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AbstratWe point out that hameleon �eld theories might reveal themselves as an \afterglow"e�et in axion-like partile searh experiments due to hameleon-photon onversion in amagneti �eld. We estimate the parameter spae whih is aessible by urrently availabletehnology and �nd that afterglow experiments ould onstrain this parameter spae ina way omplementary to gravitational and Casimir fore experiments. In addition, oneould reah photon-hameleon ouplings whih are beyond the sensitivity of ommon laserpolarization experiments. We also sketh the idea of a Fabry-P�erot avity with hameleonswhih ould inrease the experimental sensitivity signi�antly.
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1 IntrodutionBoth osmology as well as popular extensions of the standard model of partile physis arepointing to the possible existene of very weakly interating very light spin-zero (axion-like) partiles (ALPs) and �elds. In fat, a plausible explanation for the apparent a-eleration of the osmi expansion rate of the universe is provided by the presene of aspatially homogeneous salar �eld whih is rolling down a very at potential [1, 2, 3℄.Remarkably, in string ompati�ations, there are many moduli �elds whih ouple toknown matter with gravitational strength.Interations of very light salar �elds with ordinary matter are strongly onstrainedby the non-observation of \�fth fore" e�ets leading to e.g. violations of the equivalenepriniple. Correspondingly, if suh partiles exist, the fores mediated by them shouldbe either muh weaker than gravity or short-ranged in the laboratory. The latter oursin theories where the mass of the salar �eld depends e�etively on the loal density ofmatter { in so-alled hameleon �eld theories [4, 5, 6℄. Depending on the non-linear �eldself-interations and on the interations with the ambient matter, the hameleon mayhave a large mass in regions of high density (like the earth), while it has a small mass inregions of low density (like interstellar spae). Sine suh kind of partile is able to hideso well from observations and experiments, it has been alled a \hameleon".Various phenomenologial onsequenes of hameleon �eld theories have been dis-ussed in the literature. Clearly, gravitational and other �fth fore experiments are nat-ural plaes where the e�ets of suh partiles an show up [7, 8, 9℄. More reently, ithas been emphasized [10, 11, 12℄ that hameleons may also be searhed for in laser po-larization experiments, suh as BFRT [13℄, BMV [14℄, PVLAS [15, 16℄, OSQAR [17℄, andQ&A [18℄, whih were originally planned for the laboratory searh for axion-like partilesbased on the two photon ouplings of the latter. In these experiments, polarized laserlight is shone aross a transverse magneti �eld and hanges in the polarization stateare searhed for. Similar to the ase of standard ALPs, the real (virtual) prodution ofhameleons would lead to an apparent rotation (elliptiity) of the laser photons. But forhameleons the elliptiity an be muh larger than the rotation [12℄. This e�et arises be-ause hameleons are trapped inside the vauum pipes [10℄, due to their high e�etive massin the walls. Correspondingly, another type of laser experiments { namely light-shining-through-a-wall experiments { are not sensitive to hameleons. In these experiments, suhas ALPS [19, 20℄, BMV [14℄, GammeV [21℄, LIPSS [22℄, OSQAR [17℄ and PVLAS [23℄,laser light is shone onto a wall whih separates the magneti �eld into two regions andone searhes for photons that might appear behind the wall due to ALP{photon onver-sion in the magneti �eld. Clearly, hameleons do not reveal themselves in these kind ofexperiments, sine they annot pass through the wall.In this letter, we want to propose the searh for a unique signature of hameleons in
1
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()Figure 1: Illustration of an afterglow experiment to searh for hameleon partiles. (a) Fillingthe vauum tube by means of a laser beam with hameleons via photon-hameleon onversion ina magneti �eld. (b) An isotropi hameleon gas forms. () Afterglow from hameleon-photononversion in a magneti �eld.
