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Inreasing the e�etive number of neutrinos with deayingpartilesKazuhide Ihikawa, Masahiro Kawasaki, Kazunori Nakayama, Masato SenamiInstitute for Cosmi Ray Researh,University of Tokyo, Kashiwa 277 8582, JapanFuminobu TakahashiDeutshes Elektronen Synhrotron DESY,Notkestrasse 85, 22607 Hamburg, Germany(Dated: May 15, 2007)AbstratWe present models of deaying partiles for inreasing the e�etive number of neutrinos N� afterbig bang nuleosynthesis but before the struture formation begins. We point out that our senarionot only solves the disrepany between the onstraints on N� from these two epohs, but alsoprovides a possible answer to deeper inonsisteny in the estimation of the matter power spetrumamplitude at small sales, represented by �8, between the WMAP and some small sale matterpower measurements suh as the Lyman-� forest and weak lensing. We onsider (a) saxion deayinto two axions; (b) gravitino deay into axino and axion; () Dira right-handed sneutrino deayinto gravitino and right-handed neutrino.
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I. INTRODUCTIONObservations of the osmi mirowave bakground (CMB), galaxy lustering, weak grav-itational lensing and Lyman-� forest and so on strongly support the osmologial struturesbeing formed in a universe desribed by the power-law �CDM model. Spei�ally, reentadvanement in those observations enabled us to measure the matter power spetrum fromthe horizon sale down to about 1Mp in a very preise manner.However, as the data aumulate owing to the reent observations for instane by theWMAP [1, 2, 3, 4℄ and SDSS [5, 6, 7, 8℄, possible tensions among di�erent data sets areindiated. This is most easily seen in the term �8, the normalization of the matter powerspetrum at 8h�1Mp, where h is the Hubble parameter. Namely, the value of �8 derivedfrom the WMAP three-year data is slightly lower than that derived from the latest analysesof the Lyman-� forest [9, 10℄, weak lensing [11, 12℄ and strong lensing (\giant ar") statistis[13℄. The disrepany surfaed when the WMAP data were updated from the �rst year datato the three-year data, with signi�ant derease in the best �t value of �8 (dereased from0:92� 0:10 to 0:761+0:049�0:048) [1, 14℄.It is true that all these measurements whih favor higher �8 than the WMAP3 value arelikely to su�er more from systemati errors than the WMAP experiments, but when theongoing e�orts an sueed in dereasing the systematis, they would be more suitable formeasuring �8 than the CMB experiments. Therefore, we an expet that we will obtainsuÆient information to know whether the tension is solved by some systematis not yetaounted for or we have to invoke non-standard osmology. We, in this paper, assume thatthe latter ase is true and the present disrepany between the WMAP3 and the observationsat smaller sales is real.Then, what kind of non-standard ingredient do we need ? Atually, this has been alreadyhinted at in the Lyman-� forest analysis of Ref. [10℄. In Ref. [10℄, extensive osmologialparameter estimation was onduted using the latest data set onsists of the CMB, galaxylustering and the Lyman-� forest. They tested a wide range of osmologial models otherthan the at �CDM model with the adiabati power-law primordial power spetrum byplaing onstraints on the tensor mode, the running of the spetral index, massive neutrinos,the e�etive number of neutrinos, the dark energy equation of state, the urvature of theuniverse, osmi strings and isourvature modes. They have found that the observations2



prefer these parameters to be onsistent with the standard values exept for one parameter:the e�etive number of neutrinos, N�. Remarkably, their 2� limit is N� = 5:3+2:1�1:7, notallowing the standard value of N� = 3:0 at 2.4� 1.This preferene of a non-standard value of N� by the ombined data of the WMAP3and Lyman-� forest is losely onneted to the disrepany of �8 between these data sets.As shown in Ref. [10℄, the larger value of N� enhanes the best �t value of the small saleamplitude 2. This enables the high �8 value inferred from the Lyman-� to reonile with theWMAP3 data, whih prefers the low �8 when the standard N� = 3 is assumed. Althoughthere is no detailed statistial analysis of ombined data sets of the WMAP3 and the weaklensing allowing for the possibility of non-standard N�, it is reasonable to expet theseobservations too to be reoniled with the WMAP3 data by N� > 3.On the other hand, as is very well known, the value of N� greatly a�ets big bangnuleosynthesis (BBN), espeially the 4He abundane, Yp. The analysis by Ref. [15℄, usingYp = 0:249 � 0:009 [17, 18℄, has yielded N� = 3:1+1:4�1:2 (95% C.L.), in good agreement withthe standard value while still allowing some room for non-standard values. For example,N� = 4, whih an better �t the ombined data of the WMAP3 and Lyman-� forest thanN� = 3, is aeptable. However, more reent analyses favor N� = 3 (see Se. II for moredetailed disussion).Having seen reent observational onstraints on N� from the struture formation andnuleosynthesis, we will now onsider how the value of N� should be in order to satisfythese onstraints. Although the simplest hoie would be to have N� � 4 before and afterBBN, onerning the entral values, it may be preferable to have N� = 3 during BBN andinrease to N� = 4 { 5 well before the struture formation begins. We here note that BBNmeasures N� around the temperature T = O(MeV) while the struture formation data tellus N� in a more reent universe, T . 100 eV, at whih the struture formation of the smallestobservable sale (about 1Mp) begins 3. In terms of the osmologial time, they respetively1 Ref. [15℄ reently reexamined this issue using almost the same data set and found N� = 4:6+1:6�1:5 at 95%C.L. Although the signi�ane is lower than the one in Ref. [10℄, tension with the standard value remains.Also, there is an independent analysis by Ref. [16℄ with a similar data set inluding Lyman-� whih givesN� = 5� 1, the 2� preferene for N� > 3.2 In detail; they report this result in the amplitude at a smaller sale than 8h�1Mp, but similar orrelationis expeted between N� and �8.3 The present CMB data probe sales larger than O(10)Mp or equivalently T . 10 eV. Meanwhile the3



