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DESY 08-130Bounds on Very Weakly Interating Sub-eV Par-tiles (WISPs) from Cosmology and AstrophysisJavier Redondo1DESY theory group, Notkestra�e 85, 22607 Hamburg, GermanyDOI: http://dx.doi.org/10.3204/DESY-PROC-2008-02/redondo javierMany weakly interating sub-eletronVolt partiles (WISPs) are easily aommodated inextensions of the standard model. Generally the strongest bounds on their existene omefrom stellar evolution and osmology, where to the best of our knowledge observations seemto agree with the standard budget of partiles. In this talk I review the most demandingonstraints for axions and axion-like-partiles, hidden photons and mini-harged partiles.There is little doubt in the partile physis ommunity about the need of omplementing thealready very suessful standard model (SM) to pursue a ompletely satisfatory �nal theoryof elementary partiles. On the other hand, and with the exeption of the dark matter, ourinreasingly preise knowledge of the universe shows no trae of physis beyond the SM. Ifnew light partiles exist they should be very weakly interating, probably only aessible toextremely preise experiments. Experiments suh as the ones presented in this onferene.Astrophysis and osmology are often strong probes of weakly interating partiles. Thereason is lear: the huge magnitudes of the typial sizes, time sales, densities or temperaturesin the early universe or in stars an onvert a tiny \mirosopi" e�et in a big qualitativehange in the evolution of the whole system. This onlusion is speially emphasized whenwe note that the only weakly interating sub-eV partiles (WISPs) in the standard model areneutrinos, whose prodution ross setions are strongly energy-dependent and therefore theirrole is inreasingly inhibited as temperatures drop below the eletroweak sale. Thus, in annon-extreme range of temperatures the early universe and stellar plasmas are very opaque tostandard partiles and WISPs an be the most eÆient way of energy transfer. Whenever suhan anomalous energy transfer has an observable impliation we an derive strong onstraintson the WISP interations with the standard partiles onstituting the relevant plasma.The oldest piture of the universe we have is a dense and hot plasma of elementary partilesthat expanded against gravity. As this plasma ooled down, the three long range fores lusteredthe partiles into the strutures whih nowadays are found: the olor fore �rst on�ned quarksinto protons and neutrons and later merged them into light nulei (at BBN), the Coulomb foreombined them with eletrons into atoms (releasing the CMB) that gravity �nally lusteredinto galaxies, then into lusters, et... After the �rst galaxies formed, the onditions for starsto be born were settled. During all these steps of struture formation (in a broad sense) therole of WISPs an be onstrained. Let us start this review in hronologial order. Summaryplots on the reviewed bounds are shown at the end of this ontribution.Big Bang Nuleosynthesis.- BBN left an invaluable probe of the early universe environmentimprinted in today's observable light nulei abundanes [1℄. Below T � 0:7 MeV the weakPatras 2008 1
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reations p+ e� $ n+ �e beame ine�etive, �xing the neutron/proton density ratio to n=p �1=7. All partiles present ontribute to the energy density � whih determines the speed of theosmi expansion H / p� and the \freeze-out" ratio n=p in turn. The larger H the soonerthe p-n freezing and the higher n=p. Later, all neutrons are on�ned into 4He nulei whoseprimordial abundane an be measured today, leading to a bound on the non-standard energydensity �x during BBN, usually expressed as an e�etive number of thermal neutrino speies,N e��;x � 47 30�2T 4 �x = �0:6+0:9�0:8 [2℄, where we assumed three standard neutrinos.Therefore, while a spin-zero partile thermalized during BBN is allowed, this is not the asefor other1 WISPs like a mini-harged partile (MCP) (Ne��;MCP � 1) or a massive hidden photon0 (Ne��;0 = 21=16). The interations of MCPs and 0s with the standard bath should not allowthermalization before BBN. MCPs  are produed with a rate �(e+e� !   ) � �2Q2MCPT=2(with QMCP the MCP eletri harge) while 0s with �(e� ! 0e�) � �2e��C with �C thestandard Compton sattering rate. Here �e� is the e�etive � 0 mixing in the plasma, whihfor sub-eV 0 masses is �e� ' �(m0=!P)2. The ratio of the 0 mass to the plasma frequenym0=!P is extremely small before BBN so it suppresses 0 prodution with respet to otherWISPs. Comparing with the expansion rate H we �nd that MCPs with QMCP < 2 � 10�9would be allowed [3, 4℄ but there are no signi�ant bounds for hidden photons [5, 6℄.Cosmi Mirowave bakground.- The today's measured CMB features an almost perfetblakbody spetrum with O(10�5) angular anisotropies. It is released at T � 0:1 eV but thereations responsible of the blakbody shape freeze out muh earlier, at T � keV. Reationslike  + ::: !WISP+::: will deplete photons in a frequeny dependent way, whih an be on-strained by the preise FIRAS spetrum measurements [7℄. This has been used to onstrain lightMCPs [8℄ and HPs with m0 . 