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NIKHEF/2008-030DESY 08-154Massive Hidden Photons as Lukewarm Dark MatterJavier Redondo1 and Marieke Postma21Deutshes Elektronen-Synhrotron, Notkestra�e 85, 22607 Hamburg, Germany2Nikhef, Kruislaan 409, 1098 SJ Amsterdam, The Netherlands.AbstratWe study the possibility that a keV-MeV mass hidden photon (HP), i.e. a hidden setor U(1)gauge boson, aounts for the observed amount of dark matter. We fous on the ase where theHP interats with the standard model setor only through kineti mixing with the photon. Thereli abundane is omputed inluding all relevant plasma e�ets into the photon's self-energy,whih leads to a resonant yield almost independent of the HP mass. The HP an deay intothree photons. Moreover, if light enough it an be opiously produed in stars. Inluding boundsfrom osmi photon bakgrounds and stellar evolution, we �nd that the hidden photon an onlygive a subdominant ontribution to the dark matter. This negative onlusion may be avoidedif another prodution mehanism besides kineti mixing is operative.1 IntrodutionThe evidene for the existene of dark matter (DM) is ompelling[1, 2℄. The various measurements,using rotation urves of galaxies, lensing data, luster dynamis, large sale struture and CMBdata all agree: about 25% of the energy budget of the Universe is in the form of dark matter,and a large part of the dark matter is non-baryoni. Although observational evidene for darkmatter is plentiful, we are still in the dark about its identity. The theory of struture formationprovides indiret evidene about some of its properties. It favors old dark matter (CDM) that isweakly interating and non-relativisti at late times. One of the best motivated CDM andidate isa WIMP, a weakly interating massive partile [3, 4℄. The ligthest supersymmetri partile is thearhetypial WIMP example. WIMPs are in thermal equilibrium with the standard model (SM)partiles in the early universe. With weak sale masses and interations WIMPs would have fallenout of equilibrium at the right time suh that their reli density today is in the right ballpark.Although CDM provides a onsistent piture of struture formation on large sales, there arepersistent problems on subgalati sales. Most notably, CDM predits too many galati satellites[5, 6, 7, 8℄, a galaxy density pro�le that is too uspy [9, 10, 11, 12℄, and too low angular momentaof spiral galaxies [13℄. All these problems suggest that CDM may be too old. This has motivatedwarm dark matter (WDM) [14, 15℄. WDM onsists of lighter partiles, in the 1-10 keV range, thatare on the borderline between non-relativisti and relativisti at the time of struture formation.1
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The non-zero veloity dispersion suppresses struture below the Mp sale. As a result strutureon sub-galati sales is damped, resolving the tension between DM matter simulations and ob-servations. Note in this respet that even lighter partiles would still be relativisti at late times;suh hot dark matter damps struture on sales muh larger than galaxy sales, in onit withobservations.The standard model of partile physis (SM), while desribing ollider phenomenology verysuessfully, does not o�er a suitable DM andidate, and we must look further. Most SM extensionsinlude hidden setors, i.e. setors whih ouple only very weakly, typially gravitationally, to theSM �elds. Given the importane of symmetries in the SM it is not unlikely that these hiddensetors ontain gauge groups as well, inluding some abelian U(1) fators. The usual assumption isthat suh hidden photons (HP) are heavy, and deouple from the standard model partiles, therebyavoiding all observational onstraints. But this needs not be the ase. For example, if the hiddenU(1) is broken by non-perturbative e�ets, the symmetry breaking sale and thus the photon massis exponentially suppressed, and an be naturally light [16℄. At low energies the dominant ouplingof the hidden photon to the SM will most likely be via kineti mixing with the SM photon. Kinetimixing is allowed by all symmetries, and an be realized via a renormalizable oupling | thus inpriniple unsuppressed by heavy mass sales | of the form L 3 �F��B�� , where F�� and B�� arethe SM and hidden photon �eld strengths respetively [17℄.In this paper we study the possibility that a hidden photon with mass in the keV-MeV range, andwhose dominant oupling to the standard model is via kineti mixing, is a dark matter andidate.Beause \warm" is normally used for thermal relis with masses in the 1� 10 keV, our keV-MeVandidates are more likely \lukewarm". Suh hidden photons are too heavy to be measured inlaboratory experiments; the 5th fore searhes or the laser experiments designed to searh foraxion like partiles are only sensitive to muh lighter hidden photons [18, 19, 20℄. Nevertheless,there are astrophysial and osmologial onstraints that restrit this senario onsiderably. First,there is the requirement that hidden photons (HP) do not overlose the universe. In alulatingthe HP reli density we fous on the ase where HPs are solely produed through their mixingwith photons, although we omment on other possibilities. Seond, suh light and weakly ouplingpartiles are produed in the ore of stars, and an subsequently esape the star unimpeded,providing an extremely eÆient ooling mehanism. This alters the evolution of stars, whih isbounded by observations. These onstraints are strong. Indeed, in the whole mass range below 100keV the mixing parameter for whih interesting (measurable) abundanes are obtained is ruled out.Third, the HP is an example of deaying dark matter, as it an deay into three visible photons.If it is to be the dark matter its lifetime should be larger than the age of the universe, whihbounds the kineti mixing from above. And fourth, the deay produts of the HP ontribute tothe galati and osmi gamma-ray bakground, again onstrained by observations. As we will see,all onstraints put together pratially rule out our hidden photon dark matter senario, unlessanother prodution mehanism besides kineti mixing is operative.Under the assumption that kineti mixing is the dominant prodution mehanism of hiddenphotons in the early universe, the hidden photon annot be a old dark matter andidate withMeV mass or above. The reason is that for suh heavy HPs the deay hannel into an eletron-positron pair is open. Stability on the sale of the lifetime of the universe an only be obtainedfor an extremely small kineti mixing. However then the reli abundane is way too small to bedark matter. This raises the question whether suh super-MeV mass HP an leave any imprinton osmology at all. If the HPs deay after the time of nuleosynthesis and/or matter radiation2