measure N� around 1 se and after 108 se. Thus, the onstraints on N� from BBN and thestruture formation (the CMB, the Lyman-� forest et.) do not neessarily oinide at faevalue in general.In this paper, to realize the latter possibility of inreasing N�, we investigate models ofpartiles whih deay into radiation between BBN and the struture formation. Candidateswould have a somewhat long lifetime of 1 to 108 se after whih they deay \silently", withoutdestroying the light elements, into very light partiles as opious as photons or neutrinos. Weshow suh partiles are found in supersymmetri extensions of theories proposed to solve thestrong CP problem. Namely, we onsider the following possibilities: (a) saxion deay intoaxions and (b) gravitino deay into axino and axion. We also show a andidate present inmodels with the right-handed neutrino whih are attrative for explaining neutrino masses.In this ase, we onsider () Dira right-handed sneutrino deay into gravitino and right-handed neutrino. In the next setion we will give a review on the present observational statuson �8 and N� and their possible tensions between di�erent experiments. In Se. III we givedetails of the models and parameter spae where N� is suessfully inreased while meetingosmologial onstraints. Then, Se. IV is devoted to our onlusions and disussion.II. OBSERVATIONAL TENSIONS IN �8 AND N�In this setion we give a brief review on the several di�erent observations and analysesof �8 and N� and their impliations. The reent analyses of Lyman-� forest ombined withthe WMAP three-year data by two independent groups are in Refs. [9℄ and [10℄. The earlierstudies by the same groups with the WMAP �rst year data are in Refs. [20℄ and [21℄. Thoseanalyses used basially the same Lyman-� forest data sets. Their results seem to onsistentlyshow that �8 derived from the Lyman-� forest data prefers the higher value of the WMAP�rst year result rather than the three-year value, although two groups onlude that there areno statistially ompelling evidene for inonsisteny between WMAP3 and Lyman-� data.In Ref. [10℄, around two sigma disrepany in the power-law �CDM model was reported butthey onluded that the di�erene would be explained by a statistial utuation or unknownsystemati errors. The analysis of Ref. [9℄ found weaker signi�ane for the disrepany andCMB alone does not pratially onstrain N� (the WMAP three-year alone limit is N� < 42 at 95%C.L. [19℄). 4



onluded that the Lyman-� forest data an be in reasonable agreement with WMAP3.However, it is apparent from the �gures of likelihood ontours in Refs. [9, 10℄ that themeasurements of the small sale utuation amplitude by the WMAP3 alone and the Lyman-� forest alone are not fully onsistent.Aumulating data for weak lensing, another eÆient probe of �8, shows a similar ten-deny. It was �rst noted in the WMAP3 paper of Ref. [1℄ that the ground-based weaklensing measurement by the wide synopti survey of the Canada-Frane-Hawaii Telesope[11℄ favors higher values of �8 � 0.8 { 1.0. In Ref. [1℄, the likelihood ontours on the 
m-�8plane are drawn for the WMAP3 alone and the weak lensing alone but their overlappingregion is small showing some degree of inonsisteny. Moreover, a higher �8 value is alsopreferred by a very reently released result of the spae-based measurement by the COSMOSsurvey of the Hubble Spae Telesope [12℄. The agreement between the largest surveys fromground and spae is remarkable and adds to the reliability of the weak lensing result of thehigh �8.Regarding the fat that the numerous non-standard parameters other than N� studied inRef. [10℄ annot solve the disrepany, we onsider that the universe with N� > 3 is a strongandidate for explaining both the WMAP3 and the observations whih indiate high �8.Now let us look at the onstraints on N� from BBN. The value of N� greatly a�ets BBN,and in partiular, the 4He abundane Yp is quite sensitive to it. The analysis by Ref. [15℄,using Yp = 0:249� 0:009 [17, 18℄, has yielded N� = 3:1+1:4�1:2 (95% C.L.), in good agreementwith the standard value while still allowing some room for non-standard values. However,there are more reent analyses of Yp by several groups who give more stringent error bars:Yp = 0:250� 0:004 [22℄, Yp = 0:2427� 0:0028 [23℄ and Yp = 0:2516� 0:0011 [24℄. We derivethe onstraints on N� from them using the �tting formula in Ref. [25℄ and the observeddeuterium abundane D=H = (2:82 � 0:27) � 10�5 [26℄ on the �-N� plane. The 95% C.L.limits are respetively N� = 3:20+0:76�0:68, N� = 3:01+0:52�0:48 and N� = 3:32+0:23�0:24 (their own analysisin Ref. [24℄ has yielded N� = 3:28� 0:16 (2�), using 7Li data in addition; this is onsistentwith our alulation). Although it is beyond the sope of this paper to disuss whether theirerror bars are underestimated or not, we may onlude that three reent analyses of 4He donot favor N� > 4.Thus we are led to onsider a osmologial senario that the e�etive number of neutrinosN� is inreased from the standard value to N� > 4 during the time between BBN and the5