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the above mentioned axion-like partile searh experiments: an \afterglow" e�et1.The basi idea is depited in Fig. 1. In the beginning (a), a laser beam is shonethrough a vauum avity in a strong magneti �eld. The end aps of the avity aretransparent to laser photons. Some of the photons are onverted to hameleon partileswhose mass m in the vauum is smaller than the energy ! of the laser beam. However,both the matter density and thus also m are muh higher within the end aps suh thatthere m � ! holds. As a onsequene, the hameleons are then reeted by these endaps and remain trapped inside the avity [10, 12℄, whih gets more and more �lled (b),whereas the photons esape. After swithing o� the laser (), one an searh for afterglowphotons, that emerge from the bak-onversion of the trapped hameleon partiles in themagneti �eld.The organization of the paper is as follows. Firstly, we introdue the basi ideaand some properties of hameleon theories and derive the onversion probability betweenphotons and hameleons from their equations of motion. Seondly, we onsider in somedetail the loading and unloading rate of vauum avities and estimate the parameterspae, whih is aessible by afterglow experiments, using the experimental parameters ofthe ALPS [19, 20℄ experiment. We also disuss the possibility of a oherent evolution ofthe hameleon wave, whih would drastially inrease the sensitivity of the experiment.Finally, we state our onlusions and give an outlook on open questions.2 Chameleon TheoryChameleon theories an be desribed as salar �eld theories with a self-interation po-tential V (�) for the hameleon � and a onformal oupling to matter. More preisely,the dynamis of a hameleon �eld in the presene of matter and eletromagnetism aregoverned by the general ation,S = Z d4xp�g��M2Pl16�R + 12(��)2 � V (�)� e2�=M4 F 2�+XS(i)m (e2�=Mig��;  (i)m ); (2.1)where MPl = 1=pG ' 1:2 � 1019 GeV is the Plank mass, g is the determinant of themetri g�� , R is the Rii-Salar, and F�� denotes the eletromagneti �eld strengthtensor. Furthermore, the hameleon ouples onformally both to eletromagnetism andto the various matter �elds  (i)m through the dependene of their matter ations S(i)m one2�=Mi . For simpliity, in the following, we will assume the hameleon to exhibit a universaloupling to matter and to eletromagnetism whih implies Mi =M . As we will see lateron, in order to expet detetable signatures of a hameleon theory in axion-like partilesearh experiments, one has to require MPl �M .1A similar proposal an be found in Ref. [24℄. 3



As an be dedued from varying the ation [5℄, the dynamis of the hameleon �eldare governed by an e�etive potential Ve�(�). In the presene of (non-relativisti) matterand external eletri ( ~E) and magneti ( ~B) �elds, it takes the following form,Ve�(�) = V (�) + �e� e�=M ; (2.2)where �e� = �matter � 12 � ~E2 � ~B2� : (2.3)In order to ensure that � exhibits the harateristi environmental dependenies of ahameleon �eld, we require its self-interation potential to be of a runaway form in thesense that V 0(�) < 0; V 00(�) > 0; V 000(�) < 0; (2.4)with V 0 = dV=d�. Aordingly, in low matter density environments (like in outer spae)the dynamis of � are determined by its quintessene-like self-interation potential. How-ever, even though V (�) is monotonially dereasing, for our exponential hoie of theonformal oupling (f. Eq. (2.1)) in over-dense regions the hameleon is stabilized in aminimum exerted by its e�etive potential Ve� . More preisely, aording to Eqs. (2.2)and (2.4), the loal e�etive density �e� governs both the loation of the e�etive mini-mum at � = �min where V 0e�(�min) = 0 and the mass m2 = V 00(�min) of the hameleon�eld, whih grows with inreasing matter density. To see this expliitly, for de�niteness,we take a self-interation potential of the form,V (�) = �4e�n=�n � �4 + �n+4�n ; (2.5)where in the last equality and throughout this work we assume �� � suh that V reduesto a onstant term plus a