0:2 meV [9℄. On the other hand, around T � eV the primordialplasma is so sparse that WISPs would free-stream out of the density utuations, diminishingtheir ontrast. Moreover, thermal WISPs ontribute to the radiation energy density, delayingthe matter-radiation equality and reduing the ontrast growth before deoupling. In thesematters they at as standard neutrinos [10℄ so �x (and the ouplings that would produe it)an again be onstrained from the value of Ne�� inferred from analysis of CMB anisotropies andother2 large sale struture (LSS) data ~Ne��;x � (4=11)4=3Ne��;x = �0:1�1:4+2:0 [2℄. This argumenthas been used to onstraint axions [11, 12℄ and meV 0s [9℄. In this bound Ly-� forest datahas been deliberately omitted. Ly-� has systematially favored values of ~Ne��;x larger than zero[13, 14℄ whih ould be revealing the existene of a osmi WISP reli density3. If this anomalyis due to a population of 0s reated through resonant osillations  � 0 between BBN andthe CMB deoupling it an be tested in the near future by new laboratory experiments suh asALPS at DESY [9, 16, 17, 18, 19℄.Bounds from stellar evolution.- The prodution of WISPs in stellar interiors an substan-tially a�et stellar evolution [20℄. WISPs an be only sarely produed in the dense plasmas ofstellar interiors, but they will easily leave the star ontributing diretly to its overall luminosity.On the other hand, only photons of the photosphere (or neutrinos) ontribute to the standardenergy loss. Therefore, the WISP luminosity is enhaned at least by a volume/surfae fatorand a further (dinside=dsurfae)n(Tinside=Tsurfae)m (d a relevant partile density, n;m > 1) withrespet to the standard luminosity. This an be a huge enhanement whih ertainly justi�es1For details of these hypothetial partiles and their embedding in theories beyond the SM the reader isrefereed to the ontributions of Andreas Ringwald and Joerg Jaekel in these proeedings.2One needs to omplement CMB anisotropies with other LSS data to break the degeneray of ~Ne��;x withother osmologial parameters suh as the dark matter density.3Probably beause of an inorret treatment of the bias parameter [15℄.2 Patras 2008



the typial strong onstraints.Stars evolve fusing inreasingly heavier nulei in their ores. Heavier nulei require hotterenvironments, and when a nulear speies is exhausted in the ore this slowly ontrats andheatens up until it reahes the new burning phase. WISP emission shortens normal burningphases (the energy loss rate is higher than standard but the total energy is limited by the numberof nulei) but enlarges the intermediate (Red Giant) phases (WISP ooling delays reahing theappropriate temperature during the ore ontration).These e�ets have been used to onstraint a variety of WISPs in di�erent stellar environ-ments [21, 20℄ for whih information on evolutionary time sales is available. The strongestlimits for general axion-like-partiles (ALPs) with a two photon oupling and MCPs ome fromobservations of Horizontal Branh (HB) stars in globular lusters (GC) [22, 23℄. For the stan-dard QCD axions, the best onstraints ome from White Dwarf ooling [24, 25℄ through theoupling to eletrons (DFSV axions) and from the duration of the SN1987A neutrino burst [21℄through the nuleon oupling (KSVZ axions).The Sun is less sensitive than these other stars to WISP emission, even though its propertiesare better known. Solar bounds have been obtained from studies of its lifetime, helioseismologyand the neutrino ux [26, 27℄, but although more preise they are also less demanding. Never-theless, if WISPs are emitted from the Sun one an detet them with a dediated laboratoryexperiment at earth [28, 29, 30℄. One of the so-alled Heliosope axion searhes [31, 32, 33, 34℄,CAST, has reently beaten the HB onstraints for ALPs with a two photon oupling [35℄, andits results have been used to limit a possible solar 0 ux [36, 37℄. Following the now dis-laimed [38℄ PVLAS 2005 results [39℄, spei� models were reently built that suppress WISPemission from stars [40, 5, 6, 41, 42℄. If this idea is realized, Heliosope bounds will gain terrainto energy loss arguments [43℄ (0s are the minimal example of this ase [36℄).In summary, osmology and astrophysis provide the strongest onstraints on the (minimal)WISP models desribed elsewhere in these proeedings, with the only exeption of sub-meV0s. Summary plots are shown in Figs. 1 and 2.AknowledgementsThe author wishes to thank the partiipants of the \4th Patras Workshop on Axions, WIMPsandWISPs" and the \Brainstorming and Calulationshop on the Physis Case for a Low Energyfrontier" for very stimulating disussions in a really friendly ambient.Referenes[1℄ F. Ioo, G. Mangano, G. Miele, O. Pisanti, and P. D. Serpio, arXiv:0809.0631 [astro-ph℄.[2℄ V. Simha and G. Steigman, JCAP 0806 (2008) 016, arXiv:0803.3465 [astro-ph℄.[3℄ S. Davidson, S. Hannestad, and G. Ra�elt, JHEP 05 (2000) 003, hep-ph/0001179.[4℄ Z. Berezhiani and A. Lepidi, arXiv:0810.1317 [hep-ph℄.[5℄ E. Masso and J. Redondo, Phys. Rev. Lett. 97 (2006) 151802, hep-ph/0606163.[6℄ J. Redondo, Can the PVLAS partile be ompatible with the astrophysial bounds? PhD thesis, 2008.arXiv:0807.4329 [hep-ph℄.[7℄ D. J. Fixsen et al., Astrophys. J. 473 (1996) 576, arXiv:astro-ph/9605054 .[8℄ A. Melhiorri, A. Polosa, and A. Strumia, Phys. Lett. B650 (2007) 416{420, arXiv:hep-ph/0703144.Patras 2008 3
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Figure 1: Summary of osmologial and astrophysial onstraints for axions (up) (for the mass ma ordeay onstant fa) [21℄ and axion-like-partiles (down) (two photon oupling g vs. mass mALP) [35,26, 33℄. See the text for details. For omparision, the most notable laboratory limits are also shown.
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