parameter space which con-tains deviations of less than 1�. If the probability dis-tribution obeys Gaussian statistics, this corresponds to a68.3% con�dence level. It is well known, that present CMBanisotropy data even on small scales do not obey Gaussianstatistics and thus this procedure is somewhat arbitrary.However, it can be assumed that this gives us a good in-dication for the errors bar in position and amplitude ofthe �rst acoustic peak. For 44 degrees of freedom (51 datapoints minus 7 parameters) this hyper-surface correspondsto ��2 = 47:9. For values of parameters ai which have a�2 < �2min +��2 we calculate the Cl's and �nd the peakamplitude Ap and the position lp. They are in the contourline in the Ap� lp plane shown in Fig. 3. The upper-lowerand right-left extremal points indicate 1� statistical er-

rors: �Astp = +17:0;�16:3�K and �lstp = +28;�22. Un-certainties of e�ective harmonics of each experiment donot in
uence the error of the amplitude of the �rst acousticpeak but must be take into account for the full error in thepeak position, so that �lp = �lstp +�lwp , where last termis the mean band width around lp. We estimate it as meanwidth of all experiments weighted by acoustic peak ampli-tude �lwp = P56i=1(�l)i!i=P56i=1 !i, where the weightingfactor !i = [li(li + 1)Cli=2�2]1=2=Ap is calculated usingpolynomial �t. This �nally leads to �lwp � 45:0. (Withoutweighting the value is �lwp � 42). Therefore, the errors ofdetermination of �rst acoustic peak amplitude and posi-tion are �Ap � 16:5�K and �lp � 70 respectively. Weuse these errors below in our search of cosmological pa-rameters.It is interesting to note that no 6th order polynomial�ts the data really well. For our best �t polynomial weobtain �2 = 62:9 for 51 data points and 7 parameters.The probability for this polynomial leading to the ob-served data is about 1%. This big �2 can have two ori-gins. First, the probability distribution is non-Gaussianand, therefore, the probability to obtain this value of �2is higher than 1%. Secondly, some data seems to be con-tradictory. For example, if we ignore all the Python Vpoints we obtain a best �t polynomial with �2 = 23 whichis even slightly too low. (Removing of these points doesnot change essentially the result amplitude and positionof acoustic peak, `p = 256, Ap = 79:0 without them). Butof course we are not allowed without any good reason,to leave away some experimental results. It may well bethat Python V is correct and some other experiments arewrong. Therefore, we adopted this somewhat hand wav-ing way to extract information from this data. Clearly,a more thorough analysis with true, non-Gaussian likeli-hood functions would be in order, which we leave for thefuture (see Bartlett et al. 1999).For the comparison of models with the CMB data weuse, apart from the COBE normalization, only the twoparameters obtained by the �tting procedure describedabove: the e�ective harmonic `p = 253�70 of the peak po-sition and the amplitude of the peak Ap = 79:6� 16:5�K.Clearly, this position and height of the �rst acoustic peakis not strictly implied by the present data and can there-fore be criticized. In this sense it has to be considered pri-marily as a working hypothesis which will be con�rmed orcontradicted in the future by more accurate data.2.3. Other experimental constraintsA constraint of the amplitude of the 
uctuation powerspectrum at cluster scale can be derived from the clustermass and the X-ray temperature functions. It is usuallyformulated as a constraint for the density 
uctuation in



Cosmological parameters from LSS 5Table 2. Observational data on CMB temperature 
uctuations (in �K)`min `e� `max �T obs`eff +err �err Experiment2:5 3.1 3:7 28.0 +7:5 �10:3 COBE2, Tegmark & Hamilton 19973:4 4.1 4:8 34.0 +6:0 �7:2 COBE3, Tegmark & Hamilton 19974:7 5.6 6:5 25.1 +5:3 �6:6 COBE4, Tegmark & Hamilton 19976:7 8 9:3 29.4 +3:6 �4:1 COBE5, Tegmark & Hamilton 19972 10 28 29.4 +7:8 �7:7 FIRS, Ganga et al. 1994 �)9:6 10.9 12:2 27.7 +3:9 �4:5 COBE6, Tegmark & Hamilton 199711:8 14.3 16:8 26.1 +4:4 �5:2 COBE7, Tegmark & Hamilton 199716:6 19.4 22:2 33.0 +4:6 �5:4 COBE8, Tegmark & Hamilton 199712 20 30 32.5 +10:1 �8:5 Tenerife, Hancock et al. 1997 �)21 50 94 23.0 +3:0 �3:0 PythonV1, Coble et al. 199940 53 75 54.5 +27:2 �22:0 iac/bartol2, Femenia et al. 199736 68 106 30.2 +24:8 �17:4 SP91, Gundersen et al. 199536 68 106 36.3 +34:3 �20:0 SP94, Gundersen et al. 199525 58 75 29.0 +30:0 �23:2 Boomerang, Mauskopf et al. 199928 74 97 55.6 +29:6 �15:2 BAM, Tucker et al. 1997 �)35 74 130 26.0 +4:0 �4:0 PythonV2, Coble et al. 199939 80 121 47.0 +6:0 �7:0 QMap F1+2Ka, de Oliveira-Costa et al. 199839 84 130 35.0 +15:0 �11:0 MSAM, Wilson et al. 199958 87 126 49.0 +8:0 �5:0 SK1, Netter�eld et al. 199768 92 129 54.0 +14:0 �12:0 Python1, Platt et al. 199751 95 173 39.1 +8:7 �8:7 Argo1, de Bernardis et al. 1994 �)51 95 173 46.8 +9:5 �12:1 Argo2, Masi et al. 1996 �)76 102 125 48.8 +31:5 �27:9 Boomerang, Mauskopf et al. 199967 108 157 31.0 +5:0 �4:0 PythonV3, Coble et al. 199947 111 175 52.0 +5:0 �5:0 QMap F1+2Q, de Oliveira-Costa et al. 199865 120 221 94.5 +41:8 �41:8 IAB, Piccirillio et al. 1993 �)72 126 180 59.0 +6:0 �7:0 QMap F1+2Ka, de Oliveira-Costa et al. 199895 128 154 55.0 +18:0 �17:0 TOCO98, Miller et al. 199972 139 247 49.4 +7:8 �7:8 MAX, Tanaka et al. 1996 �)99 140 185 28.0 +8:0 �9:0 PythonV4, Coble et al. 1999114 152 178 82.0 +11:0 �11:0 TOCO98, Miller et al. 1999126 153 175 67.0 +37:1 �33:8 Boomerang, Mauskopf et al. 1999123 166 209 69.0 +7:0 �6:0 SK2, Netter�eld et al. 1997119 177 243 58.0 +15:0 �13:0 Python2, Platt et al. 1997132 172 215 54.0 +10:0 �11:0 PythonV5, Coble et al. 1999131 201 283 49.0 +10:0 �8:0 MSAM, Wilson et al. 1999164 203 244 96.0 +15:0 �15:0 PythonV6, Coble et al. 1999176 204 225 71.9 +38:7 �36:3 Boomerang, Mauskopf et al. 1999170 226 263 83.0 +7:0 �8:0 TOCO98, Miller et al. 1999195 233 273 91.0 +32:0 �38:0 PythonV7, Coble et al. 1999196 237 266 85.0 +10:0 �8:0 Sk3, Netter�eld et al. 1997226 255 275 61.0 +38:7 �36:1 Boomerang, Mauskopf et al. 1999248 286 310 86.0 +12:0 �10:0 SK4, Netter�eld et al. 1997276 305 325 55.0 +40:9 �39:1 Boomerang, Mauskopf et al. 1999247 306 350 70.0 +10:0 �11:0 TOCO98, Miller et al. 1999308 349 393 69.0 +19:0 �28:0 SK5, Netter�eld et al. 1997332 397 481 50.8 +15:4 �15:4 CAT1, Scott et al. 1996 �)326 403 475 32.0 +31:9 �30:0 Boomerang, Mauskopf et al. 1999284 407 453 47.0 +7:0 �8:0 MSAM, Wilson et al. 1999361 589 756 56.0 +8:1 �6:9 Ring5M2, Leitch et al. 1998543 615 717 49.0 +19:1 �13:6 CAT2, Scott et al. 1996 �)�) - `eff and band width were taken from Max Tegmark's CMB data analysis center (Tegmark 1999)



