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DESY 06-089Ination and WMAP three year data: Features have a Future!Laura Covi and Jan HamannDeutshes Elektronen-Synhrotron DESY, Notkestr. 85, 22607 Hamburg, GermanyAlessandro MelhiorriDipartimento di Fisia and Sezione INFN, Universita' di Roma \La Sapienza", Ple Aldo Moro 2, 00185, ItalyAn�ze SlosarFaulty of Mathematis and Physis, University of Ljubljana, SloveniaIrene SorberaDipartimento di Fisia, Universita' di Roma \La Sapienza", Ple Aldo Moro 2, 00185, Italy(Dated: Otober 18, 2006)The new three year WMAP data seem to on�rm the presene of non-standard large sale featuresin the osmi mirowave anisotropy power spetrum. While these features may hint at unorretedexperimental systematis, it is also possible to generate, in a osmologial way, osillations on largeangular sales by introduing a sharp step in the inaton potential. Using urrent osmologial data,we derive onstraints on the position, magnitude and gradient of a possible step. We show that astep in the inaton potential, while strongly onstrained by urrent data, is still allowed and mayprovide an interesting explanation to the urrently measured deviations from the standard feature-less spetrum. Moreover, we show that inationary osillations in the primordial power spetruman signi�antly bias parameter estimates from standard ruler methods involving measurements ofbaryon osillations.PACS numbers: 98.80.CqI. INTRODUCTIONThe reent three year results from the Wilkinson Mi-rowave Anisotropy Probe (WMAP) satellite [1, 2, 3, 4℄have further on�rmed with an extraordinary preisionthe inationary paradigmof struture formation in whihprimordial utuations are reated from quantum utu-ations during an early period of superluminal expansionof the universe [5, 6, 7℄.Indeed, soon after the WMAP data release, a numberof authors investigated the possibility to disriminate be-tween several single-�eld inationary models using thisnew, high quality, dataset [8, 9, 10, 11, 12, 13, 14, 15℄.One of the main onlusions of these works is that someinationary models, suh as quarti haoti models of theform V (�) � ��4, may be onsidered ruled out by theurrent data, while others, suh as haoti ination witha quadrati potential V (�) � m2�2, are onsistent withall data sets.One important assumption in these analyses (apartfor [15℄) is that the inaton's potential is featureless,i.e., there is no preferred sale during ination and theprimordial power spetrum of density perturbations inFourier k-spae an be well approximated by a powerlaw kn, where the spetral index n is almost sale inde-pendent. The main predition of these models is that theanisotropy angular power spetrum should be \smooth"and not show features in addition to those providedby the baryon-photon plasma osillations at deouplingwithin the framework of the standard �CDM model ofstruture formation.

The urrent WMAP data is in very good agreementwith this hypothesis: several non-standard features inthe anisotropy angular power spetrum deteted in the�rst year data have now disappeared thanks to the longerintegration time of the observations and better ontrol ofsystematis (see [1℄).However, features in the large sale anisotropy spe-trum are still present in the new release. Moreover,some of the osmologial parameters derived from thenew WMAP data, like, for instane, the low value ofthe variane of utuations �8, appear in tension withthose derived by omplementary data sets. It is thereforetimely to investigate a larger set of inationary modelsand to onsider a osmologial origin of these unexpetedfeatures.A departure from power law behavior of the primordialpower spetrum ould be aused by a hange of the initialonditions, due to trans-plankian physis [16, 17℄ or un-usual initial �eld dynamis [18, 19℄ or by some brief vio-lation of the slow roll onditions during ination [20, 21℄.We will investigate a model of the seond type wherefeatures in the temperature and density power spetraarise due to a step-like hange in the potential parame-ters, as proposed by [22℄. A sharp step in the inatonmass, aused, e.g., by a symmetry breaking phase tran-sition, generates indeed k-dependent osillations in thespetrum of primordial density perturbations.The goal of our paper is to make use of the reent threeyear WMAP data (WMAP3) and other datasets to on-strain the possibility of a step feature in the inaton po-tential. For this purpose we adopt the phenomenologial



