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elona, Spain5Deuts
hes Elektronen-Syn
hrotron DESY, Hamburg, GermanyAbstra
tWe study the mixing of photons with hypotheti
al massive spin-two parti
lesin the presen
e of a magneti
 �eld. Mixing phenomena have been studied in the
ase of axion-like parti
les and stri
tly massless spin-two parti
les (gravitons)but not in this 
ase. We �nd several interesting di�eren
es between them.1 Introdu
tionA photon traveling through an ele
tromagneti
 �eld may 
onvert into neutral parti
lesthat have a 
oupling to two photons. The pro
ess has been observed in the labora-tory; indeed, photons in the ele
tri
 �eld of a nu
leus produ
e pions as predi
ted byPrimako� [1℄. If the parti
le is light enough we expe
t that the mixing of the photonwith the parti
le leads to a 
oherent superposition of the two. Su
h an e�e
t is atthe heart of the proposals to look for axions, sin
e 
oheren
e enhan
es the probabil-ity of axion-photon 
onversion [2℄. All 
urrent axion sear
hes are based on dete
tion1
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te
hniques that exploit the in
rease in the sensitivity that this mixing phenomenonprovides. These sear
hes in
lude halos
opes [3℄, helios
opes [4, 5, 6, 7, 8, 9℄ and laserexperiments [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20℄ (for a review see Ref. [21℄).Sin
e the axion is a theoreti
ally well motivated parti
le, almost all mixing studieshave fo
used on this 
ase. Of 
ourse any other light spinless parti
le 
oupling to photons
ould lead to the same phenomenology [22℄. Furthermore, photons may os
illate alsointo parti
les with spin higher than one (mixing with spin-one parti
les is forbiddendue to the Landau-Yang theorem [23, 24℄), the most prominent 
ase being the graviton.Photon-graviton mixing has being 
onsidered in the framework of standard four-dimensional general relativity [25, 26, 27, 28, 29, 30℄, where gravitons are massless, andalso in the 
ontext of extra-dimensions [31℄ where, in addition to the massless mode,one �nds a Kaluza-Klein tower of massive gravitons. Unfortunately, due to the extremesmallness of Newton's 
onstant, the e�e
ts of photon-graviton mixing are usually oflittle relevan
e.In this paper we want to present our 
al
ulations for photon mixing with a generi
massive spin-two parti
le, in prin
iple unrelated to Kaluza-Klein gravitons.In our study we have seen that there are some pe
uliarities in the spin-two 
asethat are not present when the mixing is with pseudos
alars su
h as axions; we 
onsiderinstru
tive to present su
h di�eren
es. Even more than that, we have realized thateven if the mass m of the spin-two parti
le is small, there are signi�
ant di�eren
eswith the stri
tly massless 
ase. Spe
i�
ally, we �nd that there is no de
oupling, in thesense that in the m! 0 limit there are e�e
ts not present in the massless theory. Theheli
ity-zero 
omponent of the massive theory 
ontributes without suppression to theobservables we 
al
ulate.Our results may be useful for a 
ertain number of experiments on laser propagationin magneti
 �elds [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20℄. Indeed, photon mixing leadsto several e�e
ts and it is of interest whether we may interpret or not su
h potentiale�e
ts as the result of the mixing of photons with spin-two parti
les. Again, the �ndingrelated to the 
ontribution of the heli
ity-zero 
omponent makes this interpretation asnatural as the spinless one, in the potential 
ase that e�e
ts are found experimentally.However, one should always bare in mind that these 
ouplings are subje
t to strong
onstraints not only from astrophysi
s [4, 5, 6, 7, 8, 9, 32, 33, 34℄, whi
h is a
tually the
ase of axions, but also from the usually very demanding laboratory sear
hes for longrange for
es [35, 36, 37℄. Some re�ned models that evade 
onstraints from astrophysi
sand/or sear
hes for new long range for
es have been developed [38, 39, 40, 41℄, butthey all su�er from some la
k of naturalness.Last but not least our work might be of interest 
on
erning the 
ontroversy of themassless limit of a theory of massive gravity (see [42℄ for a re
ent review). The issuegoes ba
k to the study of van Dam and Veltman [43℄ and Zakharov [44℄, who showed2



that there was a dis
ontinuity in the limit of the graviton mass going to zero when
ompared with the usual gravitational theory with a massless graviton, and to thestudy of Vainshtein [45℄, who argued that the non-linearity of Einstein equations 
ouldsolve the problem. There has been mu
h work on su
h topi
 and, as far as we know,there is no 
lear 
onsensus. It is not our intention to enter into the intri
a
ies of su
hdeep problems, but rather to present a 
al
ulation that shares with gravitation the fa
tthat we also deal with a spin-two parti
le. In our 
ase, whi
h by the way is developedin linear theory, we �nd a dis
ontinuity in the m! 0 limit.In this paper we shall not review the pseudos
alar 
ase; the work of Ra�elt andStodolsky [30℄ is very 
omplete and 
an be 
omplemented with more re
ent studies [46,47℄. Instead we will present in Se
tion 2 the mixing of photons with s
alar parti
les.This will help us in �xing some of the notations and 
onventions we use. Also, anothermotivation is that there are small te
hni
al di�eren
es between the s
alar and thepseudos
alar 
ases, unnoti
ed in previous literature [48, 49℄, whi
h will also appearin the spin-two 
al
ulation. Se
tion 3 is devoted to the spin-two 
al
ulation and a�nal dis
ussion is presented in Se
tion 4. Some te
hni
al details on how we 
hoosethe polarization basis and the demonstration of an useful identity are shown in theappendixes.2 Mixing of Photons with S
alarsThe Lagrangian des
ribing a s
alar �eld � 
oupled to two photons with 
oupling 
on-stant g0 is L = LEM + LKG + 14g0 F ��F�� � ; (1)where F�� is the ele
tromagneti
 �eld strength and we have the usual free partsLEM = �14F ��F�� (2)LKG = 12(���)(���)� 12 m20 �2 : (3)We use the metri
 ��� = Diagf1;�1;�1;�1g. Following the mixing formalism ofRef. [30℄, we de
ompose F�� asF�� = F ext�� + ��A� � ��A� ; (4)where F ext�� represents the external �eld and A� the propagating quantum photon �eld.The mixing equations in the Lorentz gauge and 
onsidering the external magneti
 �eld
onstant are: (�2 +m20)� = 12g0 F ext�� (��A� � ��A�) (5)�2A� = g0 F ext�� ��� : (6)3