deoupling (CMB), an they leave measurable traes? Also here we �nd a negative answer.While this work was in progress two related papers appeared. Pospelov et al. [21℄ also disussthe possibility of hidden photons as dark matter. Although there is a large overlap, we extend theiranalysis by inluding resonane e�ets (whih atually dominate prodution), and by signi�antlyimproving the stellar bounds. As a result, our onlusions di�er substantially from [21℄. In par-tiular, whereas they �nd some hidden photon mass and kineti mixing parameters for whih theHP an be the dominant soure of dark matter, we rule out this possibility. Chen et al. [22℄ studyHPs with masses of � 100 GeV as old dark matter. Their analysis di�ers from ours in that theyinlude additional non-renormalizable interations, whih provide an extra soure of prodution.This allows for a long lifetime (requiring small kineti mixing) while at the same time obtaining alarge reli density.This paper is organized as follows. In the next setion we introdue the model. For a propertreatment of photon - hidden photon interations plasma e�ets should be taken into aount andthe relevant formulas are disussed. In setion 3 we alulate the reli density of hidden photons as afuntion of its mass and mixing. We explain that for hidden photons in the keV range prodution isdominated by the resonane regime, whih ours for temperatures suh that the thermally induedphoton mass equals the hidden photon mass. For heavier HPs the main prodution hannel is viaeletron-positron oalesene. In setion 4 we disuss the osmologial and astrophysial boundson the HP parameter spae, inluding the bounds from overlosure, stellar evolution, and from thedi�use gamma-ray bakground. In setion 5 we disuss the e�ets of non-renormalizable interationsbetween the hidden setor and the standard model. If these additional interations dominate theprodution of hidden photons parameter spae opens up, and hidden photons an be the darkmatter in the universe. We end with some onluding remarks.2 The modelConsider a hidden setor U(1) gauge boson, a hidden photon, whih ouples to the standard modelphoton solely via gauge kineti mixing [17℄ with the hyperharge boson. The low-energy e�etiveLagrangian is [23, 24℄L = �14F��F �� � 14B��B�� + sin�02 B��F �� + os2 �02 �2B�B�; (1)where F�� and B�� are the photon (A�) and hidden photon (B�) �eld strengths. The dimensionlessmixing parameter sin�0 an be generated at an arbitrarily high energy sale and does not su�erfrom any kind of mass suppression from the messenger partiles ommuniating between the visibleand the hidden setor. This makes it an extremely powerful probe of high sale physis. Typialpredited values for �0 in realisti string ompati�ations range between 10�16 and 10�2 [25, 26,27, 28℄.The most prominent impliation of the kineti mixing term together with the non-zero hiddenphoton mass � is that photons are no longer massless propagation modes. Similar to neutrinomixing, the propagation and the interation eigenstates are misaligned. The kineti mixing terman be removed by a hange of basis fA;Bg ! fAR ; Sg, where AR = os�0A and S = B� sin�0A.Sine A and AR di�er only by an unobservable harge renormalization we will drop the R subsript3



from now on. In the fA;Sg basis the kineti term is diagonal but kineti mixing provides ano�-diagonal term in the mass-squared matrix,� �2 sin�20 �2 sin�0 os�0�2 sin�0 os�0 �2 os2 �0 � : (2)As a result one expets vauum photon-sterile osillations [29℄ as in the ase of neutrinos. In thefollowing we will use the notation  ,0 for the avor states, whih are the quanta of the fA;Sg-�elds respetively. The mass eigenstates are denoted by 1;2, with 1 mostly \photon-like" and 2mostly \hidden photon-like".The above disussion applies to the system in vauum. In the early universe matter e�etsshould be taken into aount, as the photon is submerged in a thermal plasma. We an inludethe inuene of the plasma in the photon propagation1 through the photon's self energy, whihenters into the above formalism as a omplex e�etive mass. The real part of the mass enodes therefration properties of the plasma and its magnitude is set by the plasma frequeny !P. We willrefer to it as the plasma mass or the photon mass denoted by m . For the temperatures of interestthe main ontribution omes from Compton sattering on eletrons, whih givesm2 = � !2p = 4��(ne=me); (T � me)32!2p = (2=3)��T 2; (T � me) (3)where ne is the eletron number density. The ontributions from photon sattering o� other hargedpartiles are ompletely analogous. The full formulas are given in Appendix A.The imaginary part of the photon e�etive mass is given by!D(!;T) = �! ��A(!;T)� �P(!;T)� = �! �e!=T � 1��P(!;T) (4)where �P(A)(!; T ) is the prodution(absorption) rate of photons with energy ! in a thermal bathat temperature T [30, 23℄. The \damping fator" D(!;T) may be thought of as a rate parametermeasuring the e�etiveness of the ollisions to stop the oherent development of the wave fun-tion [31℄; alternatively it an be interpreted as the rate at whih photons would regain thermalequilibrium [30℄. The relevant de�nitions are presented in Appendix A.The e�etive mixing angle in a damping dominated medium2 is given by [23℄�2(!; T ) ' �20 �4(�2 �m2)2 + (!D)2 : (5)It depends impliitly on the energy and the temperature though m and D. The imaginary ontri-bution to the photon mass, !D, is typially smaller than the real part3, m , so it only plays a rolenear the resonane m = � where it ats as a ut o�.Sine the plasma frequeny is a steep funtion of temperature, the resonant onditionm(Tr) =� divides the temperature range into a region of very suppressed mixing angles (m � � for1 Throughout this paper we do not disuss longitudinal photons. We expet that inluding their e�ets will nota�et our results signi�antly.2For the small values of �0 we onsider in this paper, the mixing is always damping dominated with !D� 2�20�23Both the real and imaginary parts ome from matrix elements squared, but the real part interferes with theidentity matrix and therefore involves less powers of the oupling onstant.4