2model proposed by Adams et al. [22℄, where a step fea-ture is added to the haoti inationary potential in thefollowing way:V (�) = 12m2�2 �1 +  tanh��� bd �� ; (1)where m is an overall normalization fator,  determinesthe height of the step, d its gradient and b is the �eldvalue on whih the step is entered. Previous phe-nomenologial studies of the same [23℄ or other osilla-tory features [24, 25℄ have been limited to the �rst yearWMAP data, and in general a full analysis varying alsoall osmologial parameters is still missing and is the ma-jor result of this work.The paper is organized as follows: In Se. II we brieyreview step-ination models. In Se. III we desribe ouranalysis method. In Se. IV we present our results and,�nally, in Se. V we derive our onlusions.II. INFLATION MODELS WITH A STEP INTHE POTENTIAL.Inationary models with a step an naturally arise intheories with many interating salar �elds, e.g., in super-gravity models. In general, these models ontain severalat diretions in �eld spae and thus o�er the possibilityto have multiple inationary phases separated by phasetransitions [26℄, or even ination with a urved trajetoryin �eld spae [27, 28, 29℄. In the last ase the preseneof additional ative salar degrees of freedom generatesnot only the adiabati mode of urvature perturbations,but also the isourvature one. Sine the data do notseem to require an isourvature omponent [30℄, we willrestrit ourselves to the ase where the phase transitiondoes not appreiably hange the rolling diretion orre-sponding to the inaton �eld and the energy density isalways dominated by a single �eld. Also, we will investi-gate the simplest senario and assume that the sole e�etof the phase transition is to hange the parameters of theLagrangian for the inaton �eld, in partiular its mass.Consider a hybrid inationary potential of the typeV = V0 + 12m20�2 + �24 � 2 �M2�2 + �2�2 2 ; (2)where � is the inaton �eld, while  is a hybrid �eldthat takes a vauum expetation value during inationwhen the inaton reahes the ritial value �2 = M22 . Inthe usual ase of hybrid ination, this transition is sostrong that it stops the inationary phase. But, if theoupling � is suÆiently small, the bak-reation of  istoo weak and ination ontinues. On the other hand, theparameters of the Lagrangian hange their value and forexample the inaton e�etive mass beomesm2e�(�) = m20 + �2h 2i(�) : (3)In this senario, even if the lassial inaton is nearlyunperturbed, the inaton perturbations are a�eted and

the primordial power spetrum is modi�ed.It is well known that a step in the mass generates os-illations in the primordial spetrum and this an bedesribed analytially in the WKB approximation [31℄.The behavior of the inaton mass is determined by thedynamis of the phase transition and the growth of thehybrid �eld utuations, whih beome tahyoni afterthe ritial point. This growth depends on the lassi-al inaton �eld motion, but is in general so fast that reahes the minimum in a very small number of e-foldings [32, 33, 34, 35℄. The inaton mass is thereforereasonably well approximated by a hyperboli tangent,and so we takem2e�(�) ' m2�1 +  tanh��� bd �� : (4)Here, we see that the parameter m is an average ina-ton mass and b is of the order of the ritial value �.The other two parameters determine the duration of thetransition and the strength of the e�et on the inaton'smass. Note that we work in Plank units, so all dimen-sional quantities like b and d should be multiplied byMPin order to obtain their value in physial units. In thisartile we restrit ourselves to the ase of haoti ina-tion, where the mass term determines both the lassialdynamis of the inaton and the behavior of the per-turbations. A more general disussion will be left fora longer publiation [36℄. We therefore assume that V0and also its hange due to the phase transition are om-pletely negligible. We also disuss here only positive values; negative  is also allowed, but is restrited to bevery small to avoid the presene of another minimum inthe potential away from � = 0.Sine we annot rely on the slow roll approximationfor a generi hoie of parameters, we integrate the equa-tions for the bakground and for the modes numeriallyas disussed in detail in [22℄. The equations for the ina-ton �eld and the Hubble parameter in Plank units aresimply ��+ 3H _�+ V 0(�) = 0 (5)3H2 = _�22 + V (�): (6)We assume slow roll as the initial ondition for � � �and solve the evolution numerially until the end of in-ation in order to determine the number of e-foldingsbetween b and the end of ination.The equation for the Fourier omponents of u = �zR,the urvature perturbation [37℄, takes the usual formu00k + �k2 � z00z �uk = 0 (7)where z = a _�=H is given by the bakground dynamisand the primes and dots denote derivatives with respetto onformal time and physial time, respetively. Using