struture formation 4. In the rest of the paper, we will fous on several possible senariosbased on partile physis and disuss eah model in detail.III. MODELSIn this setion we provide several models in whih the e�etive number of neutrinos isinreased from the standard value, N� = 3, after BBN but before the struture formationstarts. To this end, we introdue a long-lived partile X with a lifetime �X in the range of�X = O(1{108) se. The lower bound on �X omes from the requirement that the additionalradiation energy from the deay of X should not hange the expansion rate before theneutrino freeze-out. This is beause we do not want to hange the standard BBN results,espeially the 4He abundane. The upper bound orresponds to the osmi time when theomoving sale of about 1Mp enters the horizon.Before going to the disussion of eah model, it will be useful to express the inreaseof N� in terms of the abundane and the lifetime of X. Let us assume that the deay ofX produes very weakly interating relativisti partiles olletively denoted by R, whiharry a fration fR of the energy originally stored in X. The R partiles inrease the extrae�etive number of neutrinos by �N�:�N� ' 3 fR ��X�� �����T=Td ; (1)where �X and �� denote the energy densities of X and the three speies of the neutrinos,respetively. We de�ne Td as the temperature of photons when the deay rate �X beomesequal to 3H (H is the Hubble parameter):�X = 3H = ��2g�10 � 12 T 2dMP ; (2)where g� ' 3:36 ounts the relativisti degrees of freedom, and MP = 2:4� 1018GeV is theredued Plank mass. The lifetime �X is related to the deay rate as �X = 1=�X . To bepreise, speaking, the energy density of the R partiles also ontributes to the right-hand sideof Eq. (2). Nevertheless we neglet it here, beause it is sub-dominant as long as �N� . 1.4 Stritly speaking, the Yp analysis by Ref. [24℄ implies N� > 3 at 2�. However, sine our models that wewill present below are not a�eted by the value of N� at BBN, we assume N� = 3 at BBN for simpliity.6



The standard value of the neutrino abundane is��s ���T=Td ' 0:26Td; (3)where s is the entropy density, and it should be noted here that Td denotes the temperatureof photons, not neutrinos. Substituting Eq. (3) into Eq. (1), we obtain�N� ' 1:1 fR� TdkeV��1� �X=s10�7GeV� ; (4)or equivalently, �N� ' 1:2 fR � �X106 se� 12 � �X=s10�7GeV� : (5)It is lear from Eq. (5) that, to inrease N� by order unity, X must be produed with asuÆiently large abundane and its lifetime should be long enough. In order not to disturbthe light element abundanes, the deay into the standard-model partiles (espeially intothe hadrons) must be sub-dominant or even forbidden, and the deay produts must be\dark", i.e., their interation with the visible partiles should be very weak. In other words,any massive partiles that deay into very weakly interating and relativisti partiles anexplain the inrease of N� if and only if they have right abundane and lifetime given byEq. (5).In the following, we show three osmologially onsistent senarios in whih N� inreasesbetween BBN and struture formation by order unity. We onsider (a) saxion deay intotwo axions; (b) gravitino deay into axino and axion; () Dira right-handed sneutrino deayinto gravitino and right-handed neutrino. We investigate eah model in detail below.A. Saxion deay into axionsOne of the most promising solutions to the strong CP problem in quantum hromody-namis (QCD) is the Peei-Quinn (PQ) mehanism [27℄, whih involves a pseudo-Nambu-Goldstone boson a, the axion, assoiated with the spontaneous PQ symmetry breaking (fora review, see Ref. [28℄). In a supersymmetri theory, the axion forms a supermultiplet, in-luding a fermioni superpartner ~a, the axino, and a salar partner s, the saxion. In general,the saxion aquires a mass of order m3=2 in the presene of the supersymmetry (SUSY)breaking [29, 30℄. (Here m3=2 is the gravitino mass.) In a lass of models, the saxion mainly7