T � Tr) and a region whih an be onsidered as vauum (m � � for T � Tr). For heavyhidden photons with � & MeV, the resonane happens when eletrons are still relativisti at atemperature Tr = �p3=(2��) ' 8�, where we used (3). For muh smaller masses the eletrons arenon-relativisti at the time of resonane, and m / T 3=2e�me=T . Due to the exponential dereasethe thermal mass m is extremely sensitive to T . Consequently for a broad range of values for �,in the range 1� 105 eV, the resonane happens not far from Tr � 0:2 me. As we will see, for smallHP masses the prodution is dominated by the resonane, whereas for larger masses at slightlylower temperatures. This means that in both ases all interesting physis happens at relativelyhigh temperatures T > 0:2 me, orresponding to the period when eletrons and positrons have notompletely annihilated and their hemial potential is still negligible.That the resonane is more prominent for low mass HP masses an be easily understood.Considering only Compton sattering the damping fator D ranges from 8��2=(3m2e)ne (at T � me)[23℄ to � �2T 2=(�!)Log(4T!=m2e) (at T � me). This gives for the ratiom2!D ' 8><>: 32�me=!; (T � me)2�23� �Log 4T!m2e ��1 ; (T � me) (6)whih sets the enhanement of the e�etive mixing angle at the resonane. Sine ! � T , (6)shows learly how the resonane is enhaned at low temperatures, orresponding to small HPmasses, and losses importane (�rst linearly, thereafter logarithmially) as eletrons beome moreand more relativisti. For our range of hidden photon masses � > keV, the resonane temperatureis bounded Tr & 0:2 me, and the enhanement fator (6) is never extremely large, a fator � 103at most.The photon-hidden photon osillation frequeny also beomes modi�ed in the medium, it reads!os = 12!q(�2 �m2)2 + 4�20�2 : (7)Sine typially !os � D, many osillations take plae before a photon is absorbed or sattered sothe two mass eigenstates, whih travel at di�erent speeds, are not likely to still have an overlap atsubsequent interations. We an then simply treat 1;2 as two di�erent �nal states. This is trueexept near the resonane, where !os=D is preisely the ratio in (6) times the vauum mixing angle�0 , and therefore is very small unless �0 & 2�!=(3me). However, even in this last ase we an alsotreat 1;2 as two �nal states (negleting oherene) as long as the e�etive mixing is small beausethe photon-like wave/state/omponent 1 will be damped muh faster than 2.3 Prodution of hidden photonsIn this setion we alulate the abundanes of thermally produed hidden photons. We an dividethe prodution into three stages. At high temperatures for whih m(T ) � � the hidden pho-ton is omparatively massless; photons are very lose to being both interation and propagationeigenstates and the e�etive mixing angle (5) is strongly suppressed. Consequently the amount ofhidden photons produed is negligible small. We an therefore assume that the initial abundaneof hidden photons is negligible small. This sets the initial ondition. As the temperature lowers, so5



does the plasma frequeny, and the system hits the resonane when m(T ) = �. The photon bathpresent will partly onvert into a hidden photon bath, the eÆieny of this onversion depending onthe e�etive mixing parameter. At lower temperatures, the e�etive mixing relaxes to the vauumvalue � � �0 , but still the prodution an be e�etive, favored by the fat that the expansion ofthe universe is inreasingly slower.Sine we have argued that oherent e�ets do not play a role, the evolution equation for the 2yield is the usual Boltzmann equation one expets from inoherent prodution,�Y2� lnT = �2H � d ln sd lnT 3Y1 (8)where we de�ned Y1;2 = n1;2=s the ratio of the hidden photon-like or SM photon-like density to theentropy density, and H is the Hubble onstant. The d ln s term on the right hand side inorporatesthe hange in the e�etive plasma degrees of freedom as speies deouple from the thermal bath[32℄. For the broad HP mass range keV-GeV, there is only muon, eletron and neutrino deoupling.The relevant de�nitions an be found in Appendix B. Note �nally that we assumed that Y2 � 1always, making the absorption proesses of 2s negligible.The HP prodution rate is given by the sum of di�erent ontributions�2 = (ne+ + ne�)h�2evM�oli+ ne+ne�n h�2vM�oli+ ne+ne�n h�12vM�oli+ ::: (9)where ne+; ne� are the number densities of eletrons and positrons, �2e; �2 ; �21 are the spin-averaged ross setions of the reations 1e ! 2e (Compton-like prodution), e+e� ! 2 (pairoalesene) and e+e� ! 12 (pair annihilation). The brakets denote the proper thermal average,whih for a reation a+ b! 2 +  is given by [32℄ 4nanbh�2vM�oli = Z gadp3a(2�)3 fa Z gbdp3b(2�)3 fb �2(s) vM�ol � Z dnadnb �2(s) vM�ol (10)with fa;b the Fermi/Bose distribution funtion = (eEa;b=T � 1)�1 for initial state fermion/boson,vM�ol =pjva � vbj2 � jva � vbj2, the Moeller veloity, Ea;b; pa;b; va;b the energy, three momenta andthree veloity of the inoming partiles, s the enter-of-mass energy (not to be onfused withthe entropy density) and gx the internal degrees of freedom of the partile type x. The relevantross setions an be found in Appendix C. At temperatures T � me only the sattering proessontributes to HP prodution beause of the exponentially dereasing eletron/positron density.At large temperatures however we also have to inlude the oalesene e+e� ! 2 and annihilatione+e� ! 12 proesses. The oalesene proess is muh stronger sine it is suppressed by asmaller power of the �ne struture onstant � ' 1=137 but it is only possible for HP masses greaterthan twie of the eletron, i.e. for � > 2me. Therefore in priniple we should onsider all threeproesses5.To make the numeris less demanding we an use Maxwell-Boltzmann statistis for the initialpartiles. Leaving aside the resonant prodution, for whih we will develop a simple and generalformula, this is justi�ed beause the prodution is dominated by the Wien tail of the distribution.4 We neglet stimulation/bloking fators for �nal state bosons/fermions sine in pratie they do not play asigni�ant role.5The generalization to inlude other harged partiles like muons or pions is straightforward, but for the HP massrange of interests an be negleted. 6



The reason is that the prodution rate is proportional to some inverse power of the temperaturetimes a Boltzmann fator e�E=T , and thus prodution is dominated by temperatures T < �. Onlythe partiles in the Wien tail of the distributions will have enough energy to produe a HP, andtheir distribution is well enoded by Maxwell statistis. Note also that in this regime �� m andthis justi�es why we an set m = 0 in the ross setions of in Appendix C. Under these onditionsthe thermal average (10) simpli�es enormouslynanbn h�vM�oli = gagbg 132�2�(3)T 2 Z 1s0 (s� s0)dsps �(s)K1�psT � ; (11)where s0 = (ma +mb)2 and K1 is the modi�ed Bessel funtion of the seond kind.We have omputed numerially this average and plotted our results for three representativeases in Fig. 1. For illustrative purposes we have extended our alulations to large values of thetemperature to over the resonane as well. Looking at the graph of dY2=d log10 T we see thatthe resonant ontribution grows with respet to the low temperature inoherent part for small HPmass. Indeed, where for � > 2me inoherent sattering dominates prodution, in the opposite limit� < 2me resonant prodution dominates. For heavy HPs with � > 2me the dominant ontributionto the �nal HP abundane omes from inoherent prodution via pair oalesene; the resonaneontributes only a small fration. We disuss this ase in the next subsetion. Below � < 2me theoalesene proess is not possible, and the inoherent prodution dereases substantially omparedto the resonane, whih is already very peaked and therefore dominates