Ratra-Peebles inverse power law potential. This form of thepotential has been shown not to be in onit with urrent laboratory, solar system orosmologial experiments [4, 6℄ even in the strong oupling ase, MPl �M [8℄. Note thatin order for the hameleon to drive osmi aeleration, one has to require � � 2:3 meVsuh that the �4 term in Eq. (2.5) ats as an e�etive osmologial onstant.Sine limits on any variation of fundamental onstants of nature require �=M � 1 [8℄,we heneforth take exp(�=M) � 1+�=M for the onformal matter oupling. Under theseassumptions, Eq. (2.2) yieldsV 0e�(�min) = 0 = V 0(�min) + �e�M ; (2.6)whih de�nes �min = �nM�n+4�e� �1=(1+n) : (2.7)Thus, the mass of the salar �eld follows from,m2 = �n(n + 1)�n+4�n+2min � = n(n+ 1)�2 � �e�nM�3�(n+2)=(n+1) : (2.8)4



Aordingly, we note that the hameleon mass in an axion-like partile searh experimentdepends on the details of the experimental set-up. Namely, it is determined by the e�etivedensity �e� . Furthermore, it depends on the size of the avity in the following sense. Ifthe radius of the avity r is too small, r . 2=m(�min), the hameleon �eld will not relaxto �min and thus its mass turns out to only depend on the geometry of the set-up [12℄,bounded from below likem & 2pn+ 1r = 2:3 � 10�5 eVpn+ 1�1:7 mr � : (2.9)3 Afterglow ExperimentThe hameleon{photon interation in a magneti �eld an be desribed as a two-levelsystems as in Ref. [25℄ (see also Refs. [12, 24℄). For the disussion of oherent hameleoninterations with the laser following in the next setion it is onvenient to repeat the basisteps of the alulation.We onsider a linearly polarized laser beam propagating perpendiular to a magneti�eld ~B oriented orthogonal to the polarization vetor of the laser. The equations of motionfor right-moving (�) and left-moving (+) plane waves (A; �)T are given as�! � i�z � � 0 ��M��M �� ���A�� = 0 (3.1)with the inverse osillations lengths �� = m2=2! and �M = B=2M . These equations anbe diagonalized by a rotation�A0�0� = � os' � sin'� sin' os' ��A�� � Q(�')�A�� (3.2)with 12 tan 2' = �M=��. The rotated �elds have the solution�A0(z)�0(z)� = �e�ik�z 00 e�ik+z��A0(0)�0(0)� �M0(�z)�A0(0)�0(0)� (3.3)with k� = ! � ��2 (1 � se 2'). Note that for small mixing ' the state A0 is photon-likewith k� � ! whereas �0 propagates with k+ � ! ���. Hene, in the small mixing ase,the oherene length of the hameleon-photon system will be `oh = �=��. The transitionprobability P!�(`; B) = P�!(`; B) = 1� P�!�(`; B) is given byP!�(`; B) = j(QT (')M0(`; B)Q('))21j2 = 4� B!Mm2�2 sin2�`m24! �+O �'4� : (3.4)As noted in Ref. [10, 12℄, the walls of a vauum tube an at as mirrors for hameleonpartiles if their energy is smaller than their e�etive mass in the avity wall. Sine this5



is the ase in ommon laser experiments with vauum tubes, hameleon partiles aretrapped in the avity one they are produed and an only esape via bak-transition tophotons. In the following we will treat the hameleons trapped inside the tube as a \gas",negleting interferene e�ets with the inoming laser �eld.3.1 Chameleon GenerationAs a �rst step, onsider a set-up (similar to the one in Fig. 1) where a linearly polarizedlaser beam with power P and frequeny ! enters a vauum between two (in�nitelyextended) windows separated by a distane `. We assume that a magneti �eld B isoriented parallel to the window surfaes and orthogonal to the polarization vetor of thelaser beam. For simpliity, we also assume that the magneti �eld region is on�ned tothe vauum between the windows. The laser beam enters through one of the windowswith an angle � with respet to the window surfaes.After swithing on the laser beam, the number of laser photons between the windows is`0I, where the photon urrent I is de�ned as I = P=!, and `0 = `= sin � is the length ofthe laser beam between the windows. A fration of P!�(`0; B0) laser photons transformsto hameleon partiles where B0 = B sin �. These hameleon partiles are then reetedbak and forth between the windows and beome trapped whereas the photons esape.At eah reetion, a fration of P�!