deays into a pair of the axions (i.e., fR ' 1), and these axions ontribute to the extrae�etive number of neutrinos without disturbing the BBN results 5. However, sine thesaxion may also deay into two photons, we need to examine whether the photons produeddo not spoil the standard osmology.We onsider a lass of models in whih the PQ symmetry is spontaneously broken bya single PQ salar �eld �, whose vauum expetation value (VEV) sets the sale of thePQ symmetry breaking sale Fa = h�i. Here we have assumed that the VEV of � is realand positive without a loss of generality. The PQ sale Fa is severely onstrained fromastrophysial and osmologial onsiderations as 1010GeV . Fa . ��11012GeV, where � isan initial misalignment angle of the axion. It is �rmly bounded from below by supernovaooling [31, 32℄, while the upper bound omes from the axion-overlosure limit, whih anbe relaxed to some extent depending on the osmologial senarios [33, 34, 35, 36℄.Let us express � in terms of the saxion s and the axion a as� = sp2 exp �i ahsi� : (6)Expanding the saxion around its VEV as s = p2Fa + ŝ, we obtain� = �Fa + ŝp2� exp �i ap2Fa� ; (7)���y��� = 12��ŝ��ŝ+ 12��a��a+ ŝp2Fa��a��a+ � � � ; (8)where the third term indues the saxion deay into axions. The deay rate is given by�(s! 2a) ' 164� m3sF 2a ; (9)where ms is the saxion mass. The lifetime of the saxion then is given as�s ' 1:3� 105 se � ms100MeV��3� Fa1012GeV�2 : (10)Sine the axion super�eld � must not have a SUSY mass, the saxion is a at diretionand aquires only a SUSY breaking mass of the order of the gravitino mass. Therefore, inthe early universe, the initial position of the saxion, si � p2j�ij, naturally deviates from5 Note that it is model dependent whether the saxion dominantly deays into the axions. For instane, ina model where two PQ salar �elds �+ and ��, respetively harged under the PQ symmetry +1 and�1, aquire VEVs as h�+i ' h��i � Fa, the saxion deay into axions is suppressed.8



that in the vauum hsi = p2Fa. When the Hubble parameter beomes omparable to thesaxion mass ms, the saxion starts to osillate around the potential minimum with an initialamplitude, Æsi ' jsi�p2Faj. There is a priori no way to determine the initial displaementof the saxion, Æsi, but it is expeted to be in the range between Fa and MP .The saxion abundane depends on the thermal history of the universe, e.g., whether thereheating is ompleted before or after the saxion starts to osillate [37℄. First let us assumethat the saxion starts to osillate after the reheating. This is the ase if the reheatingtemperature TR satis�es TR & 2:2� 108GeV � ms100MeV�1=2 ; (11)where we have used the relativisti degrees of freedom in MSSM, g� = 228:75. The saxion-to-entropy ratio is then given by�ss = m2s(Æsi)2=23H2osM2P 3Tos4' 4:7� 10�6GeV � ms100MeV�1=2� Fa1012GeV�2�ÆsiFa �2 ; (12)where the subsript \os" denotes that the variables should be evaluated when the saxionstarts to osillate, i.e., H ' ms. The saxion deays into axions, inreasing the e�etivenumber of neutrinos �N� as�N� ' 2:0� 10� ms100MeV��1� Fa1012GeV�3�ÆsiFa �2 ; (13)where we have substituted Eqs. (10) and (12) into Eq. (5), and used fR ' 1. However, as wewill see below, it is diÆult to reonile the onstraint on TR, Eq. (11), with the gravitinoproblem.On the other hand, if the reheating is ompleted after the osillation of the saxion om-menes, the saxion-to-entropy ratio is given by�ss = m2s(Æsi)2=23m2sM2P 3TR4 (14)' 2:2� 10�8GeV� TR106GeV�� Fa1012GeV�2�ÆsiFa �2 : (15)The inrease in the e�etive number of neutrinos is expressed as�N� ' 3:0� ms10MeV��3=2� Fa1012GeV�3�ÆsiFa �2� TR106GeV� : (16)9



Thus it is possible to inrease N� by order unity in this senario.Now let us onsider the saxion deay into two photons. The deay ours in the DFSZaxion model [38℄, as well as in the KSVZ (or hadroni) axion model [39℄ if the heavy quarkshave U(1)em harges. To be onrete, let us onsider a hadroni axion model by introduingthe oupling of � with the heavy quarks Q and �Q asW = k�Q �Q; (17)where k is a oupling onstant 6. We assign the PQ harges as, e.g., �(+1), Q(�1=2), and�Q(�1=2). Assuming that Q and �Q furnish 5 and �5 representations of the SU(5) GUT group,� ouples to the standard-model gauge multiplets as� Lint = Z d2� � �i8�� �FaW (i)� W (i)� + h::; (18)where �i = g2i =4� are the gauge oupling onstants of the standard model, and W (i)� arehiral super�elds for the gauge multiplets. Thus the saxion deays into two photons withthe rate, �(s! 2) ' �2�2em512�3 m3sF 2a ; (19)where � = (3=5) os2 �W ' 0:5 (�W is the weak mixing angle) and we an see that thebranhing ratio of two-photon deay is B ' 1:7� 10�7. The injeted photons may destroythe light elements and hange the result of BBN for ms & 40MeV, while for ms . 40MeV,the injeted photons an never dissoiate 4He nulei [40℄. To avoid hanging BBN, thefollowing bounds must be satis�ed [42, 43℄:B ��ss � . 8<: 10�14GeV for 107 se . �s . 1012 se10�6 { 10�14GeV for 104 se . �s . 107 se ; (20)and the onstraints from BBN are very weak for �s < 104 se. If the saxion mass exeedsabout 1GeV, the saxion deays into gluons with the rate�(s! 2g) ' �2s64�3m3sF 2a ; (21)6 We assume that the PQ symmetry is broken due to the VEV of � during ination. Then the PQ quarksQ and �Q are not thermalized after ination and they do not a�et the timing when the saxion startsosillating. 10