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k [h/Mpc]FIG. 1: E�ets of a step in the potential on the power spe-trum of urvature perturbations. Here we show the primor-dial spetrum for the two best �t points, orresponding tob = 14:81,  = 0:0018, d = 0:022 (dashed line) and b = 14:34, = 0:00039, d = 0:006 (solid line).the equations of motion for the lassial �eld, we have ingeneralz00z = 2a2H2 1 + 7 _�24H2 + _�44H4 + V 0 _�H3 � V 002H2! ; (8)where V 0 and V 00 are the derivatives of the potential withrespet to the inaton �eld. In the step model, this quan-tity an deviate substantially from the slow-roll expeta-tion z00=z ' 2a2H2 at the time of the transition. Wesolve equations (5) to (7) numerially using a Bulirsh-Stoer algorithm for free �eld initial onditions at an ini-tial time when k2 � z00=z is satis�ed.One we know the solution for the mode k, we andetermine the primordial power spetrumPR(k) = k32� ���ukz ���2 ; (9)evaluated when the mode is well outside the horizon. Ourresults are stable with respet to hanges in the exattime when we set the initial onditions and when we om-pute the spetrum.The resulting spetra as a funtion of k for di�erentparameters are shown in Figure 1. Essentially, the spe-trum shows a power-law behavior with a superimposedosillation.How will the four parameters of our model a�et theshape of the spetrum? The overall normalization of PRis proportional to m2, b determines the wavelength atwhih the feature appears and the maximum amplitudeof the osillations is roughly proportional to . Gener-ally, the dominant ontribution to z00=z omes from theV 00 term and is proportional to =d2, so the range of k af-feted by the feature depends on the square root of =d2.Note that away from the step, the slow roll onditions aresatis�ed and the spetrum reovers the usual power lawform with spetral index given by ns = 1 � 2=N ' 0:96for a number of e-foldings N equal to 50, whih is what

we assume for our analysis. The value of the spetralindex is the same before and after the step sine it doesnot depend on m2 in m2�2 models. Also, for values ofthe parameters where the slow-roll onditions are alwayssatis�ed (i.e., small values of =d2), the spetrum doesnot show a full osillation, but a dip at the sales or-responding to the transition. So even in this ase it isnot so well approximated by the usual power-law with aonstant spetral index.III. CMB ANALYSISWe ompare the theoretial model desribed in the pre-vious setions with a set of urrent osmologial databy making use of a modi�ed version of the publilyavailable Markov Chain Monte Carlo (MCMC) pakageosmom [38℄.We sample an eight-dimensional set of parameters.Four of them determine the primordial power spetrum,namely the b;  and d parameters of the step-inationmodel as desribed in the previous setion and the over-all normalization of the primordial power spetrum AS(equivalent to m2 as disussed earlier). The remainingfour osmologial parameters are the physial baryon andCDM densities, !b = 
bh2 and ! = 
h2, the ratio ofthe sound horizon to the angular diameter distane atdeoupling, �s and �nally, the optial depth to reioniza-tion, � . Furthermore, we onsider purely adiabati initialonditions, impose atness and neglet neutrino masses.We inlude the three year data [1℄ (temperature andpolarization) using the likelihood routine for suppliedby the WMAP team and available at the LAMBDA website.1 We marginalize over the amplitude of the Sunyaev-Zel'dovih signal. The MCMC onvergene diagnostisare done on four hains using the Gelman and Rubin\variane of hain means"=\mean of hain varianes" Rstatistis for eah parameter, demanding thatR�1 < 0:1.Our 2D onstraints are obtained after marginalizationover the remaining \nuisane" parameters, again