HP prodution. Moredetails are given in subsetion 3.2.3.1 The oalesene region (� > 2me)For heavy HPs with mass � > 2me pair oalesene dominates. Compton-like and annihilationontributions are subleading beause of the additional power of � in the ross setions. Moreover,even though they ontribute to the resonane (unlike oalesene) this ontribution remains lessthan � 10 %.The oalesene ross setion ontains a Dira delta of the enter-of-mass energy whih makesthe thermal average trivial. We �nd (ne+ = ne� = ne)n2en h�2vM�oli = �4�(3)T 2K1 ��T � (�2 + 2m2e)p�2 � 4m2e : (12)Using this expression the the �nal abundane an be approximated byY2 ' 1:2 � 1017�20 �GeV� �" 1pge�he� d ln sd lnT 3 �1 + 2m2e�2 �s1� 4m2e�2 #T=Td : (13)Here we have negleted the temperature dependene of the number of radiation degrees of freedomge� ; he� (see appendix B) and of the eletron mass me. This is beause the integral is dominatedby a narrow interval around Td � �=3 where the former annot hange dramatially (thus we anevaluate them at Td) and the role of me in (12) is minimal. To understand this last argument notethat, due to the thermal omponent of the eletron mass, there is a maximum temperature T that7
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over partile three-momentaXa;b Z dnadnb 1!D �̂vM�ol�������=m � Z g2d3p2(2�)3 1!D�P = Z g2d3p2(2�)3 1! 1e!=T � 1 = �(2)�(3) nT (17)sine �P(e!=T � 1) = D, and we have used m = �� T and6 g2 = g1 = 2 in the thermal integral.Plugging it bak in then gives the 2nd expression in (16).The ross setion (the prodution rate) has dropped out of the number density of HPs produed.This is a urious result, as the �nal abundane is independent of the details of the proesses involved,it only depends on the shape of the resonane.In the limit that the eletrons are relativisti, i.e. for temperatures T & me, we an obtain asimple formula through m2 = �2 = 2��T 2=3,Y2 � 1:3� 1017�20 �GeV� ��20 1pge�he� d ln sd lnT 3 ����T=Tr ; (18)where we set j(T ) = 2. Up to kinematial fators this expression is the same as the oaleseneprodution yield (13). Note however that the degrees of freedom are evaluated here at the resonanttemperature and in (13) at Td ' 0:3�. Sine the resonane happens at muh higher temperatures(Tr > 8�) where ge� ; he� are larger, its ontribution is suppressed with respet to the oaleseneyield.The resulting reli energy density in hidden photons today 
2 an be dedued using the on-servation of the entropy per oming volume to get
2h2 = 2:82� 108 �GeVY2 : (19)with h � 0:71 the Hubble onstant today in units of 100 km/s/Mp. Sine the values of Y2 (13),(18)are inversely proportional to the HP mass (up to a small dependene of the ge� ; he� parameters onthe prodution temperature), the reli densities we obtain are pratially independent of �. For ournumerial alulations shown in Fig. 3 we used the full expression (16), rather than some limitingapproximation suh as (18).4 BoundsIn this setion we disuss the osmologial and astrophysial bounds on hidden photons with massand mixing parameter (�; �). We do not make any additional assumptions about the hidden setor,suh as the possible existene of milliharged partiles or a hidden setor Higgs.Note that in our omputation of the reli abundanes we have negleted possible bakreationsthat onvert hidden photons into standard model partiles. This remains true until n2 ' n1, i.e.until 2�4he�Y2=(45�[3℄) is O(1). Up to a small mass dependene, this happens for �0 . 10�9 (seethe thin dashed line in Fig. 3). Of ourse our omputations are not preise outside this regime,but we an qualitatively interpret that for suh large kineti mixing the studied interations keephidden photons in thermal equilibrium with the standard bath, at least for a short period of time.6Reall that we do not onsider longitudinal modes, whih have other dispersion relation.10



4.1 Deay ratesThe phenomenology is very di�erent for heavy hidden photons (� > MeV) and lighter ones. Thishas shown up already in the prodution rate and also a�ets the deay rate. The mass eigenstate2 has a small admixture of the ative photon state, and thus an deay. For HP masses smallerthan two times the eletron mass, � < 2me, the only deay hannel is into three photons throughan eletron loop7. For larger masses the dominant deay hannel is into an eletron-positron pair.The relevant8 lifetimes � are given by��12! = 17�4�211664000�3 �9m8e ; (�� me) (20)��12!e+e� = ��2�2 s1��2me� �2�1 + 2m2e�2 � ; (� > 2me) (21)with � � 1=137 the �ne-struture onstant. As the HP photon mass inreases, new deay hannelsinto pairs of higher mass harged partiles open up. Deays into heavier leptons are analogousto (21) and the ontribution of deays into hadrons are given by ��1had = ��1e+e� � R(�) with R(s)the experimentally measured ratio �(e+e� ! hadrons)=�(e+e� ! �+��) as a funtion of theinvariant enter of energy mass [34℄. Unfortunately, as we will see, suh heavy HPs annot be�rmly onstrained.If the hidden photon deays before the onset of big bang nuleosynthesis (BBN), about � 0:1 safter the big bang, they leave no trae in osmology. For lifetimes between BBN and today (t0 '4:3�1017 s) the deay produts an a�et BBN and/or the CMB blakbody spetrum. For lifetimeslonger than the age of the universe the reli HPs ontribute to dark matter so their energy densityannot exeed the �duial value 
DMh2 ' 0:1. In addition, photons produed in HP deays annotexeed the measured osmologial photon bakgrounds.In Fig. 3 we plotted in (�; �)-parameter spae the regions for whih the HP deays before BBN(white upper right part), during BBN (dark gray band), during the time the CMB is unprotetedto distortions (medium gray band) and after deoupling (light gray band). The region where theHP has a lifetime longer than the age of the universe, and thus an (if abundantly produed) be�stable dark matter, orresponds to the white lower part of the plot. The derease in deay timeas the HP mass passes the pair prodution threshold is huge. Consequently the most interestingregion, where the HPs an a�et osmology and/or astrophysis, is the low mass region � < 2me;Let us from now on all HPs in this region \light" HPs. They are the main fous of this work asopposed to to \heavy" HPs whih essentially evade all onstraints.7The �0 anomaly also provides a 3 photon deay hannel but the amplitude is suppressed by �8QCD instead of m8eand therefore is subdominant. There is also a deay into two neutrinos, sine in general the hidden U(1) should mixwith the hyperharge U(1). However, in this ase the mixing gets an additional suppression fator �2=(�2 �M2Z)2whih for the masses onsidered is huge.8Deays are only kinematially allowed for temperatures below the resonane (T . Tr) suh that the photon andeletron thermal masses are smaller than �. Sine as we will see hidden photon prodution for T > Tr is negligible,this threshold is in pratie irrelevant.