whih is muh larger than that of Eq. (19). The hadroni branhing ratio is Bh = �2s=�2 '1:4� 10�3. The bound on the saxion abundane in this ase isBh ��ss � . 8<: 10�13 { 10�14GeV for 104 se . �s . 1012 se10�9 { 10�13GeV for 1 se . �s . 104 se : (22)Thus, if the saxion deays into gluons, the BBN onstraints on �s=s beome muh severer.In partiular, for ms > 1GeV the saxion deay annot realize �N� = 1 due to theseonstraints. Even in the ase ms . 40 MeV, the energy injetion is onstrained from theCMB. If the injeted photons annot reah hemial or kineti equilibrium due to the smallrate of interations with bakground plasma, it leads to the distortion of the CMB blakbody spetrum whih is onstrained from observations [41℄. Hene, the onstraint omesfrom the CMB in the region ms . 40MeV, although this does not give a severe onstraint.Let us here omment on the thermal prodution of the gravitino. From Eqs. (13) and(16), we an see that the light saxion mass and/or relatively high reheating temperatureare required to obtain �N� � 1 as long as we stik to Æsi � Fa. Sine the saxion mass isonsidered to be of the order of the gravitino mass, the gravitino mass as well must be aslight as O(100)MeV, and suh a light gravitino is realized in gauge-mediated SUSY breakingmodels [44℄. Let us assume that the gravitino is the lightest supersymmetri partile (LSP).If the reheating temperature is too high, the gravitino may overlose the universe [45℄. Theabundane of the thermally produed gravitino is [46℄ (see also [43℄)Y3=2 ' 1:9� 10�16 1 + m2~g3m23=2!� TR106GeV� ; (23)where we have omitted the logarithmi dependene on TR, and m~g is the gluino mass eval-uated at T = TR. For m3=2 � m~g, the gravitino abundane is given as
TP3=2h2 ' 7:0� 10�3 � m3=2100MeV��1 � m~g200GeV�2� TR106GeV� : (24)This should be smaller than the present upper bound on the urrent dark matter density,
DMh2 . 0:12 at 95% C.L. [1℄. Therefore, the thermal gravitino prodution sets the lowerbound on the gravitino mass for a �xed reheating temperature. Due to this bound, thereis no allowed region in the ase that the reheating is ompleted before the start of saxionosillations. It should be noted that this onstraint annot be alleviated even in the ase ofthe axino LSP [47℄. This is beause, although the gravitino eventually deays into the axion11