(`0; B0) hameleons are lost due to bak transitionto photons. Taking N reetions into aount, the total number of hameleons stored inthe avity is then given byN� = `0P!� N�1Xk=0 P k�!�I = `0P!� 1� PN�!�1� P�!�! I ; (3.5)where P�!� = 1� P�! and we approximate the veloity of the hameleons by the speedof light. In the limit of large N , it follows thatN� = `0 �1� PN�!�� I N!1���! `0I ; (3.6)i.e. the total number of hameleon partiles equals the number of photons inside theavity, `0I.Identifying t = `0N , the rate � to load and unload the avity with hameleons is givenby � = � lnP�!�`0 = � ln (1� P�!)`0 ' P�!`0 ' 4̀0 � !B0Mm2�2 sin2�`0m24! � ; (3.7)whih results in an (un-)loading time�load � 1� ' 4M2B02`0 ' 111 s� M106GeV�2�5:4TB0 �2�4:2m`0 � ; (3.8)6



for m . 2p!=`0 = 6:6 � 10�4 eVp!=2:3 eVp4:2m=`0. For later onveniene, we de�nethe harateristi length sale R of the avity asR � � � 4M2B2 : (3.9)For small masses m, it is given by R ' ` sin � in the above example. For large masses, Rstrongly osillates between zero and R = 4(B0)2!2=M2m4`0 as a funtion of `.To determine R for a more realisti set-up, note that hameleons beome reeted bythe avity walls approximately 108(`=1m)�1 times per seond. If the walls of the avityare not aligned to be exatly parallel to eah other (with angular deviations of the order of�Æ), trapped partiles will beome distributed isotropially after some time t ' O(`=�Æ).In realisti ases, espeially if no extra e�ort is put into the adjustment of the avity walls,t is well below � O(1 s). Sine the harateristi time sale of an afterglow experimentwill turn out to be orders of magnitude larger, it seems to be safe to assume that thehameleons form an isotropi and homogeneous gas inside the avity.In suh a set-up, the number of hameleons in the avity is governed by a simple rateequation: dN�dt = P!�(`; B)I � �N�: (3.10)The �rst term on the right-hand side desribes the loading of the avity, where ` nowis the length of the laser beam inside the magneti �eld in the avity (see Fig. 1). Theseond term desribes the loss of hameleons due to bak-onversion to photons. Theorresponding (un-)loading rate � is given by� = 14�V Z dA Z2� d
 os �SP�!(`0(x; e
); B � sin �); (3.11)where V is the volume of the avity, R dA denotes the integration over the avity surfae,R d
 the integration over the half sphere in whih photons an be emitted from eah pointof the surfae, `0(x; e
) is the distane a partile at surfae point x and orientation e
has traveled inside the magneti �eld sine its last reetion, � denotes the angle betweene
 and the diretion of the magneti �eld and �S denotes the angle between e
 and thesurfae normal.In this de�nition we have assumed that the avity is ompletely transparent to photons,and that the hameleon-photon wave is projeted onto its hameleon (or photon) part ateah reetion. Furthermore, we have negleted all interations between hameleon par-tiles and assumed that they an propagate freely in the avity without thermalization2.2Sine the expansion of the e�etive potential Ve�(�) (see Eq. (2.2)) around its minimum ontainsinteration terms of all powers of �, proesses like ��! n� are allowed for all n even at tree level. Thesehameleon reation and annihilation ross setions might beome very large for large energies and thuslead to thermalization or to a breakdown of the partile desription due to strong oupling for ertainvalues ofM and �. In this letter we only onsider the idealized ase without thermalization and postponethe further investigation of these problems to a forthoming publiation [26℄.7