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Figure 3: Bounds on hidden photons in the mass-mixing plane. HPs that reprodue the rightamount of DM lie on the line 
2h2 = 0:1 and the region above is exluded by overprodution.Above the thin dashed line HPs will interat strongly enough to reah thermal equilibrium withthe standard bath. The regions labeled Sun and HB are exluded by an exessive HP luminosityin the sun respetively in horizontal branh stars in globular lusters. In the region labeled IDPBthe HP deay produts exeed the intergalati di�use photon bakground. This bound assumesthat the HP reli density is reated through the kineti mixing as disussed in this paper. Ifone assumes other prodution mehanisms that lead to 
2h2 = 0:1 independently of � the boundextends all down to the light yellow region. We �nd no bounds above � > 2me ' 1 MeV. Alsoshown are regions where the HP deay ould inuene di�erent osmologial epohs: pre-BBN(� < 1 se), BBN (1 se< � < 3 min) and post BBN (3 min< � < 106 se), CMB-unproteted (106se< � < 1012 se), CMB deoupled until now (1012 se< � < 4:3 � 1017 se ). See the text fordetails.
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4.2 Cosmologial BoundsThe reli density annot exeed the measured dark matter fration in the universe as measured byWMAP [35, 36℄ whih onstrains 
CDMh2 . 0:1. Hidden photons that saturate this bound andare stable lie in the blak solid line in Fig. 3. We see that only light hidden photons an satisfythis riterion, and therefore the matter fration plotted only inludes the ontribution from theresonane (18), whih as disussed before dominates the light HP prodution. The spae abovethis line an be exluded beause it leads to too muh DM abundane. Stritly speaking this boundonly applies to hidden photons with the life-time longer than the age of the universe. However, HPsdeaying after CMB deoupling are also exluded, as they leave their trae in the CMB anisotropies.The remaining parameter spae above the CMB-deoupling line an be easily exluded as well, butthis will be better argued after onsidering possible onstraints on heavy HPs.Heavy hidden photons deay into eletron/positron pairs muh before CMB deoupling. Onemight wonder if the deay produts an alter the suessful piture we have of the post BBNosmology. Let us address this question for HPs of inreasing lifetime.Heavy hidden photons in the right upper white orner of Fig. 3 have lifetimes smaller than � 1:5seonds, whih orrespond in standard osmology to the moment when the weak harged-urrentreations that keep protons and neutrons in thermal equilibrium freeze out (at T � 0:7 MeV).As a onsequene of this freeze out the neutron density is �xed (exept for the very slow neutrondeay) instead of dereasing exponentially as it would have done if still in thermal equilibrium withprotons. Later, nearly all neutrons will onvert into 4He nulei, whih provides an indiret test ofthis epoh. This is the earliest time in the history of the universe that we an test so far. Therefore,heavy HPs that deay well before do not leave a trae in osmology. As we have seen, produtionof heavy HPs remains ative up to Td ' �=3. From this it follows that HPs with masses below� 2:1 MeV are in thermal equilibrium and thus are present as ative degrees of freedom during thep-n deoupling (parameter spae roughly below the thin dashed line in Fig. (3)) and they ould inpriniple a�et it.For longer lifetimes the HPs deay during or after BBN ating as extra radiation during the timeof BBN a�eting the BBN yields as well. Moreover, their deay produts an spoil the suessfulagreement between observations of primordial abundanes and theoretial omputations (see [37℄for a exellent reent review). The energeti primaries e�; ��; ��::: will initiate eletromagnetior hadroni asades. The former an inlude photons with energy larger than & 2 MeV whihwill then photodissoiate the light elements; the latter an have a variety of e�ets like destroyingprimordial nulei, inter-onverting protons and neutrons or altering the baryon to photon ratio.Usually one derives bounds on the amount of energy released per photon (here �Y2s=n1) sinethe eletromagneti/hadroni asades form a universal deay spetrum [38, 39, 40℄ independentof the energy of the primaries. This turns out to be an exellent approah for very energetiprimary partiles, but fails for the lowest masses we want to onsider of order MeV. For deayphotons and eletrons below the threshold for this universal asade, but above the thresholdfor photodissoiation, the resulting spetrum will be di�erent. The authors of [41℄ onsideredspei� bounds for a late injetion of 10 MeV photons from a reli deaying partile and foundthem to be less stringent than for universally asading photons/eletrons. They quote the boundEn < 10�9GeV for deay photons with energy E < 20 MeV from a reli partile whose lifetimeis > 106 s and is present with a reli density n relative to the thermal photons. The bounds present13
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Figure 4: Cosmologial onstraints on a massive partile of mass � deaying into SM partiles witha lifetime � and a reli number density n0 . Above the thik solid blak line the deay produtsspoil suessful nuleosynthesis [38℄ produing hadroni showers if � & 1 GeV (below � = 104 s)and eletromagneti asades if � & 5 � 30 MeV (above � = 104 s). The thik short-dashed lineomes from a more reent alulation [40℄. Distortions of the CMB spetrum would be notieableabove the long-dashed line [38℄. Our preditions for hidden photons for di�erent masses � > 2meare shown as thin lines.in the literature depend on the plasma interations onsidered and (slightly) on the experimentalvalues of the abundanes taken. In Fig. 4 we have reprodued the results of [38, 40℄ as an illustrationand we have plotted the HP energy release per photon �Y2s=n1 as a funtion of the Hidden Photondeay lifetime � .The region above the thik line below � = 104 s is exluded for relis with masses > 1 GeVwhih an trigger hadroni asades via their deay produts. The line � = 1 GeV uts this linefor an abundane whih orresponds to �0 � 10�11, but this mass is on the borderline of the limitof validity of this bounds. A more dediated analysis is needed to potentially rule out a (small)region around these values. Something very similar happens for lifetimes above 104 s. Here thedeay produts are limited by their apability of initiating eletromagneti asades whih ontainphotons of energy above 2:2 MeV that an destroy deuterium, or above 20 MeV that an destroy4He giving as a produt too muh Deuterium and 3He. We have also plotted the more reentresults of [40℄ as a dashed line. The authors of [38℄ laim the bounds to be valid for primaryphotons/eletrons above 5 � 30 MeV. Again we have a small region whih an be be potentiallyexluded, but it is one again at the limit of validity of the bound, and a more arefull analysis isneeded.To summarize, in the high mass region � > 2me we �nd no signi�ant bounds from BBN.Basially, if the mixing is large so that appreiable abundanes of HPs are produed, the deay14