and the axino, the deay is too late for suh a light gravitino mass. In the next subsetion,we onsider a muh heavier gravitino mass, fousing on the possibility that the axion andthe axino produed from the deay of gravitino may explain �N� � 1.The axinos, in addition to the gravitinos, are also produed by thermal sattering, andwe should hek whether the axino is overprodued. Here, sine we assume that the axinomass is of the order of the gravitino mass, we do not have to are whether the axino is theLSP or not. The abundane of the thermally produed axinos is alulated as [48, 49℄,Y TP~a ' 2:0� 10�8��s(TR)3 ln[0:098=�s(TR)℄1:1� 10�4 �� Fa1012GeV��2� TR106GeV� : (25)or equivalently,
TP~a h2 ' 5:5� 10�2��s(TR)3 ln[0:098=�s(TR)℄1:1� 10�4 �� m~a10MeV�� Fa1012GeV��2� TR106GeV�(26)where m~a denotes the mass of the axino. Therefore, if the axino mass is too large and/or thereheating temperature is too high, the thermally produed axino may overlose the universe.Using Eqs. (16) and (26), we derive�N� ' 1:2�
TP~a h20:1 ��3=2 �m~ams�3=2 � TR106GeV�5=2 �ÆsiFa �2 : (27)From this equation, the reheating temperature should be less than 106 GeV as long as�N� . 1 and Æsi & Fa are assumed. Note also that the axino mass in the model (17) issmaller than m3=2 unless the PQ salar has non-minimal oupling with the SUSY breakingsetor. So, the upper bound on TR may be relaxed if m~a � m3=2 � ms.In Fig. 1, we summarize all the onstraints disussed above. Here we have taken Æsi = Faand TR = 106GeV as referene values. The thik solid blak line labeled (a) shows �N� = 1.Note that the region above this line orresponds to �N� & 1. The dotted blue lines (b)denote the astrophysial and osmologial onstraints on the PQ sale, and we have set� = 0:1. In order to satisfy 1 se . �s . 108 se, the ombination of parameters (ms; Fa)must lie in the region between two thin solid red lines (). The onstraints from BBNand CMB provide an upper bound on Fa for a �xed ms, as represented by the dot-dashedgreen line (d). The thermally produed gravitinos exeed the urrent observed dark matterabundane if ms(� m3=2) is smaller than the value indiated by the vertial long-dashedyellow line (e). For m~a = 0:01ms, the abundane of the thermally produed axinos exeeds12
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FIG. 1: Constraints on the parameter spae ms and Fa in the saxion deay senario with TR =106GeV. We have hosen Æsi = Fa. The lines labeled (a){(f) are de�ned as follows. (a) �N� = 1on this line. (b) Lower and upper bounds on the PQ sale with � � 0:1. () Upper line orrespondsto �s � 108 se, and lower line orresponds to �s � 1 se. (d) BBN bounds oming from radiativedeay for 40MeV . ms . 1GeV and hadroni deay for ms & 1GeV. Forms . 40MeV, the boundomes from the CMB. (e) Lower bound onms from gravitino thermal prodution. (f) Lower boundfrom axino thermal prodution for m~a = 0:01ms. For m~a = ms, the onstraint oinides with theline (a) aidentally.the urrent observed dark matter abundane below the long-dashed purple line (f). Form~a = ms, the onstraint from the thermally produed axinos oinides with the line (a)aidentally, so it is not expliitly drawn. The region below (a) is exluded if m~a ' ms. Wehave found regions for �N� � 1 onsistent with all the onstraints. For Æsi = Fa, they are1MeV. ms . 1GeV, Fa � 1012GeV and 105GeV. TR . 106GeV. Sine the PQ sale Fais lose to the upper bound oming from the axion-ovelosure limit, the axion an also play13
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B. Gravitino deay into axino and axionNext we onsider the gravitino deay into the axion and the axino at late times [47℄. Theaxino mass is model dependent, and it an be (muh) smaller than the gravitino mass [30℄.Here, from a phenomenologial point of view, we treat the axino mass as a free parameter,but it should be kept in mind that one may need to ontrive a model that realizes a spei�value of the axino mass, espeially if it is muh smaller than the gravitino mass. If thegravitino is the next-to-lightest supersymmetri partile (NLSP) and the axino is the LSP,the gravitino deays into the axion and the axino. Both the axion and the axino produedby the gravitino deay ontribute to the extra e�etive number of neutrinos, so fR = 1.The lifetime of the gravitino is�( ~G! a+ ~a) '  1192� m33=2M2P !�1' 8:7� 107 se� m3=2300GeV��3 : (28)Therefore m3=2 must be larger than about 300GeV in order to satisfy the requirement� . 108 se. The needed gravitino abundane is given by Eq. (5) as�3=2s ' 8:8� 10�9GeV �N� � m3=2300GeV�3=2 ; (29)whih is given in terms of Y asY3=2 ' 2:9� 10�11 �N� � m3=2300GeV�1=2 : (30)The gravitino may be produed both thermally and non-thermally. First we assumethat gravitinos are dominantly produed by partile satterings in thermal plasma. FromEq. (23), in order to obtain the gravitino abundane Eq. (30), the reheating temperatureTR must be as high as O(1010)GeV with m~g � O(1)TeV. For suh a high reheating temper-ature, however, axinos are also eÆiently produed by thermal satterings. Their thermalabundane is given by Eqs. (25) or (26). Thus, for the axino abundane not to exeed theurrent observed dark matter abundane, the axino mass must be smaller than O(1) keV.With suh a light mass, however, its free streaming may erase the osmologial strutureand onit with the observation. The maximal abundane onsistent with the observa-tional data inluding Lyman-� forest an be inferred from the upper bound on the HDMomponent, or the neutrino masses. Aording to Ref. [10℄, the 95% C.L. limit obtained15



from the data set inluding the Lyman-� forest is Pm� < 0:17 eV whih an be onvertedto 
�h2 < 1:8 � 10�3. Therefore, it is reasonable to expet that the ontribution to theenergy density of the universe from suh light axino must be less than 1% of the dark mat-ter, in order to be onsistent with the observed Lyman-� forest. This further onstrains theaxino mass down to be smaller than O(10) eV. Note that, for the axino mass lighter thanO(10) eV, the axino abundane produed from the gravitino deay is negligibly small.So far we have assumed that the gravitino with the abundane Eq. (30) is thermallyprodued. This requires a quite high reheating temperature, whih limits the axino mass tobeing muh smaller than the gravitino mass. Sine the axino mass is generially of the orderof the gravitino mass, suh a hierarhy may pose a diÆulty to build a viable axion modelthat realizes the axino mass. If the gravitino is non-thermally produed from, e.g., inatondeay [53, 54, 55, 56℄ (or modulus deay [57, 58℄), the tension an be greatly relaxed. Thegravitino abundane is then dependent on the inaton mass m� and VEV h�i. For instane,in a high sale ination model, the inaton deays into the SUSY breaking setor, produingthe gravitino as [56℄ 8Y3=2 ' O(10�11)� TR103GeV��1� h�i1015GeV�2 � m�1012GeV�2 ; (31)where the preise abundane depends on the details of the SUSY breaking setor. The valuesadopted for m� and h�i in Eq. (31) an be realized in e.g. a hybrid ination model [59℄.For suh a low reheating temperature, the thermal prodution of the axino does not set anysevere bound on the axino mass. In partiular, note that Eq. (25) is not appliable for thereheating temperature smaller than the weak sale. Instead, the axino produed from thegravitino deay puts an upper bound as m~a . O(100)MeV. This an be derived as follows.The axino abundane from the gravitino deay is
~ah2 ' 8� 10�4�N� � m~a100MeV�� m3=2300GeV�1=2 : (32)Requiring the axino abundane to be smaller than 1% of the dark matter, we obtain anupper bound on the axino mass as m~a . O(100)MeV. Although the axino mass annot beas large as the gravitino mass, the required hierarhy of the two is rather mild, ompared8 Note that TR � 103GeV is naturally realized from the spontaneous deay of the inaton through the topYukawa oupling [55℄ for m� = 1012GeV and h�i = 1015GeV.16



