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Searhing for Axion-like Partiles with Ative Gala-ti NuleiClare Burrage1, Anne-Christine Davis2, Douglas J. Shaw31Theory Group, Deutshes Elektronen-Synhrotron DESY, 22607 Hamburg, Germany2Department of Applied Mathematis and Theoretial Physis, Centre for Mathematial Si-enes, Cambridge CB3 0WA, United Kingdom3Queen Mary University of London, Astronomy Unit, Shool of Mathematial Sienes, MileEnd Road, London E1 4NS, United KingdomDOI: will be assignedStrong mixing between photons and axion-like partiles in the magneti �elds of lustersof galaxies indues a satter in the observed luminosities of ompat soures in the lus-ter. This is used to onstrut a new test for axion-like partiles; applied to observationsof ative galati nulei it is strongly suggestive of the existene of a light axion-like partile.DESY 09-2151 IntrodutionAn Axion-Like Partile (ALP) is any salar or pseudo-salar �eld whih ouples to the kinetiterms of the photon. The pseudo salar oupling to photons is idential to that of the axion;L � �4M �����F��F ��, and a salar �eld ouples through the Lagrangian term; L � �4M F��F�� .The presene of ontat interations between ALPs and photons means that ALPs a�et thepropagation of photons through a magneti �eld. In suh an environment a photon an osillateinto an ALP with probability [1℄P (z) = sin2 2� sin2� �(z)os 2�� : (1)Here z is the distane traveled, �(z) = m2effz=4! and tan 2� = 2B!=Mm2eff . m2eff = jm2� �!2P j, m� is the ALP mass, !P the plasma frequeny of the medium, ! the photon frequenyfrequeny, B the magneti �eld strength and M the strength of the photon-ALP oupling.In these proeedings we desribe a new test for ALPs whih looks for the e�ets induedby strong ALP-photon mixing on the luminosity of astronomial objets observed through themagneti �elds of galaxy lusters. Our results apply to ALPs with masses m� . 10�12 eV.The onstraints on the ouplings of suh ALPs are: 1011 GeV .M for pseudo-salars [2℄, and1026 GeV . M for salars [3℄. However a sublass of salar ALPs known as hameleoni [4℄ALPs avoid these onstraints beause their mass depends on the loal density, their oupling isrequired to satisfy 109 GeV .M [5℄.Patras 2009 1
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2 Astronomy with ALPsThe magneti �elds of galaxy lusters utuate on many di�erent sales. However, at thehigh frequenies we onsider in what follows the simple ell magneti �eld model an beshown to give the same results for ALP-photon mixing as modeling the variations in the mag-neti �eld with a power spetrum. The ell model of the magneti �eld assumes the �eld ismade up of a large number of equally sized magneti domains. The magnitude of the �eldstrength is the same in eah domain but the orientation of the �eld is randomly hosen.

Figure 1: Simulated �ngerprint for best �tGaussian model

When the probability of mixing between ALPsand photons is large the system of photons andALPs an be evolved through a large number ofrandomly oriented magneti domains analytially;this is known as the strong mixing limit. If L isthe size of a magneti domain, N the number ofdomains traversed and P � P (L) is the probabil-ity of photon to ALP onversion in one magnetidomain, we say that strong mixing ours whenNP � 1 and N�(L) . �=2. In this limit theprobability of mixing is large, and frequeny in-dependent. Strong mixing ours in the magneti�elds of galaxy lusters for x-ray or gamma-rayphotons if M . 1011 GeV, assuming m� . !P .1Partiles with suh masses and ouplings are al-lowed by urrent observations for pseudo-salar�elds and for hameleoni salars.As photon number is not onserved photon-ALP mixing will hange the apparent luminosityof objets observed through the luster. We de�ne the attenuation fator to be the ratio of theux of photons after passing throughN domains to the initial ux of photons; C = I(N)=I(0).Then in the strong mixing limit, assuming no initial ux of ALPs, the mean value for C isC = 2=3 [7℄, and its probability distribution is [8℄fC(; p0) = 1p1� p20 "tan�1 pa�1� 2+1 + p0��1=2!� tan�1 pa�1� 2�1� p0�1=2!# ; (2)where a = (1 + p0)=(1 � p0), � = min (; (1 � p0)=2) and p0 is the initial polarization of thephotons. This probability distribution has an unusual shape, and is very asymmetri about themean. In the next Setion we show that this an be exploited as a new test for ALPs.3 Searhing for ALPs with luminosity relationsTo use the shape of the probability distribution (2) to look for ALPs we would need to know thehigh energy photon ux for a lass of astronomial soures. We do not urrently know of any ob-1 The strength of the magneti �eld is B � 1� 10 �G, the size of a magneti domain is L � 1 kp and for atypial soure inside the luster we expet the light observed from that soure to have traversed N � 100�1000magneti domains [6℄. The plasma frequeny in the intraluster medium is !P � 10�12 eV2 Patras 2009



jets that are standard andles in x- or gamma-rays, however, for ertain lasses of objet thereexist luminosity relations whih orrelate the high frequeny luminosity of an objet with a fea-ture of its low energy spetrum. At low frequenies light mixes weakly with ALPs and hene weassume that low energy observables are not a�eted by ALPs at leading order. Therefore lumi-nosity relations an be used to normalize the high energy ux, so that the e�ets of ALPs are ob-servable.