Sine the energy of hameleon partiles whih are produed by laser beams orrespondsto temperatures of the order of T � O(104K), one might fear that they quikly lose theirenergy to the avity walls and take on the temperature of the surrounding. However, thisproess seems to be negligible3. Finally, the desription of hameleons as partiles withonstant mass ertainly breaks down for parameters (M;�) for whih Eq. (2.8) yieldsmasses below � 2=r. In these ases, the real hameleon mass strongly depends on theposition in the avity and is onstrained from below as in Eq. (2.9). Sine large parts ofthe orresponding parameter spae are already exluded by other experiments (at leastfor n = 1, see region above the ALPS line Fig. 2), and for simpliity, we exlude thisregion from our onsiderations.For the ase of a tube with length L, radius r � L and a magneti �eld of length `(see Fig. 1), one obtains� = B24M2 �8>><>>:2r`L �1� r2` ln r̀� ; for m2 . 4!=` ;2r`L �1� rm28! ln 4!rm2� ; for 4!=` . m2 � 4!=r ;52 `!2Lrm4 ; for m2 � 4!=r : (3.12)From the previous equation and Eq. (3.9) the harateristi length sale R of the systeman be diretly read o�. Note, that if m2 . 4!=`, � is independent of the hameleonmass, while, for m2 � !=r, � dereases like � m�4.As we stated above, the formulae for � only hold, if the hameleon-photon wave isprojeted onto its hameleon or photon part at eah reetion. This is ertainly thease if the walls are transparent to photons, sine the wave pakets of the ombinedhameleon-photon system beome separated after the reetion. Due to interation withthe environment, this spatial separation ats like a projetion onto either the photon orhameleon part. However, this measurement-like proess might even our if photonsare reeted by the avity walls (e.g. if the avity is a metalli tube where only the endaps are transparent to photons). This is due to the fat, that the reetion propertiesof hameleons and photons are in general quite di�erent [12℄, so that the orrespondingwave-pakets may beome separated. This separation again ats like a measurement andleads to a projetion onto either the photon or the hameleon part.3 Chameleons in our experiment are expeted to be muh hotter than the avity walls sine thelaser frequeny ! = 2:3 eV orresponds to a temperature of 2:7 � 104K. To estimate the energy loss ofthe hameleons through elasti sattering o� the avity walls, note that the maximal energy transferfrom a hameleon partile with energy ! on a part of the wall with mass M is �! ' 2!2=M . Mmay be approximated by the mass of a half sphere with diameter of the wavelength of the hameleon� = 532 nm and depends on the mass density of the wall, �wall. From that we obtain a ooling time oftooling = 2:4 � 108 s ��wall=1g m�3� (R=1m) ; where R denotes the average path length of a hameleonbetween two reetions. Sine R & 1 m and �wall & 1 g m�3, we onlude that this e�et is negligible.
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3.2 Photon RegenerationWe now turn the determination of the results whih an be expeted in an afterglowexperiment. Swithing on the laser for a time �t �lls the avity withN0�(�t) = �1� e���t�� P!�(`)I (3.13)hameleon partiles. Assuming, that a fration of f regenerated photons hit the detetor,the number of deteted photons per seond immediately after swithing o� the laser (attime t = 0) isIdet (t = 0) = fP!�(`)I �1� e���t� = fP!�(`)I �(��t; for ��t . 1 ;1; for ��t & 1 : (3.14)The urrent of deteted photons dereases with measurement time like e��t. Hene, thenumber of deteted photons for a measurement time t isNdet (t) = f P!�(`)I �1� e���t� �1� e��t�� : (3.15)If the detetor is sensitive down to N sen , the experiment an in priniple reah parameters(M;�) for whih Ndet (t) & N sen . This region is further onstrained by the requirement,that a hameleon inside the avity annot have a mass smaller than m � 2=r (see above).We now turn to an estimate of the oupling parameter M aessible with a set-upsimilar to the ALPS phase zero experiment [20℄. Using the orresponding experimentalparameters (! = 2:3 eV, ` = 4:2m, L = 6:5m, r = 1:7 m, and B = 5:4T), we andetermine the (un-)loading rate � from Eq. (3.12) and obtain� ' 4:6 � 10�5 s�1�106GeVM �2 ; for m . 2p!=` = 6:6 � 10�4 eV: (3.16)In the same mass limit, the onversion probability that enters Eq. (3.14) is given byP!�(`; B) = 1:3 � 10�10�106GeVM �2 : (3.17)In ALPS phase zero the laser has a power P = 3W, orresponding to a photon urrentof I ' 8:1 � 1018 s�1. The exploited CCD amera is sensitive down to N sen = 5 � 105. Forsmall masses, an in�nite loading time �t, and f ' 1=2, the experiment ould reah inpriniple oupling parameters M up to M ' 107GeV. This value sales with the squareroot of the laser power, stronger lasers easily reahM & 108GeV. However, in these asesthe loading time beomes very large, sine it sales with � M2 (f. Eq. (3.16)). Hene,the sensitivity of afterglow experiments is mainly onstrained by the �nite loading timeof an experiment. 9