to the previous ase. In a similar fashion, we an show that the LSPs produed by thisnon-thermal proess annot be the dominant omponent of the dark matter in the modelsdesribed below.In the present model, both the axion and axino are produed from the gravitino deayas relativisti partiles. In ontrast to the axion, the axino beomes non-relativisti at sometime depending on its mass. But it is typially well after the matter-radiation equalityepoh, and the axino abundane amounts to only a small fration of the energy density ofthe universe. Thus both the axion and the axino ontribute to the e�etive number of theneutrinos, that is, fR = 1. The same argument is applied to the following model as well.So far we have negleted the saxion abundane. Sine the saxion mass is roughly equalto the gravitino mass, the saxion deays muh earlier than BBN begins (see Eq. (10)). Inaddition, if Æsi is of O(Fa), sine the saxion does not dominate the universe, our argumentsabove remain unhanged.The �nal omment is that one annot exhange the roles of the gravitino and the axinoin the above senario. Similar arguments show that the gravitino must be muh lighter thanthe axino. This is beause, as long as we require �N� ' 1, the gravitinos produed from theaxino are so abundant that the small sale utuations (& a few Mp) would be smoothedout unless the gravitino mass is small enough. However, sine the axion multiplet annothave a SUSY mass, the axino mass annot be muh larger than the gravitino mass and thesenario does not seem to work.C. Dira right-handed sneutrino deay into gravitino and right-handed neutrinoThe neutrino osillation experiments have revealed that the neutrinos have �nite butsmall masses. To explain the tiny neutrino masses one introdues right-handed neutrinosinto the standard model. The right-handed neutrinos may be allowed to have large Majoranamasses as large as GUT sale, beause they are singlets with respet to the standard-modelgauge group. However, the Majorana mass term an be forbidden by some symmetry suhas the lepton-number symmetry. Thus, if this is the ase, the neutrino mass is given by theDira mass term, and the mass of the right-handed neutrino is very light. The smallnessof the neutrino mass is explained by the small Yukawa oupling of � m�=hHui . O(10�13),where m� is a neutrino mass and hHui denotes the VEV of the up-type Higgs. On the other17



hand, the right-handed sneutrino aquires a mass from SUSY breaking e�ets. Sine theYukawa oupling is rather small, the lifetime of right-handed sneutrinos is very long, andtheir deay into the right-handed neutrino and the gravitino an inrease N�.First, the lifetime of right-handed sneutrinos is given as�~�R '  148� m5~�Rm23=2M2P !�1' 1:4� 108 se � m3=2500 keV�2 � m~�R1GeV��5 ; (33)where the right-handed sneutrino mass m~�R should be less than � 1GeV as disussed later.From Eq. (5), the abundane of the right-handed sneutrinos should be�~�Rs ' 6:8� 10�9GeV �N� � m3=2500 keV��1 � m~�R1GeV�5=2 : (34)Suh large abundane of the sneutrino is unlikely to be produed by thermal satterings ordeays of other superpartiles due to the smallness of m~�R and the Yukawa oupling [60℄.But, the suÆient energy density of right-handed sneutrino an be non-thermally produedin the form of oherent osillations. The right-handed sneutrino an develop a large �eldvalue during ination, and after the ination ends it begins to osillate oherently, whihan indue a large abundane of the right-handed sneutrino [61, 62℄. Its energy density-to-entropy ratio �~�R=s is �xed at the end of the reheating proess,�~�Rs = m2~�R j~�Rij2TR4H2osM2P' 4:3� 10�8GeV� j~�Rij1014GeV�2� TR100GeV� ; (35)where ~�Ri denotes the initial amplitude of the right-handed sneutrino. Here we used theHubble parameter Hos at the start of the osillations is equal to m~�R.As disussed above, the abundane of gravitinos produed by ~�R deay should be sub-dominant omponent of the dark matter. The abundane is given by
3=2h2 ' 9:3� 10�4 � m~�R1GeV�3=2 : (36)It is interesting that the abundane is independent ofm3=2. In order not to signi�antly a�etthe observed small sale struture (& a few Mp), m~�R must be smaller than � 1GeV. Withthe onstraint � . 108 se, m3=2 . 500 keV is also required. Note that suh a hierarhial18