usingthe programs inluded in the osmom pakage.In addition to CMB data, we also onsider the on-straints on the real-spae power spetrum of galaxiesfrom the Sloan Digital Sky Survey (SDSS) [39℄.We restrit the analysis to a range of sales over whihthe utuations are assumed to be in the linear regime(k < 0:2 h=Mp). When ombining the matter powerspetrum with CMB data, we marginalize over an ad-ditional nuisane parameter b0, the dark versus lumi-nous matter bias. Furthermore, we make use of theHST key projet measurement of the Hubble parameterH0 = 100h km s�1Mp�1 [41℄ by multiplying the like-lihood by a Gaussian entered around h = 0:72 with a1 http://lambda.gsf.nasa.gov/
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bh2 entered around 0:022with a standard deviation of 0:002 from BBN onstraints,f. Ref. [38℄.We demand that the feature appear at a wavelengthto whih our data is sensitive, so our analysis willbe limited to the interval 13:5 < b < 16. Apart fromthat we also impose logarithmi priors on the otherstep parameters: log  2 [�6;�1℄, log d 2 [�2:5;�0:5℄and log =d2 2 [�5; 3℄ and at priors on the osmologi-al parameters.As it turns out, the likelihood distribution L has arather odd shape and some of the interesting featuresare at low likelihoods. In order to improve mixing andget a better overage of the low likelihood regions, wesample L1=3 instead of L (i.e., we use \heated" hains atT = 3).As a measure of the performane of the step model, weompare its best �t �2 with the best �t �2 of a referenemodel, whih we take to be the \vanilla" 6 parameter(
bh2, 
h2, �s, � , AS and ns) power law �CDM model.IV. RESULTSLet us �rst onsider the WMAP dataset alone. In Fig-ure 2 we plot the mean likelihood for the b parameterwhih determines the position (sale) of the step in thepotential. If some value of b is preferred by the data,then it would hint at the presene of a feature. As we
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ould well have its origin in unorreted or unidenti�edsystemati e�ets suh as a sale dependent bias. How-ever, as indiated by our results, the presene of multi-ple step-like features in the inaton potential (expetedfrom, e.g., supergravity or M-theory models [49℄) is alsoa viable solution.It is important to hek if the step in the potential sug-gested by the CMB+SDSS analysis has some impat onthe estimation of the remaining osmologial parameters.We �nd no orrelations between b; ; d and the osmolog-ial parameters AS ; �s and � . This is learly due to the�xed spetral index the model has away from the feature.On the other hand some orrelation is present between and the baryon and old dark matter energy densi-ties 
bh2 and 
h2. Figure 7 shows the on�dene levellikelihood ontours in the (
bh2; ) and (
h2; ) param-eter spae. A deeper step in the potential (larger ) hasthe e�et of making the data more ompatible with alower baryon density and a higher old dark matter den-sity. While the e�et is small, it is interesting to notethat the baryon density derived from the WMAP data inthe framework of the standard model is generally largerthan that predited by standard big bang nuleosynthe-sis and measurements of the primordial deuterium abun-dane (see, e.g., [48℄).
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7V. MIMICKING BARYONIC OSCILLATIONSReently, a detetion of osillations in the orrelationfuntion of the Luminous Red Galaxies sample of theSDSS has been reported in [50℄. If those osillationsare the imprint of primordial aousti osillations in theprimeval baryon+photon plasma, then they may pro-vide a standard ruler at the redshift of the survey anda very powerful tool for testing the late time evolutionof the universe and, ultimately, the appearane of darkenergy. Clearly, if osillations in the primordial spetrumare present they may mimi baryoni osillations [51℄ atdi�erent sales and drastially hange the estimation ofosmologial parameters.As a qualitative example, we plot in Figure 8 the or-relation funtions for a model with no baryons, the stan-dard �CDM model (
b = 0:05) and a model with nobaryons but with a step in the inationary potential. Aswe an see, a model with no baryons but with osilla-tions in the primordial spetra an reprodue the ob-served data very well. A more detailed and quantitativeanalysis will be presented in a future paper [36℄.