width is also large and deay ours before it an ause troubles to our standard piture of BBN.Let us now omment on possible distortions of the CMB blakbody spetrum. A perfet blak-body has �xed energy and number densities of partiles whih are governed by a single parameter,the temperature. The deay produts of hidden photons an hange the blak body spetrum.The photon interations with the ambient eletrons and nuleons will tend to bring them bak totheir blakbody values, although at a di�erent temperature. Compton sattering is e�etive inredistributing energy until the universe is � 109 seonds old, but annot hange the photon num-ber. The interations responsible for this are bremsstrahlung e�p+ ! e�p+ and double Comptonsattering e� ! e�, and they beome ine�etive at around 106 seonds at � keV temperatures.Therefore, if the HP deays before 106 seonds the blakbody will be eventually reestablished. If itdeays between 106 and 109 seonds the photon spetrum will regain a thermal shape, but with anon-zero hemial potential. Finally if the deay is later than 109 seonds there will be a notieablenon-thermal distortion in the CMB alled \Comptonization" or y-distortion [42℄. These last twopossibilities an be strongly onstrained by the preise determinations of the blakbody spetrumof the CMB by the FIRAS spetrometer on board of the COBE satellite [43℄. The bounds on theenergy injeted were derived in [38℄ and are also shown in Fig. 4 as a long dashed line. We againsee that heavy hidden photons annot produe notieable distortions.Let us now examine BBN and CMB bounds for light HPs (� < 2me). They have massesbelow the eletron mass, so they annot produe photons with energy greater than 2 MeV whihould photodissoiate deuterium. In Fig. 3 we already see that light HPs that deay before theCMB deoupling lie above the thermalization line, so during their resonant prodution at Tr > 8�they reah thermal equilibrium with photons. This �xes their abundane rather than (18). Later,when they deay, their energy density is at least as large as that of the photons. Using � � meand n2 � n1 and examining the CMB bounds of Fig. 4 it beomes lear than the region labeledFIRAS in Fig. 3 is ompletely exluded. Light hidden photons with larger kineti mixing will deaywhen photon-number interations are ative and therefore will not distort the spetrum. However,if they deay after BBN (above the white dashed line) they will ertainly distort standard BBNating as invisible degrees of freedom. Sine they are in thermal ontat until T � 8� � 5 MeVand then suddenly deouple they miss the injetion of entropy of eletron positron annihilation,and they ontribute to the energy density during BBN as 8/7 that of a neutrino speies. At least,this would be the ase if they were massless. Kolb and Sherrer showed [44℄ that a neutrino withmass in the range 0:1� 10 MeV a�ets BBN more strongly than a massless neutrino, and the sameonlusion remains valid for our light HPs. Similar onlusions an probably be drawn even ifthey deay before BBN although a detailed study would be required for this bounds to be robust.Finally if �0 � 10�3 � 10�4 they would deay immediately after their resonant prodution, beforep-n deoupling leaving no trae in BBN.4.3 Gamma Ray BoundsThe deay of light dark matter hidden photons 2 ! 3 would ontribute to the observed gamma-ray bakground. Bounds on deaying dark matter have been extensively disussed in the litera-ture [45, 46, 47, 48, 49, 50, 51℄. Most of these works onentrate on 2-body deay. Line searhesin the spetrum are done to bound the deay rate and mass of the deaying DM partile. Hiddenphotons deay into three photons, and the resulting spetrum has no sharp line feature. Instead of15



applying the line searhes to our 3-body deay spetrum, we demand that the gamma ray ux fromdeaying HPs does not exeed the total observed gamma-ray ux9. Model-independent boundswere alulated in [52℄ imposing that the photon ux from the DM deays does not exeed themeasured intergalati di�use photon bakground (IDPB):� �GeVs . 1027 � !GeV�1:3�
2h20:1 � (22)for a partile of mass �, lifetime � and ! the energy of the deay photon. The energy spetrum ofthe deay photons is peaked around ! ' �=3. Ref. [52℄ assumed 
h2 = 0:1, setting the last fatorin (22) to unity. The used energy bin width is large enough so that the bounds for 2-body and3-body deay are nearly the same.In Fig. 3 we plotted the urve in (�; �)-plane for whih the HP deay is 10% and 100% of thetotal observed ux. The parameter spae above this line is exluded. In our alulation we didnot assume that HPs are all of the dark matter setting 
2h2 = 0:1 in the RHS of (22), but insteadalulated the reli abundane as a funtion of (�; �) from our alulations of setion 3.4.4 Astrophysial LimitsThe prodution of weakly interating partiles in stellar interiors an substantially a�et stellarevolution [53, 54℄. Hidden photons with small � will be sarely produed in the dense plasmas ofthe stellar interiors, but they will leave the star unimpeded ontributing diretly to the star's overallluminosity. On the other hand, only photons of the photosphere (and neutrinos) an ontribute tothe standard energy loss. Therefore, naively, the hidden photon luminosity is enhaned at least bya volume/surfae fator and a further (�inside=�surfae)n(Tinside=Tsurfae)m (with � a typial partiledensity and n;m > 1) with respet to the photon luminosity.The e�et of suh an energy loss in the ase of the Sun was studied in [23℄. In a main sequenestar like our Sun the existene of an exoti luminosity simply means that the fusion of hydrogeninto helium is proeeding faster than required to aount only for the observed photon luminosity.It is well known that the Sun has been shining for more than 4 billion years, and this onstraintsthe rate of helium prodution (sine there is still