6 Cosmological parameters from LSS

Fig. 2. Observational data of CMB 
uctuation (Table 2) and asixth order polynomial �t to a power spectrum (solid line). Thedotted lines restrict the space of �tting curves which deviatefrom best �t by less than 1� (��2 = 47:9 for 44 degrees offreedom).

Fig. 3. The contour of positions lp and amplitudes Ap of �rstacoustic peak which corresponds to the range of �tting curveswhich are in the 68.3% range of probability of point distribu-tion. The box which contains ellipse gives 1� errors for lp andAp. The position lp and amplitude Ap for best �t coe�cientsare shown as a cross (see also in Fig. 2).a top-hat sphere of 8h�1 Mpc radius, �8, which can becalculated for a given initial power spectrum P (k):�28 = 12�2 Z 10 k2P (k)W 2(8Mpc k=h)dk; (3)where W (x) = 3(sinx � x cosx)=x3 is the Fourier trans-form of a top-hat window function. A recent optical de-termination of the mass function of nearby galaxy clusters(Girardi et al. 1998) gives ~�8 ~
0:46�0:09
mm = 0:60 � 0:04.Several groups have found similar results using di�erent

methods and di�erent data sets (for a comprehensive listof references see Borgani et al. 1999). To take into accountthe results from other authors we have decided to use moreconservative error bars:~�8 ~
0:46�0:09
mm = 0:60� 0:08 : (4)>From the existence of three very massive clusters ofgalaxies observed so far at z > 0:5 a further constrainthas been established by Bahcall & Fan 1998~�8 ~
�m = 0:8� 0:1 ; (5)where � = 0:24 if 
� = 0 and � = 0:29 if 
� > 0 with
�+
m = 1: The relation of this value to other tests willbe analyzed too.Another constraint on the amplitude of the linearpower spectrum of density 
uctuations in our vicinitycomes from the study of galaxy bulk 
ows in spheres oflarge enough radius around our position. Since these datamay be in
uenced by the local super-cluster (cosmic vari-ance), we will use only the value of bulk motion - themean peculiar velocity of galaxies in the sphere of radius50h�1Mpc given by Kolatt & Dekel 1997,~V50 = (375� 85)km=s: (6)An essential constraint on the linear power spectrum ofmatter clustering on small scales (k � (2 � 40)h=Mpccomes from the Ly-� forest of absorption lines seen inquasar spectra (Gnedin 1998, Croft et al. 1998 and refer-ences therein). Assuming that the Ly-� forest is formedby discrete clouds with a physical size close to the Jeansscale in the reionized inter-galactic medium at z � 2� 4,Gnedin 1998 has obtained a constraint on the value of ther.m.s. linear density 
uctuations1:6 < ~�F (z = 3) < 2:6 (95%C.L.) (7)at kF � 34
1=2m h=Mpc :Taking into account the new data on quasar absorp-tion lines, the e�ective equation of state and the tem-perature of the inter-galactic medium at high redshiftwere re-estimated recently by Ricotti et al. 1999. As re-sult the value of Jeans scale at z = 3 has moved tokF � 38
1=2m h=Mpc (Gnedin 1999).The procedure of recovering the linear power spec-trum from the Ly-� forest has been elaborated byCroft et al. 1998. Analyzing the absorption lines in a sam-ple of 19 QSO spectra they have obtained the followingconstraint on the amplitude and slope of the linear powerspectrum at z = 2:5 and kp = 1:5
1=2m h=Mpc,~�2�(kp) � k3pP (kp)=2�2 = 0:57� 0:26; (8)~np � � log P (k)� log k jkp= �2:25� 0:18; (9)



Cosmological parameters from LSS 7(95% CL). In addition to the power spectrum measure-ments we will use the constraints on the value of the Hub-ble constant~h = 0:65� 0:15 (10)which is a compromise between measurements made bytwo groups: Tammann & Federspiel 1997and Madore et al. 1998. We also employ nucleosynthesisconstraints on the baryon density ofg
bh2 = 0:019� 0:0024(95%CL) (11)given by Burles et al. 1999. An earlier value of g
bh2 =0:024� 0:006 by Tytler et al. 1996 will be used to analyzethe in
uence of this assumption on the obtained cosmo-logical parameters.3. Testing the MethodIn order to test our method to determine cosmological pa-rameters for stability, we have constructed a mock sampleof observational data. We start with a set of cosmologicalparameters and determine for them the \observational"data which would be measured in case of faultless mea-surements with 1� errors comparable to the observationalerrors. We then insert random sets of starting parametersinto the search program and try to �nd the right modelwhich corresponds to the mock data. The method is sta-ble if we can recover our input cosmological model. Evenstarting very far away from the true values, our methodreveals as very stable and �nds the 'true' model wheneverpossible (see Table 3).One of the main ingredients for the solution for oursearch problem is a reasonably fast and accurate deter-mination of the transfer function which depends on thecosmological parameters. We use the accurate analyticalapproximations of the MDM transfer function T (k; z) de-pending on the parameters 
m, 
b, 
� , N� and h by(Eisenstein & Hu 1999 and Novosyadlyj et al. 1999).The linear power spectrum of matter density 
uctua-tions isP (k; z) = AknT 2(k; z)D21(z)=D21(0); (12)where A is the normalization constant and D1(z) isthe linear growth factor, which can be approximated by(Carroll, Press & Turner 1992)D1(z) = 52 
m(z)1 + z � 170 + 209
m(z)�
2m(z)140 + 
4=7m (z)��1 ;where 
m(z) = 
m(1 + z)3= �
m(1 + z)3 +
��.We normalize the spectra to the 4-year COBE datawhich determines the amplitude of density perturba-tion at the horizon crossing scale, �h (Liddle et al. 1996,Bunn and White 1997), which for a matter dominated

Universe without tensor mode and cosmological constantis given by�h = 1:95� 10�5
�0:35�0:19 ln
m�0:17~nm e�~n�0:14~n2 : (13)For a 
at model with cosmological constant (
m+
� = 1)we have�h = 1:94� 10�5
�0:785�0:05 ln
mm e�0:95~n�0:169~n2 (14)(~n � n � 1). The normalization constant A is then givenbyA = 2�2�2h(3000=h)3+n Mpc4: (15)The Abell-ACO power spectrum is related to the mat-ter power spectrum at z = 0, P (k; 0) by the cluster biasingparameter bcl. We assume scale-independent, linear bias:PA+ACO(k) = b2clP (k; 0): (16)For a given set of parameters n, 
m, 
b, h, 
� , N� andbcl theoretical values of PA+ACO(kj) can now be obtainedfor the values kj of Table 1. We denote them by yj (j =1; :::; 13).The dependence of the position and amplitude of the�rst acoustic peak of the CMB power spectrum on cosmo-logical parameters has been investigated using CMBfastby Seljak & Zaldarriaga 1996. As expected, the resultsare, within sensible accuracy, independent of the hot darkmatter contribution (
�). This is illustrated in Figs. 4 and5. For the remaining parameters, n, h, 
b and 
�, we have