Figure 2: Combined onstraints on n = 1 hameleon theories in terms of the potential param-eters �, in units of the energy sale �1=4� ' 0:002 eV ' (0:1 mm)�1 orresponding to the energydensity of dark energy, versus the inverse oupling sale 1=M , in units of MPl ' 1:2 � 1019GeV.Current onstraints (blue solid line; from Ref. [8℄) arise from searhes for violations of the weakequivalene priniple (WEP), from searhes for deviations from the 1=r2 law of the gravitationalfore (Irvine and E�ot-Wash), and from bounds on the strength of any �fth fore from measure-ments of the Casimir fore. Future spae-based tests will improve the urrent limits to the oneshown as a light-blue dotted dashed line. A searh for an afterglow due to hameleon-photonreonversion at ALPS phase zero will be sensitive to the region indiated by the red solid line,orresponding to a loading and measurement time of �t = t = 100 s. The red dotted lineorresponds to the aademi ase �t = 1 y and t = 1h.10



Let us now onsider also the sensitivity to the parameter � in the self-interationpotential (2.5) of the hameleon whih enters here through the hameleon mass (2.8). Theresidual gas density in the vauum tube of the ALPS experiment is �gas ' 2 �10�14 g m�3.Together with the magneti �eld this yields an e�etive energy density of � ' 1:3 �10�13 g m�3. From this we an determine the parameter region, whih is aessible withthe ALPS phase zero set-up. In Figure 2, we have displayed two ases: the red solid lineorresponds to a loading and measurement time of �t = t = 100 s, while the red dottedline shows the aademi ase �t = 1y and t = 1h. Evidently, already in the ALPS phasezero set-up whih is not tuned for hameleon afterglow searhes, one an probe a so farunaessible region of the parameter spae of hameleon �eld theories.4 Chameleon Cavity �a la Fabry-P�erotWe have seen, that in the ase of a \hameleon gas" the afterglow rate of photons islimited to I(t = 0) < P!�I (f. Eq. (3.14)). We will show in this setion that,in priniple, interferene e�ets of the hameleon wave with the laser an inrease therate of regenerated photons and the experimental sensitivity. Ignoring the experimentalproblem of how to stabilize a hameleon wave in a Fabry-P�erot avity for more than about100 seonds, we will show that oherent interations might inrease the afterglow rate upto the laser intensity I. In the following we will derive the amplitude of the right-movinghameleon plane wave taking into aount ontributions from preeding reetions.Initially, as we swith on the laser beam, we assume the system to be in a pureright-moving photon state  0 = (1; 0)T at the entrane window at z = 0 normalized tothe laser amplitude. At the far-side window at position z = ` the state has evolved byQT (')M0(`)Q(') �MR(`) (see Set. 3). At the window the photon wave esapes and thehameleons are reeted bak into the avity. Due to reetion properties and propagationoutside the magneti �eld (see Fig. 1a) the hameleon �eld will pik up a phase Æ1 whihis in general omplex4. The two-level state is hene projeted after reetion by R1 =diag(0; eiÆ1) and generates a left-propagating hameleon wave. Reahing the near-sidemirror this state has further evolved by QT (�')M0(`)Q(�') � ML(`) and is projetedinto a hameleon state by R2 = diag(0; eiÆ2). In summary, after one yle the system hasevolved into a state R2ML(`)R1MR(`) 0 � C 0: (4.1)4Sign ips of the hameleon wave are also ompensated by this phase.