mass relation may be realized in gauge-mediated SUSY breaking models with some extendedgauge interation whih involves right-handed neutrinos and is broken at an intermediatesale.Finally, we omment on the gravitino deay into ~�R and �R. This ase leads to thesame result as in the previous setion, after exhanging (~�R; �R) with (~a; a). Therefore, for�N� � 1, m3=2 & 300GeV and m~�R . 1MeV are required. However, this hierarhialmass relation, m3=2 � m~�R is unlikely in SUSY models. Hene, this ase is not expeted toexplain inreasing �N� .IV. CONCLUSIONS AND DISCUSSIONIn this paper, we present models of deaying partiles for inreasing the e�etive numberof neutrinos N� after BBN but before the struture formation begins. In the model (a)where the saxion deays into two axions, broad regions are allowed. For instane, TR antake a value from 10MeV up to 106GeV, depending on the initial displaement of the saxionand m~a=ms (see Figs. 1 and 2 for details). In partiular, the saxion mass needs to lie in therange between 1MeV and 1GeV, whih suggests the light gravitino. In the model (b) wherethe gravitino deays into the axino and the axion, we require m3=2 & 300GeV together withm~a . 10 eV or m~a . 100MeV depending on the gravitino prodution proesses. The former(latter) bound is the ase with the thermal (non-thermal) prodution. In partiular, oneneeds a hierarhy between the gravitino mass and the axino mass. In the model () wherethe Dira right-handed sneutrino deays into the gravitino and the right-handed neutrino,m~�R . 1GeV and m3=2 . 500 keV are required. This ase works only for the non-thermalorigin of the right-handed sneutrino in the form of salar ondensates.Suh a senario is motivated beause non-standard values of N� > 3 are preferred by theombined data of the CMB, galaxy lustering and the Lyman-� forest [10, 15, 16℄ whereasmost of the reent analyses of primordial 4He abundane favor standard N� = 3 [17, 22, 23℄.As is disussed in Ref. [10℄, the preferene for N� > 3 of the Lyman-� ombined data stemsfrom the inonsisteny in the estimation of the matter power spetrum amplitude at smallsales, represented by �8, between the WMAP and the Lyman-� forest: the latter yieldssomewhat higher value of �8. We note that suh higher �8 values are also derived by otherprobes of the small sale matter power spetrum by the weak lensing [11, 12℄ and strong19



lensing [13℄. Thus, we would like to stress that the models proposed here an not only solvethe disrepany between BBN and the struture formation (the CMB, the Lyman-� forestand so on) but also give a possible answer to the inonsisteny between the WMAP andsmall sale matter power measurements suh as the Lyman-� forest and weak lensing.It should be emphasized that N� is inreased by the \free-streaming" relativisti partileslike massless neutrinos in our models. Our senario of inreasing N� may reall the readersto the senario of \interating" neutrinos disussed e.g. in Refs. [63, 64℄ whose preditioninludes the inrease in N� after BBN by the reoupling. Even though N� hanges by thesame amount, there is a stark ontrast between the free-streaming partiles and interatingones as regards the e�ets on the struture formation. The onsequene is that, althoughN� an be inreased in the interating neutrino senario, it annot solve the problem. Thisis expliitly veri�ed in Ref. [16℄. Their Fig. 5 (a) shows that the free-streaming partiles anbetter �t the Lyman-� data by inreasing N� from 3 but suh is not the ase for interatingpartiles as shown in Fig. 5 (b).Finally, sine the disrepany whih we have addressed in this paper is about 2� level,further data and studies are neessary in order to see whether inonsisteny exists in thestandard osmologial model or in the interpretation of one or more observations. Reently,Ref. [19℄ have obtained the onstraint on N� from the WMAP [1, 2, 3, 4℄ and the SDSSluminous red galaxy power spetrum [6℄ to be 0:9 < N� < 8:2 (95% C.L.). This is not inonit with the one derived using the Lyman-� and the earlier galaxy power spetrum asmentioned in the Introdution, N� = 4:6+1:6�1:5 [15℄, but it does not have suÆient sensitivity totest the need for N� > 3. Sine we annot expet the galaxy power spetrum data to inreasesigni�antly in near future, improvement in the reliability of the Lyman-� forest and weaklensing will be needed to solve the issue. We believe the ongoing works in the ommunitiesto understand soures of systemati errors will aomplish this task and, together with thefuture CMB experiments (the PLANCK sensitivity for N� is foreasted to be � 0:2, see e.g.[65℄), this will tell us whether the senario of inreasing N� is realized in Nature.AknowledgementsThe works of KI, MK and MS were supported in part by a Grant-in-Aid of the Ministry ofEduation, Culture, Sports, Siene, and Tehnology, Government of Japan (No. 1884001020
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