Fig. 4. The dependence of the acoustic peak amplitude Ap onneutrino content 
�determined the resulting values `p and Ap with CMBfastfor a network of model parameters. The values `p; Ap in-between grid points are then obtained by 4-dimensional
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Fig. 5. The dependence of the acoustic peak position `p onneutrino content 
�interpolation. This allows a fast and su�ciently accu-rate calculation of the peak position and amplitude fora given set of parameters in the range 0:7 � n � 1:4,0:3 � h � 0:8, 0 � 
b � 0:2 and 0 � 
� � 0:8 con-sidered in this work. The accuracy of this interpolation isestimated to be within 2%. We denote `p and Ap by y14and y15 respectively.The theoretical values of the other experimental con-straints are obtained as follows: The density 
uctuation �8is calculated according to Eq. (3) with P (k; z) taken fromEq. (12). We set y16 = �8
0:46�0:09
mm and y17 = �8
�,where � = 0:24 for 
� = 0 and � = 0:29 for 
� > 0,respectively.The r.m.s. peculiar velocity of galaxies in a sphere ofradius R = 50h�1Mpc is given byV 250 = 12�2 Z 10 k2P (v)(k)e�k2R2fW 2(50Mpc k=h)dk; (17)where P (v)(k) is power spectrum for the velocity �eldof the density-weighted matter (Eisenstein & Hu 1999),W (50Mpc k=h) is the top-hat window function. A previ-ous smoothing of raw data with a Gaussian �lter of radiusRf = 12h�1Mpc is employed here similar to the procedurewhich has led to the observational value. For the scales ofinterest P (v)(k) � (
0:6H0)2P (k; 0)=k2. We denote ther.m.s. peculiar velocity by y18.The value by Gnedin 1998 from the formation of Ly-� clouds constrains the r.m.s. linear density perturbationat z = 3 and kF = 38
1=2m h=Mpc. In terms of the powerspectrum �F is given by�2F (z) = 12�2 Z 10 k2P (k; z)e(�k=kF )2dk; : (18)It will be denoted by y19. The corresponding value of theconstraint by Croft et al. 1998 is�2�(kp; z) � k3pP (kp; z)=2�2; (19)

at z = 2:5 and kp = 0:008H(z)=(1 + z)(km=s)�1, (whereH(z) = H0 �
m(1 + z)3 +
��1=2 is the Hubble parame-ter at redshift z) will be denoted by y20. The slope of thepower spectrum at this scale and redshift,n(z) � � log P (k; z)� log k ; (20)is denoted by y21.For all tests except Gnedin's Ly-� clouds we usedthe density weighted transfer function Tcb�(k; z) fromEisenstein & Hu 1999. For Gnedin's �F we use Tcb(k; z)according to the prescription of (Gnedin 1998). It mustbe noted that even in the model with maximal 
� (� 0:2)the di�erence between Tcb(k; z) and Tcb�(k; z) is less than12% for k � kp.Finally, the values 
b and h are denoted by y22 andy23 respectively.The relative quadratic deviations of the theoretical val-ues from their observational counterparts are given by �2:�2 = 23Xj=1� ~yj � yj�~yj �2 ; (21)where ~yj and �~yj are the experimental data and their dis-persion, respectively. The set of parameters n, 
m, 
b, h,
� , N� and bcl or some subset of them can be determinedby minimizing �2 using the Levenberg-Marquardt method(Press et al. 1992). The derivatives of the predicted valueswith respect to the search parameters which are requiredby this method are calculated numerically using a relativestep size of 10�5 with respect to the given parameter.The method was tested in the following way. Assum-ing a 4-year COBE normalized tilted �MDM model withthe parameters n = 1:2, 
m = 0:55, 
b = 0:06, 
� = 0:2,N� = 2, h = 0:65 and assuming further a cluster bias-ing parameter bcl = 3:0 we have calculated mock clus-ter power spectrum ~PA+ACO(kj) and treated them as ~yi,i = 1; :::; 13. The remaining mock data ~yi, i = 14; :::; 23have been calculated as described above. We have assignedto these mock data the same relative 'experimental' errorsas in the corresponding experiments described in the pre-vious section.We then used these mock data to search the parame-ters n, 
m, 
b, h, 
� , and bcl (N� was �xed). As startingparameters for the search program we assumed randomvalues within the allowed range. We have searched forthe parameters assuming the \true" value of two speciesof massive neutrinos as well as assuming three species ofmassive neutrinos. The parameters obtained for di�erentcases are presented in Table 3. The errors in the deter-mined parameters are calculated as root square from di-agonal elements of the standard error covariance matrix.In all cases the code found all the previous known param-eters with high accuracy. This means that the code �ndsthe global minimum of �2 independent of the initial valuesfor the parameters.



Cosmological parameters from LSS 9Table 3. Test of the method: results of parameter search from mock data for the tilted �MDM model (n = 1:2, 
m = 0:55,
b = 0:06, 
� = 0:20, N� = 2, h = 0:65). In test 1, all parameters are determined; in the 2nd to 6th tests, some parameters are�xed. For each test the �rst row corresponds to the case when number of species of massive neutrinos is equal the input value(2) and the second - when N� = 3.No N� �2min n 
m 
� 
b h bcl1 2 0.00 1.20�0.07 0.55�0.15 0.200�0.059 0.060�0.022 0.65�0.12 3.00�0.453 0.05 1.21�0.07 0.63�0.17 0.251�0.073 0.061�0.022 0.65�0.12 3.12�0.462 2 1.72 1.18�0.06 0.79�0.07 0.281�0.055 0.101�0.005 0.50�) 3.58�0.323 3.84 1.21�0.06 0.98�0.08 0.446�0.035 0.101�0.005 0.50�) 3.65�0.303 2 0.00 1.20�0.07 0.55�0.05 0.200�0.036 0.060�0.003 0.65�) 3.00�0.273 0.05 1.21�0.07 0.62�0.05 0.249�0.043 0.060�0.003 0.65�) 3.10�0.274 2 0.68 1.21�0.07 0.45�0.04 0.168�0.029 0.045�0.002 0.75�) 2.73�0.243 0.80 1.22�0.07 0.51�0.05 0.207�0.034 0.045�0.002 0.75�) 2.83�0.255 2 0.00 1.20�0.07 0.55�0.05 0.200�0.036 0.060�) 0.65�) 3.00�0.273 0.05 1.21�0.07 0.62�0.05 0.249�0.043 0.060�) 0.65�) 3.10�0.276 2 18.97 1.09�0.06 0.30�) 0.039�0.003 0.047�0.007 0.73�0.05 3.60�0.383 18.20 1.02�0.08 0.30�) 0.000�0.001 0.064�0.021 0.63�0.10 3.55�0.31(�) - �xed parameters.Our conclusions from the test results can be summa-rized as follows:1. If all parameters are free and N� = 2 (the inputvalue) the code �nds the correct values of the free param-eters (test 1, for N� = 2 in Table 3).2. If all parameters are free and N� = 3 the code �ndsvalues of the free parameters which are in the 1� range oferrors (test 1, for N� = 3 in Table 3).3. If some parameters are �xed and di�er from theinput values (tests 2, 4, 6 in Table 3) the code �nds for theremaining search parameters values close to the correctones. The most stable and accurate value is 
b. The resultsfor n, 
� and 
m are in the � 2� range of the correctvalues. The most uncertain solutions are found for n and
� if an incorrect value for 
m has been assumed (test 6in Table 3).4. If some parameters are �xed to the predeterminedones and N� = 2 (the input value) the code �nds thecorrect values of the free parameters (test 3 and 5 , forN� = 2 in Table 3), if N� = 3 the determined values arewithin the 1� range (test 3 and 5 , for N� = 3 in Table 3).In summary, the code determines the parameters n,
� , 
b, h, bcl and 
m correctly, if the observational dataare correctly measured and the cosmological model as-sumed is correct; i.e. no curvature, a negligible amount oftensor perturbations and a primordial spectrum of scalarperturbations which is scale free from the present horizonsize down to the scale of the Ly-� clouds.