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The matrix C has the following form to leading order in 'C11 = C12 = 0 ;C21 = eiÆ ��2 sin2�`m24! �'� i sin�`m22! �'+O('3)� ;C22 = eiÆ �1� 4 sin2 �`m24! �'2 + 2i�`m22! � sin�`m22! ��'2 +O('4)� ;with a ommon phase Æ = Æ1 + Æ2 � 2`(!���). The real and imaginary parts of C22 (upto the overall phase) are the familiar ontributions in the photon-axion system, resultingin a rotation and elliptiity of the laser polarization with respet to the magneti �eld.Here, however, the role of the axion and photon is interhanged sine only the formeris reeted. From Eqs. (3.4) and (4.1) we an derive the relations jC22j = P�!� andjC21j2 = P�!�P!�, whih will beome useful in the following.After the �rst yle the right-moving two-level system reeives a new ontributionfrom the un-propagated laser light (1; 0)T . Hene, for the seond yle we have to evolve(C + 1) 0 with C and so on. After N yles we arrive at a right-moving state N = NXk=0 Ck 0 = �1; C21 1� CN221� C22�T (C0 � 1) : (4.2)The geometri series onverges for N !1 sine jC22j < 1 and results in the asymptotistate  1 = �1; C211� C22�T = (1; �1)T : (4.3)The amplitude of the right-moving hameleon wave at z = 0 after N previous yles isgiven as j�N j2 = ����C21 1� CN221� C22 ����2 = j�1j2 � ��1� CN22��2 : (4.4)Sine 1 � jC22jN � j1 � CN22j � 1 + jC22jN the osillation jC22jN of the squared amplitudearound its asymptoti value is damped aording to jC22jN = e�t�ohload with�ohload = � ln jC22j2` = � lnP�!�2` = � ln (1� P!�)2` ' P!�2` : (4.5)Figure 3 shows the hameleon amplitude for two di�erent set-ups, where we use for il-lustration an (unaeptably) large hameleon oupling orresponding to M = 100 GeV.The on�guration in the upper panel has a strong osillation with yles N aused by thephase of C22. In general, this leads to a suppression of the hameleon amplitude at z = 0.The osillation is redued in the resonant ase, i.e. C22 ' jC22j, whih orresponds toÆ ' 2�Z and `��'2 � 1. In the ase `�� � 1, i.e. `� `oh, we arrive at an asymptotiamplitude of j�N j2 ' P�!�P!� �1� PN�!��2 N!1���! P�!�P!� ' 1P!� : (4.6)12



Figure 3: Coherent evolution of the hameleon amplitude with number of yles N . For illus-tration, we took M = 100 GeV, m = 10�eV, ` = 10 m, B = 5 T and ! = 1 eV. The upperpanel shows the ase Æ1 + Æ2 = 0 and a rapid osillation. For the lower panel we hose Æ = 0,suh that the hameleon amplitudes add up resonantly. In this ase the asymptoti amplitudeis j�1j � 1=P!�. Also shown is the envelope j�1j2 � (1 � e�t�load)2 as a dotted line. AfterN = 100 yles the laser is swithed o� (marked as a dashed line) and the hameleon amplitudedeays exponentially. Note that we use di�erent ordinates in both panels.
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Figure 4: Coherent evolution of the photon amplitude with number of yles N for the benh-mark points of Fig. (3). We show the intensity of the right-moving (left-moving) photons trans-mitted at z = ` (z = 0) from the avity as a thik green (thin red) line. In the resonant ase(lower panel) the avity ats as a mirror: The amplitude of right-moving photons is suppressed,whereas the left-moving photons reah the laser intensity. Again, after N = 100 yles the laseris swithed o� and photons are emitted with exponentially deaying intensities to both sides. Inthe resonant ase the intensity of the beam reahes the laser intensity.