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VI. CONCLUSIONSThe new three year WMAP data seem to on�rm thepresene of non-standard large sale features on the os-mi mirowave anisotropy power spetrum. While thesefeatures may hint at unorreted experimental systemat-is, a possible osmologial way to generate large angularsale osillations is to introdue a sharp step in the in-aton potential. By making use of urrent osmologialdata we derive onstraints on the position, magnitudeand gradient of a possible step in the inaton potential.Our onlusion is that suh a step, while strongly on-strained by urrent data, is still allowed and may providean interesting explanation to the urrent measured devi-ations from the standard featureless spetrum at low `.Surprisingly though, the ombination of all CMB datasets with the SDSS data seems to prefer a feature atsmall sales, whih ould mimi the e�et of baryoniosillations and redues the best �t value of 
b. Note thatfor this it is suÆient to have a minute hange, of order0:1%, in the inaton mass parameter, but a relativelyfast one.It is an open question if suh a sharp step an be re-alized in realisti inationary models and if the e�et isphysial. In general we an exlude the presene of strongfeatures with  � 0:003 in the observable range.Future experiments like PLANCK will provide bettermeasurements of the polarization and ross temperature-polarization spetra, providing an important hek forpossible non-standard features.AknowledgmentsWe would like to thank S. Sarkar for useful disussions.JH thanks Y. Wong for disussions and omments onthe manusript. LC and JH aknowledge the supportof the \Impuls- und Vernetzungsfonds" of the HelmholtzAssoiation, ontrat number VH-NG-006.[1℄ D.N. Spergel et al., arXiv:astro-ph/0603449.[2℄ L. Page et al., arXiv:astro-ph/0603450.[3℄ G. Hinshaw et al., arXiv:astro-ph/0603451.[4℄ N. Jarosik et al., arXiv:astro-ph/0603452.[5℄ A.A. Starobinsky, JETP Lett. 30 (1979) 682 [Pisma Zh.Eksp. Teor. Fiz. 30 (1979) 719℄.[6℄ V.F. Mukhanov and G. V. Chibisov, JETP Lett. 33(1981) 532.[7℄ J.M. Bardeen, P. J. Steinhardt, and M. S. Turner, Phys.Rev. D 28 (1983) 679.[8℄ L. Alabidi and D.H. Lyth, arXiv:astro-ph/0603539.[9℄ H. Peiris and R. Easther, arXiv:astro-ph/0603587; R. Easther and H. Peiris, arXiv:astro-ph/0604214.[10℄ A. Lewis, arXiv:astro-ph/0603753.[11℄ U. Seljak, A. Slosar and P. MDonald,arXiv:astro-ph/0604335.[12℄ J. Magueijo and R.D. Sorkin, arXiv:astro-ph/0604410.[13℄ D. Parkinson, P. Mukherjee and A.R. Liddle,arXiv:astro-ph/0605003; C. Pahud, A.R. Liddle,P. Mukherjee and D. Parkinson, arXiv:astro-ph/0605004.[14℄ W.H. Kinney, E.W. Kolb, A. Melhiorri and A. Riotto,arXiv:astro-ph/0605338; PRD in press.[15℄ J. Martin and C. Ringeval, arXiv:astro-ph/0605367.[16℄ R.H. Brandenberger and J. Martin, Mod. Phys. Lett.