some H in the Sun). This translates into a boundL0 < L for the hidden photon luminosity. Integrating over a solar model [55℄ gives the boundlabeled Sun in Fig. 3. An improvement of roughly one order of magnitude in the bound an beahieved by mathing the photon luminosity with the neutrino ux, also proportional to the rateof hydrogen fusion, as done for the axion ase in [56℄. However we already see that the bounddegrades very fast for � � T� � 1:3 keV, leaving spae for hidden photon dark matter. To losethe window we need to onsider hotter stellar interiors.We shall fous on horizontal branh (HB) stars in globular lusters whih provide the strongestlimits for energy loss for intermediate temperatures. The ore of a HB star burns helium intoarbon and oxygen at a quite onstant temperature of 8:6 keV and density � 104 gr m�3. Withthese harateristis a HB ore is still a lassial plasma and the Compton proess provides the9The bound obtained is a fator 10�2 weaker than that obtained for line searhes for 2-body deay. A similarsuppression fator is obtained when we try to adopt the line-searh result to 3-body deay, as the maximum hits perbin is redued by a fator 10�2 with respet to the 2-body deay.16



most important HP prodution mehanism. At suh small temperatures the thermally averagedprodution ross setion an be omputed preisely taking into aount the orret statistis for thephoton. The invariant mass is pratially independent of the eletron momentum s ' m2e + 2me!so R dne fatorizes out. Also the relative veloity is simply vM�ol � 1. We �nd for the energy lossper unit mass dEdmdt = 12mu 1�2 Z 1� !3d!e !T � 1�2e(s(!)) ; (23)whih has to be smaller than 10 erg g�1 s�1 [53℄. Note that in a HB ore the plasma frequenyat the ore is ! � 2 keV so we an take �e� ' � for masses � � 2 keV. The resulting bound isplotted in Fig. 3.Usually hotter stars are also more dense and, having larger plasma frequenies, it is possible tohave a resonant prodution for � > 2 keV. This an be the ase for red giants before He ignition(T � 8:6 keV, ! � 18 keV) and white dwarfs (T � 1 keV, ! � 23 keV). All these stars haveores supported by eletron (or neutron) degeneray pressure. Photon interation rates in theseenvironments are suppressed by Pauli bloking fators of fermions, making the HP energy lossalulation more involved. Moreover, the HB bound onstraints HPs as a sizable fration of darkmatter for � . 100 keV. Only in supernovae ores (up to T � 10 MeV, ! � 1 MeV) an the densitybe so high to get resonant prodution of suh massive HPs. Unfortunately, in this ase we �nd thatthe emission of HPs annot ompete with neutrinos, and the bounds are not ompetitive with theIDPB bound desribed above [21℄.5 Non-renormalizable operatorsIn our treatment so far we assumed that kineti mixing is the only relevant oupling between thestandard model and the hidden setor. Kineti mixing an be generated at arbitrary high energysale by \messenger �elds" whih are harged under both the SM U(1) and hidden setor U(1).However, these same messenger �elds generate at one-loop order also a non-renormalizable termin the Lagrangian. It is not impossible that these additional interations dominate the produtionof hidden photons. If so, this opens up parameter spae and allows for the possibility of HPs withmixing parameter smaller than � � 10�11 � 10�12 as warm dark matter (hidden photons withlarger mixing are still exluded as they overlose the Universe). Let's disuss this senario in a bitmore detail.For de�niteness, onsider two messenger �elds with massesM;M 0 and harges (1; 1) and (1;�1)under weak hyperharge and the hidden U(1) respetively. The kineti mixing generated at oneloop is then [17℄ � = gY g016�2 log�M 02M2 � � gY g016�2 �ÆM2M2 � � 10�4 �ÆM2M2 � : (24)In the seond step we assumed degenerate masses ÆM2 =M 02�M2 �M2. In the last step we tookthe hidden setor gauge oupling g0 to be of the same order as the hyperharge oupling gY , with1=60 = �(MZ) < � < �(GUT) < 1=25. To get small enough kineti mixing � . 10�11 requiresvery degenerate messenger �elds ÆM=M . 10�8, very small g0, or a ombination of both.The same messenger �elds also give rise to non-renormalizable operators in the Lagrangian, for17



example (up to order one fators)L � g2Y g02(4�)2M4 (F��F ��)(B��B��): (25)A signi�ant amount of hidden photons an be produed through the above interation provided thereheat temperature of the universe is high enough. Sine the HP prodution rate � ��0(T=M)8Tdepends on T to the ninth power, for temperatures T �M these proesses are negligible, and ki-neti mixing dominates the prodution of HPs. The non-renormalizable interations are in thermalequilibrium in the early universe if the interation rate exeeds the Hubble rate H � T 2=mp. Thishappens for � TM�7 & 1�2�02 �Mmp� (26)that is for reheat temperatures TRH & 0:1M . If equilibrium is established the number density ofhidden and SM photons is of the same order of magnitude at the time the reations (25) freeze out.Rewriting to entropy density, and using (19) this translates into a HP reli density of(
2)eq ' 8� 102 � �MeV��200he� � (27)with he� & 200 the e�etive entropy degrees of freedom (see Appendix B ) at freeze-out. The darkmatter density 
2h2 = 0:1 is obtained for masses in the � � keV range.For larger HP masses, the right reli density an only be obtained if prodution ours out ofequilibrium. Prodution is most e�etive at the largest temperature whih is the reheat tempera-ture. The estimated reli density is [22℄(
2h2)non eq � 6� 10�3g04 � �keV��TRHM �7 �mpM � (28)whih an easily be of order 0:1 for a wide range of masses, depending on the parameters g0; TRH;M .Without an UV ompletion of the theory no de�nite preditions an be made. The result isindependent of the mixing parameter. From (24) it an be seen that the mixing parameter dependson the unknown mass degeneray ÆM=M of the messenger �elds.The onstraints on this senario are the same as when kineti mixing is the only produtionsoure. As mentioned before, the mixing parameter should be smaller than � . 10�11 � 10�12 toavoid overlosure. The resulting HPs have a lifetime larger than the universe, and an be the darkmatter. The stellar onstraints from the sun and horizontal branh stars are unhanged, but thegamma ray bounds are slightly di�erent than before. In Fig. 3 we used the HP parameters f�; �gto alulate the reli density produed via kineti mixing, whih in turn was used to determine thegamma ray bound for the parameters at hand. In the present senario the reli density gets anadditional and unknown ontribution from early prodution via the non-renormalizable interations.Therefore in Fig. 3 we plotted the gamma ray bounds taking a �xed value of the reli density