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Suh a situation is shown in the lower panel of Fig. 3 with the same experimental andmodel parameters used in the upper panel.One the \avity" is �lled with hameleons we swith o� the laser �eld to searh forphotons regenerated in the magneti �eld. For a hameleon state  � = (0; �)T we haveper yle: C � = C22 � : (4.7)Per yle �t ' 2` (m� !), the amplitude of the hameleon beam at z = 0 dereases as� _N� = (1� jC22j2) _N� (4.8)This de�nes an unloading rate �ohunload as�ohunload = 1� jC22j22` = 1� P 2�!�2` ' P!�` : (4.9)Note that to leading order �ohunload ' 2�ohload, in ontrast to the inoherent ase, where thereis only one rate for loading and unloading: The loading of the avity takes twie the timeas in the ase of the gas.The photon ux out of the avity in both on�gurations is shown in Fig. 4. In theupper panel, the o�-resonant ase, the photon ow is dominated by the laser light anddrops by several orders of magnitude after swithing o� the laser. The situation hangesompletely in the resonant ase shown in the lower panel. Here, the avity ats as a mirror:in the stationary limit, the laser light is almost ompletely reeted into left-moving waves.After we have swithed o� the laser the photons regenerated by the hameleons have theintensity of the laser light.Note that the larger the �nal hameleon amplitude (/ P�1!�) gets the longer it takes(/ P�1!�) to reah it. In a realisti experiment we an only expet a limited numberof yles N � �t=2` for the oherent building up of the amplitude. In this ase theamplitude will have reahed a levelj�N j2 ' P�!�P!� �1� PN�!��2 P!��1�����! N2P!� ' ��t2` �2 P!� : (4.10)The deteted afterglow rate of photons at one window is thenIdet (t = 0) ' f ��t2` �2 P 2!�I ; (4.11)whih is about a fator �t=(4`) larger than in the ase of the hameleon gas (see Eq. (3.14)).So far, we have left aside the experimental problem of a stabilization of the hameleonFabry-P�erot avity. Considering the lower panel of Fig. 4 one noties that the optialreetivity inreases in the resonant ase. This damping of the laser amplitude might beused as a feedbak signal for an ative stabilization in an experiment. However, an atualrealization of this onept is beyond the sope of this paper.15



5 ConlusionsIn this paper we have proposed a hitherto unnoted signature of hameleon �eld theories| an afterglow e�et | whih ould be easily exploited in onventional axion-like partilesearh experiments.In strong magneti �elds, laser photons an onvert to hameleon partiles whih anbe trapped inside a vauum avity. We have shown that these partiles are expeted toform a gas inside the avity, and that they might reveal themselves as an afterglow afterthe laser is swithed o�. In general, for long enough loading times, a stationary stateis ahieved, where the hameleon prodution in the laser beam and the loss via bak-onversion to photons is balaned. In this ase, the afterglow rate only depends on theinitial prodution rate and not on the details of the experiment. This kind of experiment isin priniple sensitive to ouplings below 1=M � 10�8GeV�1, whih is orders of magnitudesmaller than the sensitivity of typial laser polarization experiments. Its sensitivity alsoompares favorably with Casimir fore experiments. The main onstraints on afterglowexperiments ome from the required loading times whih an easily beome orders ofmagnitudes larger than � O(100 s).We have also skethed the onept of a Fabry-P�erot avity for the hameleons. Withan appropriate tuning of phase shifts the sensitivity of the experiment ompared to thease of a hameleon gas might be further inreased by a fator �t=4` in the ase wherethe loading time �t is muh smaller than the inverse loading rate �. In the (aademi)ase �t�� 1 the avity will at as a mirror for the inoming photon beam and the rate ofafterglow photons in the unloading phase of the avity reahes the intensity of the initiallaser beam. However, in an experimental realization of this onept the time sale �twill be limited by the e�etive �nesse of the hameleon avity, i.e. the maximal numberof yles ahievable.Open questions onern the possible thermalization of the hameleon gas, and thequestion under whih irumstanes the partile piture breaks down due to strong ou-pling e�ets. The answers will most probably depend strongly on the spei� potentialV (�) and might lead to strong onstraints on hameleon theories. We will onsider thiselsewhere [26℄.Referenes[1℄ C. Wetterih, Nul. Phys. B302, 668 (1988).[2℄ B. Ratra and P. J. E. Peebles, Phys. Rev. D37, 3406 (1988).[3℄ R. R. Caldwell, R. Dave, and P. J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998),astro-ph/9708069. 16
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