http://arxiv.org/abs/astro-ph/0603449
http://arxiv.org/abs/astro-ph/0603450
http://arxiv.org/abs/astro-ph/0603451
http://arxiv.org/abs/astro-ph/0603452
http://arxiv.org/abs/astro-ph/0603539
http://arxiv.org/abs/astro-ph/0603587
http://arxiv.org/abs/astro-ph/0604214
http://arxiv.org/abs/astro-ph/0603753
http://arxiv.org/abs/astro-ph/0604335
http://arxiv.org/abs/astro-ph/0604410
http://arxiv.org/abs/astro-ph/0605003
http://arxiv.org/abs/astro-ph/0605004
http://arxiv.org/abs/astro-ph/0605338
http://arxiv.org/abs/astro-ph/0605367


8A 16 (2001) 999 [arXiv:astro-ph/0005432℄; J. Martinand R. Brandenberger, Phys. Rev. D 68 (2003) 063513[arXiv:hep-th/0305161℄.[17℄ R. Easther, B.R. Greene, W.H. Kinney and G. Shiu,Phys. Rev. D 66 (2002) 023518 [arXiv:hep-th/0204129℄.[18℄ C.P. Burgess, J.M. Cline, F. Lemieux and R. Holman,JHEP 0302 (2003) 048 [arXiv:hep-th/0210233℄.[19℄ C.R. Contaldi, M. Peloso, L. Kofman and A. Linde,JCAP 0307 (2003) 002 [arXiv:astro-ph/0303636℄.[20℄ L. Kofman, G.R. Blumenthal, H. Hodges and J.R. Pri-mak, ASP Conf. Ser. 15 (1991) 339.[21℄ A.A. Starobinsky, JETP Lett. 55 (1992) 489 [Pisma Zh.Eksp. Teor. Fiz. 55 (1992) 477℄.[22℄ J.A. Adams, B. Cresswell and R. Easther, Phys. Rev. D64 (2001) 123514 [arXiv:astro-ph/0102236℄.[23℄ H.V. Peiris et al., Astrophys. J. Suppl. 148 (2003) 213[arXiv:astro-ph/0302225℄.[24℄ J. Martin and C. Ringeval, JCAP 0501 (2005) 007[arXiv:hep-ph/0405249℄.[25℄ M. Kawasaki, F. Takahashi and T. Takahashi, Phys. Lett.B 605 (2005) 223 [arXiv:astro-ph/0407631℄.[26℄ J.A. Adams, G.G. Ross and S. Sarkar,Phys. Lett.B391 (1997) 271 [arXiv:hep-ph/9608336℄ andNul. Phys. B503 (1997) 405 [arXiv:hep-ph/9704286℄.[27℄ V.F. Mukhanov and P. J. Steinhardt Phys. Lett. B422(1998) 52-60 [arXiv:astro-ph/9710038℄.[28℄ A.A. Starobinsky, S. Tsujikawa andJ. Yokoyama Nul. Phys. B610 (2001) 383-410[arXiv:astro-ph/0107555℄.[29℄ S. Groot Nibbelink and B.J.W. van TentClass. Quant. Grav. 19 (2002) 613-640[arXiv:hep-ph/0107272℄.[30℄ M. Beltran et al., Phys. Rev. D 71 (2005) 063532[arXiv:astro-ph/0501477℄.[31℄ P. Hunt and S. Sarkar, Phys. Rev. D 70 (2004) 103518[arXiv:astro-ph/0408138℄.[32℄ G.N. Felder, J. Garia-Bellido, P.B. Greene, L. Kofman,A.D. Linde, I. Tkahev Phys. Rev. Lett. 87 (2001) 011601