2h2 = 0:1, as well as the bounds when 
2h2 is omputed from prodution via kineti mixing andthus depends on f�; �g. Parameters above the gamma-ray bound for whih 
2h2 is dominated bykineti mixing are still exluded. Parameters in between the two lines are exluded as the darkmatter andidate, but for smaller reli densities the gamma ray bounds are still evaded. Finally,the parameters below both bounds are unonstrained by the -bakground.18



The disussion so far onerned hidden photons with masses � < 2me whih ould be the darkmatter. Of ourse, the prodution of heavier HP an also be enhaned by the non-renormalizableinterations. The resulting onstraints from the CMB and BBN are very model dependent, as theydepend on the unknown parameters M; ÆM; TRH. The onstraints for a �xed number density anbe found in the literature [38, 39, 40, 37℄.6 ConlusionsIn this paper we studied the prodution and osmology for hidden photons with a mass in the keV-MeV range. The main motivation for the undertaking of this projet is that suh hidden photonsan be the lukewarm dark matter of the universe.In our study we foused on the ase that the main interation between the hidden setor and theSM is via kineti mixing with the photons. In partiular the reli abundane is omputed under theassumption that kineti mixing is the dominant prodution mehanism. For a proper alulationall relevant plasma e�ets to the photon's self-energy have to be taken into aount. The net resultis that for sub-MeV hidden photons the prodution is dominated by the resonane whih ours attemperatures suh that the plasma mass of the photon equals the hidden photon mass. The �nalabundane is almost independent of the HP mass. The dark matter abundane an be obtainedfor mixing angles of order � � 10�11 � 10�12. For heavier, super-MeV hidden photons, the mainprodution hannel is via eletron-positron oalesene.Hidden photons are an example of deaying dark matter. Light HPs an deay into 3 photonsvia the kineti mixing interation; heavier HPs with a mass � > 2me an also deay into a eletron-positron pair with a relatively large deay rate. For the HPs to be the dark matter its lifetimeshould be of the order of the age of the universe or larger. This exludes the heavier HPs with super-MeV masses. What is even more, we showed that suh heavy HPs leave pratially no imprint onosmology even if they deay after the time of nuleosynthesis and/or deoupling. This is di�erentfor sub-Mev hidden photons. Indeed, light HPs with mixing parameter � � 10�11 � 10�12 arestable enough to be dark matter. But they do deay, and the deay photons ontribute to thedi�use gamma-ray bakground. As this bakground is measured in the relevant energy range, thisputs bounds on the HP reli density, and thus on the mass and mixing parameter. We �nd thatHP with masses � & 100 keV are exluded as dark matter.Apart from the bounds on the reli density, the lifetime of the HPs, and the di�use gamma raybakground there are in addition bounds from stellar evolution. If light enough, HPs are opiouslyprodued inside stars. As their interation rate is small, they subsequently leave the star (almost)unimpeded. Thus HPs present an e�etive ooling mehanism for stars, whih is bounded byobservations. For our study in partiular the bounds from the Sun and horizontal branh stars inglobular lusters are important; they exlude all parameter spae for masses � . 100 keV.All bounds put together exlude HPs as main soure of dark matter. There is a loophole in thisargument though. We assumed that prodution is dominated by kineti mixing. But if the reheattemperature of the universe is high enough non-renormalizable operators, whih are always present,an play a role too. In partiular, if HPs are pre-dominantly produed via these non-renormalizableinterations, parameter spae opens up, and HP an still be the dark matter in the universe. Even19
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where ~M are spin-averaged matrix elements, fx are either Fermi/Bose distributions, the � is to behosen to aount for the stimulated boson emission (+) or for the fermion bloked emission (�).The phase spae integration is given byd
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The ross setion of e+e� annihilation into a (massless) photon and a HP is given by�21(s) = 4��2�2s� �2  2s2 + 4sm2e � 8m4e + �2(�2 � 4m2e)s(s� 4m2e) Log "ps+ps� 4m2e2me #� s(s+ 4m2e) +M4sps(s� 4m2e) !(42)where � = �(!; T ) from (5) and ! = (s + �2)=(2ps). If the HP mass is big enough (� > 2me)then we �nd t and u-hannel divergenes at the threshold s = �2, reeted in the denominatorof the �rst fator on the right hand side. In a thermal bath, these divergenes are ut o� by thephoton thermal mass. Sine the main ontribution to the non-resonant HP prodution omes fromtemperatures smaller than the resonane �� m and the inlusion of m a�ets the ross setionmainly in the divergent eletron propagator, whih we an orret applying the presriptions� �2 ! s� �2 + 2m� (43)to the �rst term.Finally, the ross setion of Compton-like prodution of hidden photons is given by the moreompliated formula�2e(s) = 2��2�2(s�m2e)3 � �2s �s3 + 15s2m2e � sm4e +m6e + �2 �7s2 + 2sm2e �m4e��+ (44)+2 �s2 � 6sm2e � 3m4e � 2�2(s�m2e � �2)�Log �s(1 + �) +m2e � �22meps �� (45)where � is an invariant de�ned by s2�2 = (s� (me+ �)2)(s� (me � �)2), whih is proportional tothe HP momentum. In this ase the HP energy is ! = (s+ �2 �m2e)=(2ps).Referenes[1℄ G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rept. 267 (1996) 195{373,arXiv:hep-ph/9506380.[2℄ G. Bertone, D. Hooper, and J. Silk, Phys. Rept. 405 (2005) 279{390,arXiv:hep-ph/0404175.[3℄ B. W. Lee and S. Weinberg, Phys. Rev. Lett. 39 (1977) 165{168.[4℄ M. I. Vysotsky, A. D. Dolgov, and Y. B. Zeldovih, JETP Lett. 26 (1977) 188{190.[5℄ G. Kau�mann, S. D. M. White, and B. Guiderdoni, Mon. Not. Roy. Astron. So. 264 (1993)201.[6℄ A. A. Klypin, A. V. Kravtsov, O. Valenzuela, and F. Prada, Astrophys. J. 522 (1999) 82{92,arXiv:astro-ph/9901240.[7℄ B. Moore et al., Astrophys. J. 524 (1999) L19{L22.[8℄ J. Diemand, M. Kuhlen, and P. Madau, Astrophys. J. 657 (2007) 262,arXiv:astro-ph/0611370. 22
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