4. ResultsThe determination of the parameters n, 
m, 
b, h, 
� ,N� and bcl by the Levenberg-Marquardt �2 minimizationmethod can be realized in the following way: We vary theset of parameters n, 
m, 
b, h, 
� and bcl or some subsetof them and �nd the minimum of �2. Since the N� processis discrete we repeat this procedure three times for N�=1,2, and 3. The lowest of the three minimums is the mini-mum of �2 for the complete set of free parameters. Thenumber of degrees of freedom NF = Nexp�Npar = 7 if allparameters are free. It increases, if some of the parametersare �xed to a certain value. (Remember that even thoughwe have 13 power spectra points, they can be describedby just 3 degrees of freedom.)We have determined the minimum of �2 for N�=1, 2,3 in 11 di�erent cases, where all observational data de-scribed in Sect. 2 are used.1) n, 
m, 
� , 
b, h, and bcl are free parameters (NF =7); 2) h = 0:5 is �xed, the remaining parameters are free(NF = 8);3) h = 0:6 (Saha et al. 1999,Tammann et al. 1999) is�xed, the remaining parameters are free (NF = 8);4) h = 0:72 (Madore et al. 1998, Richtler et al. 1999)is �xed, the remaining parameters are free (NF = 8);5) h = 0:6 (Saha et al. 1999,Tammann et al. 1999)and h2
b = 0:024 (Tytler et al. 1996) are �xed, the re-maining parameters are free (NF = 9);
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m = 1:0 is �xed, the remaining parameters are free(NF = 8);7) 
m = 0:3 is �xed, the remaining parameters are free(NF = 8);8) n = 1 is �xed, the remaining parameters are free(NF = 8);9) n = 1, 
m = 1 are �xed, the remaining parametersare free (NF = 9);10) n = 1, 
m = 0:3 and are �xed, the remainingparameters are free (NF = 9);11) 
� = 7:4� 10�4N�=h2 is �xed by the lower limitof neutrino mass inferred by the observed neutrino oscil-lations in the Super-Kamiokande experiment (NF = 8).For these 11 cases we �nd the minimum of �2 fromwhich we determine the parameters presented in Ta-ble 4. Note, that for all models �2min is in the range,NF �p2NF � �2min � NF +p2NF which is expected fora Gaussian distribution of NF degrees of freedom. Thismeans that the cosmological paradigm which has been as-sumed is in agreement with the data. (Note here, thatthe reduction of the 13 not independent data points ofthe cluster power spectrum to three parameters is veryimportant for our analysis. Otherwise we would obtain a�min which is by far too small. If we would have assumedthe 13 points of the Abell cluster power spectrum as in-dependent, resulting in NF = 17, the smallness of �minwould have indicated that something is wrong in our ap-proach. But we might have drawn the wrong conclusionthat the error bars be too large!) In Table 5 we presentalso the values of the di�erent observational constraintsfor the best �t models found in Table 4.

Fig. 6. The observed Abell-ACO power spectrum (�lled cir-cles) and the theoretical spectra predicted by tilted �MDMmodels with parameters taken from Table 4 (N� = 1).If all parameters are free (Table 4, case No 1), themodel with one sort of massive neutrinos provides the

best �t to the data, �2min � 4:6. Note, however, that thereare only marginal di�erences in �2min for N� = 1; 2; 3.Therefore, with the given accuracy of the data we can-not conclude whether { if massive neutrinos are presentat all { their number is one, two, or three. We summa-rize, that the considered observational data on LSS of theUniverse can be explained by a 
at �MDM in
ationarymodel with a tilted spectrum of scalar perturbations andvanishing tensor contribution. The best �t parameters are:n = 1:12 � 0:10, 
m = 0:41 � 0:11, 
� = 0:059 � 0:028,N� = 1, 
b = 0:039 � 0:014 and h = 0:70 � 0:12. TheCDM density parameter is 
cdm = 0:31� 0:15 and 
� isconsiderable, 
� = 0:59� 0:11.The value of the Hubble constant is close to mea-surements by Madore et al. 1998. The spectral index co-incides with the COBE prediction. The neutrino matterdensity 
� = 0:059�0:028 corresponds to a neutrino massm� = 94
�h2 � 2:7� 1:2 eV. The estimated cluster biasparameter bcl = 2:23 � 0:33 �xes the amplitude of theAbell-ACO power spectrum (Fig. 6). All predictions of themeasurements summarized in Table 5 are close to the ex-perimental values and within the error bars of the data.The predicted position of the acoustic peak (`p = 215)is systematically lower than the experimental value deter-mined here from the complete data set on �T=T (~̀p =253�70). This position is nearly �xed by the requirement
m+
� = 1 and is only weakly dependent of the parame-ters varied in this study. The acoustic peak inferred by theBoomerang experiment (Mauskopf et al. 1999) is situatedat ` � 200 and prefers models which are very close to 
at(Melchiorri et al. 1999b). The models with low 
m � 0:3(case No. 7 in Table 4) �t the observable data somewhatless good than the best model (��2min � 2:0) but all pre-dictions are still within the 1� range. These models prefera high Hubble parameter, h � 0:7 and no massive neu-trinos, 
� = 0. On the contrary, the matter dominatedtilted MDM model (
m = 1, models 6 in Table 4) prefershigh 
� = 0:22, three sort of massive neutrino and a lowHubble parameter, h = 0:47. This can be understood byconsidering one of the most serious problems of standardCDM, namely that the model, when normalized to COBE,has too much power on small scales. This problem can besolved either by introducing HDM and thereby dampingthe spectrum on small scales or by introducing a cosmo-logical constant which leads mainly to a 'shift of the powerspectrum to the left'.Another interesting correlation can be seen in Table4, cases No 2-4, where we have �xed h. An increasingHubble constant is compensated by a decreasing matterdensity, 
m, (i.e. increasing cosmological constant) and adecreasing baryon content due to the tight nucleosynthesisconstraint on 
bh2. Furthermore, increasing the numberof massive neutrino species N� from 1 to 3 leads to anincrease of 
� from 0.06 to 0.13 and to a decrease of 
�from 0.59 to 0.43 (case 1).