[arXiv:hep-ph/0012142℄.[33℄ T. Asaka, W. Buhm�uller and L. Covi Phys. Lett. B510(2001) 271-276 [arXiv:hep-ph/0104037℄.[34℄ E.J. Copeland, S. Pasoli and A. RajantiePhys. Rev. D65 (2002) 103517 [arXiv:hep-ph/0202031℄.[35℄ J. Garia-Bellido, M. Garia Perez andA. Gonzalez-Arroyo Phys. Rev. D67 (2003) 103501[arXiv:hep-ph/0208228℄.[36℄ L. Covi, J. Hamann, A. Melhiorri, A. Slosar and I. Sor-bera, work in progress.[37℄ E.D. Stewart and D. H. Lyth, Phys. Lett. B 302 (1993)171 [arXiv:gr-q/9302019℄.[38℄ A. Lewis and S. Bridle, Phys. Rev. D 66 (2002) 103511(Available from http://osmologist.info).[39℄ M. Tegmark, A.J.S. Hamilton and Y.Z.S. Xu,Mon. Not. Roy. Astron. So. 335 (2002) 887[arXiv:astro-ph/0111575℄.[40℄ S. Cole et al. [The 2dFGRS Collaboration℄,Mon. Not. Roy. Astron. So. 362 (2005) 505[arXiv:astro-ph/0501174℄.[41℄ W.L. Freedman et al., Astrophys. J. 553 (2001) 47.[42℄ A. Sha�eloo and T. Souradeep, Phys. Rev. D 70 (2004)043523 [arXiv:astro-ph/0312174℄.[43℄ J. H. Goldstein et al., Astrophys. J. 599 (2003) 773[arXiv:astro-ph/0212517℄.[44℄ C.J. MaTavish et al., arXiv:astro-ph/0507503.[45℄ A.C.S. Readhead et al., Astrophys. J. 609 (2004) 498[46℄ R. Stompor et al. [MAXIMA Collaboration℄,arXiv:astro-ph/0309409.[47℄ C. Dikinson et al., Mon. Not. Roy. Astron. So. 353(2004) 732 [arXiv:astro-ph/0402498℄.[48℄ B. Fields and S. Sarkar, arXiv:astro-ph/0601514.[49℄ A. Ashoorioon and A. Krause, arXiv:hep-th/0607001.[50℄ D.J. Eisenstein et al., Astrophys. J. 633 (2005) 560[arXiv:astro-ph/0501171℄.[51℄ X. Wang, B. Feng, M. Li, X.L. Chen and X. Zhang, Int. J.Mod. Phys. D 14 (2005) 1347 [arXiv:astro-ph/0209242℄.

http://arxiv.org/abs/astro-ph/0005432
http://arxiv.org/abs/hep-th/0305161
http://arxiv.org/abs/hep-th/0204129
http://arxiv.org/abs/hep-th/0210233
http://arxiv.org/abs/astro-ph/0303636
http://arxiv.org/abs/astro-ph/0102236
http://arxiv.org/abs/astro-ph/0302225
http://arxiv.org/abs/hep-ph/0405249
http://arxiv.org/abs/astro-ph/0407631
http://arxiv.org/abs/hep-ph/9608336
http://arxiv.org/abs/hep-ph/9704286
http://arxiv.org/abs/astro-ph/9710038
http://arxiv.org/abs/astro-ph/0107555
http://arxiv.org/abs/hep-ph/0107272
http://arxiv.org/abs/astro-ph/0501477
http://arxiv.org/abs/astro-ph/0408138
http://arxiv.org/abs/hep-ph/0012142
http://arxiv.org/abs/hep-ph/0104037
http://arxiv.org/abs/hep-ph/0202031
http://arxiv.org/abs/hep-ph/0208228
http://arxiv.org/abs/gr-qc/9302019
http://arxiv.org/abs/astro-ph/0111575
http://arxiv.org/abs/astro-ph/0501174
http://arxiv.org/abs/astro-ph/0312174
http://arxiv.org/abs/astro-ph/0212517
http://arxiv.org/abs/astro-ph/0507503
http://arxiv.org/abs/astro-ph/0309409
http://arxiv.org/abs/astro-ph/0402498
http://arxiv.org/abs/astro-ph/0601514
http://arxiv.org/abs/hep-th/0607001
http://arxiv.org/abs/astro-ph/0501171
http://arxiv.org/abs/astro-ph/0209242