Figure 2: Simulated �ngerprint for best �tALP strong mixing model

The relations typially take the formlog10 Yi = a+ b log10Xi + Si; (3)where Yi is the high energy luminosity, and Xi isthe low energy feature of the spetrum for the i-th objet in the survey. Si represent the satterin individual measurements, it is standard in as-tronomy to assume they are normally distributed;Si = �Æi where Æ � N(0; 1). If the high fre-queny light mixes strongly with ALPs this willappear as an additional ontribution to the sat-ter Si = �Æi� log10 Ci, where the Ci are desribedby the probability distribution funtion (2).For a given data set we use the likelihood ratiotest to see if the data prefer strong ALP-photonmixing, or the null hypothesis of Gaussian noise.We �nd the values of the parameters a, b and �whih maximize the likelihood of eah hypothe-sis given the data, and then ompare these twomaximum likelihoods with the ratio r(p0) = 2 log(L̂1(p0)=L̂0), where L̂1(p0) is the maximumlikelihood allowing for strong ALP-photon mixing and L̂0 is the maximum likelihood for modelswhere the satter is purely Gaussian. The two hypothesis have the same number of param-eters and therefore r(p0) is equivalent to the Bayesian Information Criterion. Negative r(p0)is evidene against ALP strong mixing, and positive r(p0) is evidene for ALP strong mixing.jr(p0)j > 6 is onsidered strong evidene, jr(p0)j > 10 is onsidered very strong evidene.4 Results from ative galati nuleiTo apply the test developed in the previous setion we require a lass of ompat objetswithin galaxy lusters that emit x-ray or gamma-ray light and for whih luminosity relationsexist orrelating the high energy luminosity with a feature of the low-energy spetrum. Ativegalati nulei (AGN) satisfy these requirements. For AGN a luminosity relation has beenestablished between the 2 keV x-ray luminosity and the 5 eV optial luminosity. We haveobservations of 77 AGN from the COMBO-17 and ROSAT surveys [9℄ and 126 objets fromthe SDSS survey [10℄.Applying the likelihood ratio test desribed in the previous setion to these results we �ndr(p0 . 0:5) � 25, where the expetation from AGN physis is that p0 < 0:1 [11℄.As a qualitative hek of this result we plot �ngerprints of the data. To do this we onstrut105 new data sets, of the same size as the original, by bootstrap re-sampling (with replae-ment) of the original data set. For eah data set we alulate the statistial moments of thePatras 2009 3



distribution km(si) = [(1=Np)Pi smi ℄1=m where si = log10 Yi� (a+ b log10Xi). These momentsparametrize the shape of the probability distribution. Fingerprints of the data are then his-togram plots of ki vs. kj for the resampled data sets. Figures 1 and 2 show example �ngerprintsfor simulated data respetively without and with the e�ets of strong ALP-photon mixing.

Figure 3: Fingerprint from AGN data

Darker regions indiate a higher density of points.Figure 3 shows the same plot for the data obtainedfrom observations of AGN.Comparing Figures 2 and 3 there is a learqualitative similarity between the shapes of thepredited and observed distributions. This simi-larity persists when higher moments of the distri-bution are plotted.The astrophysis underlying the luminosity re-lation for AGN is not known, and we annot ruleout that a ombination of standard physial pro-esses in the AGN onspires to mimi the e�etsof ALP-photon mixing. It an be shown, however,that the satter in the luminosity relation is notredshift dependent, therefore the observed sat-ter is not due to evolution e�ets or an inorrethoie of osmologial model.AknowledgmentsCB aknowledges support from the German Siene Foundation (DFG) under CollaborativeResearh Centre (SFB) 676. ACD and DJS aknowledge STFC.Referenes[1℄ Georg Ra�elt and Leo Stodolsky. Mixing of the Photon with Low Mass Partiles. Phys. Rev., D37:1237,1988.[2℄ C. Amsler et al. Review of partile physis. Phys. Lett., B667:1, 2008.[3℄ C. M. Will. Theory and experiment in gravitational physis. Cambridge, UK: Univ. Pr. (1993) 380 p.[4℄ Justin Khoury and Amanda Weltman. Chameleon Cosmology. Phys. Rev., D69:044026, 2004.[5℄ Clare Burrage, Anne-Christine Davis, and Douglas J. Shaw. Deteting Chameleons: The AstronomialPolarization Produed by Chameleon-like Salar Fields. Phys. Rev., D79:044028, 2009.[6℄ C. L. Carilli and G. B. Taylor. Cluster Magneti Fields. Ann. Rev. Astron. Astrophys., 40:319{348, 2002.[7℄ Csaba Csaki, Nemanja Kaloper, and John Terning. Dimming supernovae without osmi aeleration.Phys. Rev. Lett., 88:161302, 2002.[8℄ Clare Burrage, Anne-Christine Davis, and Douglas J. Shaw. Ative Galati Nulei Shed Light on Axion-like- Partiles. Phys. Rev. Lett., 102:201101, 2009.[9℄ Aaron T. Ste�en et al. The X-ray-to-Optial Properties of Optially-Seleted Ative Galaxies Over WideLuminosity and Redshift Ranges. Astron. J., 131:2826{2842, 2006.[10℄ Iskra Strateva, Niel Brandt, Donald Shneider, Daniel Vanden Berk, and Cristian Vignali. Soft X-ray andUltraviolet Emission Relations in Optially Seleted AGN Samples. Astron. J., 130:387{405, 2005.[11℄ S. Chandrasekhar. Radiative transfer. 1950.4 Patras 2009
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