Cosmological parameters from LSS 11Table 4. Cosmological parameters determined for the tilted �MDM model with one, two and three species of massive neutrinos.In case No. 1 all parameters are free, in the other cases (No2-11) some of them are �xed, as described above.No N� �2min n 
m 
� 
b h bcl1 1 4.64 1.12�0.09 0.41�0.11 0.059�0.028 0.039�0.014 0.70�0.12 2.23�0.332 4.82 1.13�0.10 0.49�0.13 0.103�0.042 0.039�0.014 0.70�0.13 2.33�0.363 5.09 1.13�0.10 0.56�0.14 0.132�0.053 0.040�0.015 0.69�0.13 2.45�0.372 1 7.50 1.11�0.09 0.64�0.10 0.075�0.058 0.076�0.005 0.50�) 2.72�0.282 7.46 1.12�0.09 0.73�0.12 0.120�0.075 0.076�0.005 0.50�) 2.86�0.283 7.46 1.13�0.09 0.82�0.14 0.163�0.089 0.076�0.005 0.50�) 2.96�0.293 1 5.28 1.12�0.09 0.51�0.07 0.074�0.041 0.053�0.003 0.60�) 2.43�0.262 5.45 1.13�0.09 0.59�0.08 0.110�0.053 0.053�0.003 0.60�) 2.56�0.263 5.62 1.13�0.09 0.66�0.10 0.144�0.063 0.053�0.003 0.60�) 2.66�0.274 1 4.67 1.12�0.10 0.39�0.05 0.058�0.026 0.037�0.002 0.72�) 2.19�0.232 4.84 1.13�0.06 0.47�0.06 0.101�0.014 0.037�0.002 0.72�) 2.29�0.183 5.12 1.14�0.10 0.53�0.07 0.130�0.046 0.037�0.002 0.72�) 2.38�0.255 1 5.68 1.11�0.09 0.53�0.07 0.068�0.043 0.067�) 0.60�) 2.49�0.272 5.76 1.11�0.09 0.61�0.09 0.103�0.056 0.067�) 0.60�) 2.62�0.273 5.85 1.12�0.09 0.67�0.10 0.136�0.067 0.067�) 0.60�) 2.71�0.276 1 12.23 1.07�0.09 1.00�) 0.116�0.086 0.118�0.027 0.40�0.05 3.15�0.392 10.18 1.10�0.09 1.00�) 0.177�0.086 0.099�0.022 0.44�0.05 3.10�0.383 8.80 1.12�0.09 1.00�) 0.219�0.084 0.085�0.019 0.47�0.05 3.07�0.387 1 6.55 1.04�0.10 0.30�) 0.000�0.005 0.038�0.013 0.71�0.12 2.25�0.192 6.55 1.04�0.10 0.30�) 0.000�0.005 0.038�0.013 0.71�0.12 2.25�0.193 6.55 1.04�0.10 0.30�) 0.000�0.005 0.038�0.013 0.71�0.12 2.25�0.198 1 6.21 1.00�) 0.45�0.12 0.042�0.033 0.038�0.014 0.71�0.13 2.44�0.312 6.60 1.00�) 0.50�0.14 0.062�0.043 0.038�0.014 0.71�0.13 2.57�0.323 6.85 1.00�) 0.51�0.14 0.063�0.012 0.038�0.014 0.71�0.13 2.69�0.329 1 13.01 1.00�) 1.00�) 0.088�0.075 0.104�0.027 0.43�0.05 3.23�0.362 11.46 1.00�) 1.00�) 0.130�0.073 0.086�0.024 0.47�0.06 3.23�0.353 10.46 1.00�) 1.00�) 0.159�0.069 0.075�0.021 0.51�0.07 3.23�0.3510 1 6.94 1.00�) 0.30�) 0.000�0.010 0.034�0.009 0.75�0.09 2.25�0.202 6.94 1.00�) 0.30�) 0.000�0.010 0.034�0.009 0.75�0.10 2.25�0.203 6.94 1.00�) 0.30�) 0.000�0.010 0.034�0.009 0.75�0.10 2.25�0.2011 1 6.34 1.04�0.07 0.35�0.10 0.002��) 0.045�0.016 0.65�0.11 2.36�0.262 6.48 1.04�0.07 0.36�0.10 0.004��) 0.045�0.016 0.65�0.11 2.38�0.263 6.63 1.04�0.07 0.37�0.10 0.005��) 0.046�0.016 0.64�0.11 2.41�0.26�) - �xed parameters, ��) mass density of neutrino is �xed by the lowest limit of the neutrino mass from Super-Kamiokanderesults, h2
� = p�m2N�=94eV with p�m2 = 0:07eV.If we use the nucleosynthe-sis constraint by Tytler et al. 1996 (case No 5), �2min isslightly higher than in case No 3.Now let us discuss models with a perfectly scale in-variant primordial power spectrum as predicted by the�rst in
ationary models, n = 1 �xed (cases 8-10 in Ta-bles 4). If all of the remaining parameters are free (case 8)then this data set prefers a �MDMmodel with parameters
m = 0:45 � 0:12 and h = 0:71 � 0:13 and a somewhat
lower neutrino content than the best �t model. Modelswith low matter content, 
m = 0:3, prefer a high Hubbleparameter, h ' 0:75 and no hot dark matter, 
� = 0 (caseNo 10). The matter dominated model 
m = 1 (case No9) is the standard MDM model with 
� = 0:16 � 0:07,three sort of massive neutrino (m� = 1:3 � 0:7eV) andh = 0:51� 0:07.If the HDM component is eliminated or 
� is �xed atthe small value de�ned by the lower limit of the neutrino



12 Cosmological parameters from LSSTable 5. Theoretical predictions for the observational values of tilted �MDM models found with the parameters of Table 4 (forthe value of N� leading to the lowest �2).No N� `p Ap �8
0:46�0:09
mm �8
0:29m V50;km/s �F �2�(kp) np(kp) t0=109yrs1 1 215 84.1 0.65 0.74 353 2.03 0.48 -2.28 12.32 1 233 91.6 0.68 0.71 348 1.87 0.51 -2.16 15.03 1 223 87.8 0.67 0.73 356 1.91 0.52 -2.18 13.54 1 214 83.2 0.65 0.74 353 2.04 0.49 -2.28 12.25 1 224 89.3 0.67 0.72 353 1.89 0.52 -2.18 13.36 3 228 84.7 0.72 0.72 366 1.78 0.44 -2.16 13.97 1 217 80.7 0.59 0.70 297 2.08 0.68 -2.17 13.48 1 209 69.5 0.65 0.72 323 1.88 0.58 -2.22 11.99 3 218 68.9 0.71 0.71 331 1.72 0.47 -2.21 12.810 1 213 73.4 0.59 0.70 292 2.00 0.67 -2.20 12.511 1 221 80.9 0.62 0.71 300 2.03 0.65 -2.18 14.1Obs. data 253� 70 80� 17 0:60 � 0:08 0:8� 0:1 375� 85 2:0 � :3 0:57� 0:26 �2:25 � 0:2 13:2 � 3mass p�m2� = 0:07 from the Super-Kamiokande experi-ment 
� = 7:4� 10�4N�=h2, we obtain the best-�t valuefor the matter density parameter 
m � 0:39 � 0:11 andHubble constant h = 0:62� 0:12 (case No 11).The experimental Abell-ACO power spectrum and thetheoretical predictions for some best �t models are shownin Fig. 6. Recently it was shown (Novosyadlyj 1999) thatdue to the large error bars, the position of the peak of~P (k) at k � 0:05h/Mpc does not in
uence the determina-tion of the cosmological parameters signi�cantly. Mainlythe slope of the power spectrum on scales smaller thanthe scale of the peak position determines the cosmologicalparameters.The errors in the best �t parameters presented in Ta-ble 4 are the square roots of the diagonal elements of thecovariance matrix. More informations about the accuracyof the determination of parameters and their sensitivityto the data used can be obtained from the contours ofcon�dence levels presented in Fig. 7 for the tilted �MDMmodel with parameters from Table 4 (case No 1, N� = 1).The same contours for cases No 6 and 7 are shown in Fig. 8and 9, respectively. These contours show the con�dence re-gions which contain 68.3% (solid line), 95.4% (dashed line)and 99.73% (dotted line) of the total probability distribu-tion in the two dimensional sections of the six-dimensionalparameter space, if the probability distribution is Gaus-sian. Since the number of degrees of freedom is 7 theycorrespond to ��2 =8.2, 14.3 and 21.8 respectively. Theparameters not shown in a given diagram are set to theirbest-�t value.

As one can see in Fig.7a the iso-�2 surface is ratherprolate from the low-
m - high-n corner to high-
m - low-n. This indicates some degeneracy in n � 
m parameterplane, which can be expressed by the following equationwhich roughly describes the 'maximum likelihood ridge'in this plane within the 1�:np
m = 0:73 : (22)A similar degeneracy is observed in the 
� �
m plane inthe range 0 � 
� � 0:17, 0:25 � 
m � 0:6 (Fig.7c). Theequation for the 'maximum likelihood ridge' or 'degener-acy equation' has here the form:
� = 0:023� 0:44
m + 1:3
2m : (23)The 3rd column of Table 4 (�2min) shows that all mod-els except 9th with N� = 1 are within the 1� contour ofthe best �t.The next important question is: which is the con�-dence limit of each parameter marginalized over the otherones. The straight forward answer is the integral of thelikelihood function over the allowed range of all the otherparameters. But for a 6-dimensional parameter space thisis computationally time consuming. Therefore, we haveestimated the 1� con�dence limits for all parameters inthe following way. By variation of all parameter we deter-mine the 6-dimensional �2 surface which contains 68.3%of the total probability distribution. We then project thesurface onto each axis of parameter space. Its shadow onthe parameter axes gives us the 1� con�dence limits on



Cosmological parameters from LSS 13cosmological parameters. For the best �MDM model withone sort of massive neutrinos the 1� con�dence limits onparameters obtained in this way are presented in Table 6.Table 6. The best �t values of all the parameters with errorsobtain by maximizing the (Gaussian) 68% con�dence contoursover all other parameters.parameter central value and errors
m 0:41+0:59�0:22
� 0:06+0:11�0:06
b 0:039+0:09�0:018h�) 0:70+0:15(+0:31)�0:32n 1:12+0:27�0:30bcl 2:22+1:3�0:7�) - the upper limit is obtained by including the lower limiton the age of the Universe due to the age of oldest stars, t0 �13:2 � 3:0 (Carretta et al. 1999). The value obtained withoutthis constraint is given in parenthesis.It must be noted that the upper 1� edge for h isequal 1.08 when we marginalized over all other parametersand input observable data used here. But this contradictsthe age of the oldest globular clusters t0 = 13:2 � 3:0(Carretta et al. 1999). Thus we have included this valueinto the marginalization procedure for the upper limit ofh. We then have 8 degrees of freedom (24 data points) andthe 6-dimensional �2 surface which contains 68.3% of theprobability is con�ned by the value 13.95. We did not usethe age of oldest globular cluster for searching of best �tparameters in general case because it is only a lower limitfor age of the Universe, besides it does not change theirvalues as one can see from last column of Table 5.The errors given in Table 6 represent 68% likelihood, ofcourse, only when the probability distribution is Gaussian.As one can see from Fig.7 (all panels without degeneracy)the ellipticity of the likelihood contours in most of planesis close to what is expected from a Gaussian distribution.This indicates that our estimates of the con�dence limitsare reasonable. These errors de�ne the range of each pa-rameter within which the best-�t values obtained for theremaining parameters lead to �2min � 12:84. Of course,the best-�t values of the remaining parameters lay withintheir corresponding 68% likelihood given in the Table 6.It does however not mean that any set of parameters fromthese ranges satis�es the condition, �2min � 12:84.For example, standard CDM model (
m = 1, h = 0:5,
b = 0:05, n = 1 and best-�t value of cluster biasingparameter bcl = 2:17 (�8 = 1:2)) has �2min = 142 (!), that

excludes it at very high con�dence level,> 99:999%.Whenwe use the baryons density inferred from nucleosynthesis(h2
b = 0:019 (bcl = 2:25, �8 = 1:14)) the situation doesnot improve much, �2min = 112. Furthermore, even if weleave h as free parameter we still �nd �2min = 16 (> 1�)with the best-�t values h = 0:37 and bcl = 3:28 (�8 =0:74); this variant of CDM is ruled out again by directmeasurements of the Hubble constant.The standard MDM model (
m = 1, h = 0:5, 
b =0:5, n = 1, 
� = 0:2, N� = 1 with a best value of thecluster biasing parameter bcl = 2:74 (�8 = 0:83)) doessigni�cantly better: it has �2min = 23:1 (99% C.L.) whichis out of the 2� con�dence contour but inside 3�. With thenucleosynthesis constraint the situation does not change:�2min = 22; also if we leave h as free parameter: �2min = 21,h = 0:48. But if, in addition, we let vary 
� , we obtain�2min = 13 with best-�t values of 
� = 0:09, h = 0:43,bcl = 3:2 (�8 = 0:73). This means that the model is ruledout (as well as the model 9th in Table 4) by the data setconsidered in this work at � 70% con�dence level only.But also here the best-�t value for h is very low. If we �xit at lower observational limit h = 0:5 then �2min = 18:9(the best �t values are: 
� = 0:15, bcl = 2:8 (�8 = 0:83)),which corresponds to a con�dence level of 95% .Therefore, we conclude that the observational data setused here rules out CDM models with h � 0:5, a scaleinvariant primordial power spectrum (n = 1) and 
k =
� = 0 at very high con�dence level, > 99:99%. MDMmodels with h � 0:5, n = 1 and 
k = 
� = 0 are ruledout at � 95% C.L.The best-�t parameters for 31 models which are in-side of 1� range of the best model are presented in Table4. We conclude also that the observational data set usedhere does not rule out any of the 32 models presented inTable 4 at high con�dence level but de�nes the 1� rangeof cosmological parameters for the �MDM models whichmatch observations best.One important question is how each point of the datain
uences our result. To estimate this we have excludedsome data points from the searching procedure. We havedetermined the best-�t parameters for the cases:{ all points of Abell-ACO power spectrum ~PA+ACO(kj)are excluded,{ data on position and amplitude of acoustic peak, ~̀p,~Ap are excluded,{ thevalue for �8 from Girardi et al. 1998, ~�8
0:46�0:09
mmis excluded,{ the value for �8 from Bahcall & Fan 1998, ~�8
0:29m isexcluded,{ both these tests are excluded,{ the bulk motion, ~V50, is excluded,{ the Ly-� constraint by Gnedin 1998 ~�F (z = 3) is ex-cluded,
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Fig. 7. Likelihood contours (solid line - 68.3%, dashed - 95.4%, dotted - 99.73%) of the tilted �MDM model with N� = 1 andparameters from Table 4 (case 1) in the di�erent planes of n�
m � 
� �
b � h space. The parameters not shown in a givendiagram are set to their best �t value.



Cosmological parameters from LSS 15Table 7. Parameters determined for the tilted �MDM with one sort of massive neutrinos if some of the data are excluded fromthe searching procedure.Excluded data �2min n 
m 
� 
b h bclAll points of ~PA+ACO(kj) 1.45 1.10�0.08 0.42�0.11 0.053�0.021 0.041�0.013 0.68�0.11 ****~̀p, ~Ap 4.22 1.15�0.15 0.40�0.11 0.065�0.033 0.040�0.016 0.69�0.14 2.20�0.33~�8 ~
0:46�0:09
mm 3.68 1.12�0.09 0.47�0.15 0.077�0.036 0.042�0.016 0.67�0.13 2.19�0.33~�8 ~
0:29m 4.03 1.11�0.10 0.40�0.11 0.052�0.031 0.041�0.015 0.68�0.12 2.32�0.35Both �8 tests 3.65 1.12�0.10 0.46�0.17 0.072�0.048 0.042�0.016 0.67�0.13 2.22�0.38~V50 4.57 1.11�0.10 0.41�0.11 0.057�0.030 0.039�0.014 0.70�0.12 2.25�0.34~�F (z = 3) 4.61 1.13�0.11 0.39�0.12 0.056�0.030 0.038�0.014 0.71�0.13 2.19�0.36~�2�(kp; z = 2:5),~np(kp; z = 2:5) 4.41 1.13�0.10 0.41�0.11 0.069�0.035 0.038�0.014 0.70�0.13 2.19�0.36Both Ly� tests 3.70 1.11�0.10 0.56�0.22 0.222�0.291 0.042�0.017 0.67�0.13 2.27�0.40~h 4.28 1.11�0.10 0.35�0.13 0.051�0.024 0.030�0.017 0.79�0.22 2.11�0.39~
bh2 4.04 1.14�0.09 0.37�0.10 0.068�0.017 0.000�0.000 0.66�0.10 2.14�0.33{ the Ly-� constraint by Croft et al. 1998 ~�2�(kp; z =2:5) and ~np(kp; z = 2:5) are excluded,{ both Ly-� tests are excluded,{ data on the direct measurements of Hubble constant ~his excluded, and{ the nucleosynthesis constraint by Burles et al. 1999 isnot used.The results for models with N� = 1 and all parametersfree are presented in Table 7 (see for comparison model1 for N� = 1 in Table 4). Excluding any part of observ-able data results only in a change of the best-�t valuesof n, 
m and h within the range of their correspondingstandard errors. This indicates that the data are mutuallyin agreement, implying the same cosmological parameters(within the still considerable error bars). The small scaleconstraints, the Ly-� tests reduce the hot dark mattercontent from 
� � 0:22 to � 0:075. The �8-tests furtherreduce 
� to � 0:06. Including of the Abell-ACO powerspectrum in the search procedure, tends to enhance 
�slightly. The most crucial test for the baryon content isof course the nucleosynthesis constraint. Its � 6% � 1�-accuracy safely keeps h2
b near its median value 0.019.The parameter 
b in turn is only known to � 36% ac-curacy due to the large errors of other experimental dataused here, especially Hubble constant. The obtained ac-curacy of h (� 17%) is better than the one assumed fromdirect measurements, � 23%. Summarizing, we concludethat all data points used here are important for searchingthe best-�t cosmological parameters.5. DiscussionThe best-�t parameters obtained in this paper are withinthe allowed range of parameters found by other authorsusing di�erent constraints. For example, for the �MDMmodel with scale-invariant primordial power spectrum andone sort of massive neutrinos which contributes 10{20% of

matter density, Valdarnini et al. 1998 found 0:45 � 
m �0:75 for h = 0:5, and 0:3 � 
m � 0:5 for h = 0:7. Similarconstraints have been given by Primack & Gross 1998 for�MDM models with two species of massive neutrinos. Ourvalues of 
m are within these ranges. But at the boundaryof this parameter range �2 � 20, which is outside of the2� con�dence contour.Recently Bahcall et al. 1999 have shown that the CMBanisotropy data, the cluster evolution and the SNIamagnitude-redshift relation indicate a 
at Universe withaccelerated expansion, compatible with a 
� ' 0:7 and
m � 0:3 if CDM (
� = 0) is assumed. As we can seefrom Table 4 (case No 11, 1), our analysis leads to thesame conclusion if we set density of hot dark matter to theminimum value compatible with the Super-Kamiokandeexperiment (less than 1% of the total density). However,if 
� is a free parameter, the observational data consid-ered in this work lead to a �MDM with a slightly bluespectrum of primordial 
uctuations (case No 1 in Table4). In our preferred tilted �MDM models (case No 1) themasses of neutrinos are m� = 2:7� 1:2 eV for model withN� = 1, m� = 2:4 � 1:0 eV when N� = 2 and m� =2:0 � 0:8 eV for model with N� = 3. The accuracy ofneutrino mass or density determination is modest becausethe observational constraints depend stronger on 
m andn than on 
� and N� . In models with �xed low matterdensity 
m = 0:3 (case No 7 and 10) the best-�t valuesof the neutrino density are 
� � 0, i.e. even below thelower limit of the massive neutrino contribution to thecosmological density indicated by the Super-Kamiokandeexperiment. However, the 1� contours of the low 
 modelsinclude the Super-Kamiokande limit (see Fig. 9b).
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Fig. 8. Likelihood contours (solid line - 68.3%, dashed - 95.4%,dotted - 99.73%) of tilted �MDM with N� = 3, �xed 
m = 1and parameters from Table 4 (case 6) in the di�erent planes ofn � 
� � 
b � h space. The parameters not shown in a givendiagram are set to their best �t value.
Fig. 9. Likelihood contours (solid line - 68.3%, dashed - 95.4%,dotted - 99.73%) of tilted �MDM with N� = 3, �xed 
m = 0:3and parameters from Table 4 (case 7) in the di�erent planes ofn � 
� � 
b � h space. The parameters not shown in a givendiagram are set to their best �t value.



Cosmological parameters from LSS 17In the last column of Table 5 we also indicate the ageof the Universe,t0 = 23H0 " 12
1=2� ln 1 + 
1=2�1�
1=2� # ; (24)for each model as well as the age of the oldest globularclusters (Carretta et al. 1999). All models with parame-ters taken from Table 4 have ages which are in agreementwith the oldest objects of our galaxy.We have used a scale independent, linear bias factorbcl as free parameter in order to �t the Abell-ACO powerspectrum amplitude.Let us discuss in more detail how the model predictionspresented in Table 5 match each observable constraint sep-arately. The predicted position of the acoustic peak for allmodels is lower than the one determined from the observa-tional data set presented in Table 2 (`p = 253�70). Tilted�MDM models prefer `p � 210� 230. This is due to thefact that the peak position depends only very weakly onthe parameters discussed in this work. It is determinedmainly by spatial curvature which we have set to zerohere (together with the initial conditions which we haveassumed to be adiabatic). However, our result is in goodagreement with the most recent and so far most accu-rate determination of the peak position from one singleexperiment, the North American test 
ight of Boomerang(Mauskopf et al. 1999, Melchiorri et al. 1999b), which ledto 0:85 � 
m +
� � 1:25 with maximum likelihood near1 for adiabatic CDM models. The prediction of our bestmodel for position of the �rst acoustic peak (` = 215)matches the value given by Boomerang experiment ` �200 very well. The central value from the combination ofall available experiments, `p = 253, may very well be con-taminated by mutual calibration inconsistencies.Finally we want to discuss the possibility of usingthe averaged power spectrum of galaxies obtained byEinasto et al. 1999 to determine the parameters. This av-eraged spectrum of galaxies is determined in a wide rangeof scales (0:02h=Mpc� k � 10h=Mpc) and has substan-tially lower errors than the Abell-ACO power spectrumused here. Its 1� errors are � 4% on small scales and� 20% at large scales versus � 40% and � 60% re-spectively for the Abell-ACO power spectrum. It is in-teresting to compare the predictions obtained from thepower spectrum of galaxies with our analysis, because,as already mentioned in the introduction, the correc-tion of the linear power spectrum for nonlinear evolu-tion must be included into the algorithm. We use the�tting function by Smith et al. 1997, which transfers thelinear into the nonlinear power spectrum, and the obser-vational constraint for the Hubble constant ~h = 0:6 �0:02 (Saha et al. 1999,Tammann et al. 1999) as well asthe nucleosynthesis constraint for the baryon content byBurles et al. 1999. Under these assumptions we �nd thefollowing best �t parameters: n = 1:11� 0:02, h = 0:62�

0:02, 
m = 0:2�0:03, 
b = 0:044�0:005, 
� = 0:01�0:01,N� = 3 and galaxy biasing parameter bg = 1:52� 0:06.If we add the remaining observations described inSect.s 2.2 and 2.3 the best-�t parameters remain practi-cally unchanged due to the large number of (probably notindependent) data points in the galaxy power spectrum. Amodel with these parameters has serious problems repro-ducing the experimental data set used here. Indeed, withthese parameters we obtain �2 � 61, for the data set usedin the rest of this work, far outside 3� contour. The modelpredictions �8
0:46�0:09
mm = 0:28 and �8
0:29m = 0:35 are� 4� lower than the corresponding observational valuesby Girardi et al. 1998 and Bahcall & Fan 1998. Moreover,the peculiar velocity V50 is � 2� lower than the observedvalue, �F (z = 3) is and �2�(kp; z = 2:5) are � 3� and� 1:5� lower than the corresponding values inferred fromthe Ly-� measurements. Therefore, we conclude that amodel with parameters determined by the galaxy powerspectrum is ruled out by the observations discussed in thiswork.This result is not completely unexpected, becausethe galaxy power spectrum on small scales is probablyin
uenced by a scale dependent bias (see for exampleKravtsov & Klypin 1999, Fig. 3) which is not taken intoaccount here. Moreover, the �tting formula for nonlinearevolution at k �1 h/Mpc may be incorrect. If we disre-gard the short wavelength part of galaxy power spectrumwe �nd parameters close to those presented in Table 4.6. ConclusionsUsing Levenberg-Marquardt �2 minimization method wehave determined the cosmological parameters of spatially
at, tilted �MDM models. We searched for a maximumof 6 parameters: the spectral index n, the matter content
m (
m + 
� = 1), the hot dark matter content 
� , thebaryon content 
b, the dimensionless Hubble constant hand the biasing parameter for rich clusters, bcl. The ex-perimental data set used in the search procedure includedthe Abell-ACO power spectrum (Retzla� et al. 1998), theposition and amplitude of the �rst acoustic peak in theangular power spectrum of CMB temperature 
uctu-ations determined from the set of published measure-ments on di�erent scales, the constraints for the den-sity 
uctuation amplitude �8 derived from the mass func-tion of nearby and distant clusters (Girardi et al. 1998,Bahcall & Fan 1998), the mean peculiar velocity of galax-ies in a sphere of radius 50h�1Mpc (Kolatt & Dekel 1997),the constraints on amplitude and tilt of the power spec-tra at small scales obtained from Ly-� clouds at z=2-3 (Gnedin 1998, Croft et al. 1998), the nucleosynthesisconstraints (Tytler et al. 1996, Burles et al. 1999) and theCOBE data (Bunn and White 1997) which is used to nor-malize the model power spectra.We have considered one, two and three species of mas-sive neutrinos. We have studied the in
uence of a reduc-



18 Cosmological parameters from LSStion of the number of free parameters. In Table 4 we sum-marize the parameters which we have determined in 33di�erent cases. Based on the results presented in Table 4we conclude:{ The tilted �MDM model with one sort of massive neu-trinos and the best-�t parameters n = 1:12 � 0:10,
m = 0:41�0:11, 
� = 0:59�0:11, 
� = 0:059�0:028,
b = 0:039 � 0:014 and h = 0:70 � 0:12 (standarderrors) matches the observational data set best. The1� (68.3%) con�dence limits on each cosmological pa-rameter, obtained by marginalizing over the other pa-rameters, are 0:82 � n � 1:39, 0:19 � 
m � 1,0 � 
� � 0:81, 0 � 
� � 0:17, 0:021 � 
b � 0:13and 0:38 � h � 0:85.{ The degeneracies in the n � 
m and 
� � 
m planesnp
m = 0:73 and 
� = 0:023� 0:44
m + 1:3
2m arerevealed.{ For �xed Hubble constant h raising from 0.5 to 0.72,the best-�t value for 
m decreases from 0.63 to 0.39 for�MDM models with N� = 1. For models with N� = 2and 3 the value of 
m raises by � 0:08 and � 0:15respectively. The 
� is higher for more species of mas-sive neutrinos, � 0:06 for one sort and � 0:13 for three,and decreases slowly for growing h. The inclination ofinitial power spectrum n correlates somewhat with 
�and grows slightly with h.{ Fixing a low 
m=0.3 a �CDM model without HDMmatches the observational data set best. In this casethe parameters are h = 0:71 � 0:12, n = 1:04 � 0:10and 
b = 0:038� 0:013.{ For all models the biasing parameter bcl of rich clustersis in the range 2.2-3.3, for the best model it equals2:23�0:33 (standard error). The 1� (68.3%) con�denceinterval is 1:5 � bcl � 3:5.{ CDM models with h � 0:5, scale invariant primordialpower spectrum n = 1 and 
� = 
k = 0 are ruled outat very high con�dence level, > 99:99%.{ Also pure MDM models are ruled out at � 95% C.L.Finally, we note that the accuracy of present observa-tional data on the large scale structure of the Universeis still too low to constrain the set of cosmological pa-rameters su�ciently, but we believe that our work showsthe potential of such studies, which search for parametersincluding data from di�erent, often complementary obser-vations. It is clear that with su�ciently accurate data,such a study may also reveal an inconsistency of modelassumptions.Acknowledgments This work is part of a project sup-ported by the Swiss National Science Foundation (grantNSF 7IP050163). B.N. is also grateful to DAAD for �nan-cial support (Ref. 325) and AIP for hospitality. V.N.L. isgrateful to INTAS support (97-1192).
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