We 
hoose the z-axis as the dire
tion of propagation of light and the magneti
 �eldas ~B = (BT ; 0; BL) = (F ext23 ; 0; F ext12 ). We also have A� = (0; ~A) = (0;Ajj; A?; 0), withpolarizations Ajj and A? respe
tively parallel and perpendi
ular to BT .We will work in the 
ase in whi
h m0 is small and the magneti
 �eld is stationaryand slowly varying in spa
e, whi
h are the 
onditions typi
ally interesting for labora-tory experiments. The motivation of the �rst requirement is two-fold. On the one handm0 has to be smaller than the photon energy be
ause otherwise real 
 � � transitions
an not o

ur. On the other hand if m20=2!2 � 1 (! is the energy) we 
an linearize theequations of motion, whi
h simpli�es the 
al
ulation without loosing relevant informa-tion. Moreover, we 
onsider g0 small enough so that we 
an work at �rst non-trivialorder 1.With all these 
onditions satis�ed, the �eld solutions to the equations of motion inthe stationary regime will be plane waves with an energy dependen
e ei!t and a spatialdependen
e e�ipz to be determined 2. In the relativisti
 
ase in whi
h m0 � ! weexpe
t jpj ' ! and we 
an linearize the operator �2 in the equations of motion:!2 + �2z = (! + i�z)(! � i�z) = (! + p)(! � i�z) ' 2!(! � i�z) : (7)By redu
ing the order of the system of di�erential equations to one we are loosingthe possibility of imposing boundary 
onditions on the �eld derivatives and thus of
onsidering re
e
ted waves. In turn this 
an be used to argue that the amplitudesof su
h waves should be of the order of the negle
ted terms when we linearize as inEq. (7), i.e. suppressed by a fa
tor (! � p)=! at least. Expli
it formulas for the 
aseof the axion 
an be found in Ref. [46, 47℄.We therefore obtain the following equations:�! � i�z � m202!��+ g0BT2! �zA? = 0 (8)(! � i�z +�?)A? � g0BT2! �z� = 0 (9)�! � i�z +�jj�Ajj = 0 : (10)We have introdu
ed the parameters �? and �jj to take into a

ount that photonsmay travel in a medium with an index of refra
tion ni ' 1 + �i=! and again we areassuming �i � !.1From an e�e
tive �eld theory point of view, we 
an 
onsider the �

 
oupling in Eq. (1) as beinggenerated by new physi
s related to an energy s
ale / g�10 . Therefore, going beyond the lowest non-trivial order in g0 would be probably in
onsistent sin
e, whatever the new physi
s is, it will most likelygenerate other e�e
tive intera
tions with 
ouplings proportional to higher powers of g0 whi
h wouldhave 
omparable impa
t on the �nal results.2Given the way we 
hose the axes, x and y play no role.4



We noti
e that only magneti
 �elds transverse to the dire
tion of propagation oflight lead to mixing e�e
ts in this 
ase. This 
an be understood sin
e when the externalmagneti
 �eld is longitudinal we have azimuthal symmetry along the propagation axisso the z-
omponent of the angular momentum must be 
onserved. Sin
e the photon isheli
ity-one it 
annot 
onvert into a s
alar parti
le.Let us now turn our attention to the resolution of the equations of motion. Thepolarization Ajj is solved trivially (from now on we drop the temporal dependen
e ei!t,
ommon to all �elds): Ajj(z) = e�i!njjzAjj(0) : (11)Let us write the equations of the A? � � system in matri
ial form�! � i�z + � 0 aa 0 � (i�z) + � ��0 00 �? ��� �A? � = 0 (12)where, for 
onvenien
e, we have performed the shift A? ! iA? and we have de�neda = g0BT2! ; �0 = m202! : (13)To solve for the A? � � mixing, we sear
h for solutions A?(z) = eA?e�ipz and �(z) =e� e�ipz and are led to the following matri
ial equation in Fourier spa
e,� ! � p��0 apap ! � p+�? �  e�eA? ! = � 00 � : (14)In order to have non-trivial solutions, the determinant of the matrix above shouldvanish. This requirement implies an equation for p, with two solutions: p1 and p2.Introdu
ing the values p = p1; p2 in Eq. (14) we �nd that the eigenve
tors (e�; eA?)
orresponding to these solutions satisfyeA(1)?e�(1) = �ap1! � p1 +�? � � tan�1 ; e�(2)eA(2)? = �ap2! � p2 ��0 � tan�2 : (15)The de�nition of the angles �1 and �2 is su
h that they measure the angular distan
e(in this 
avor spa
e) of the solution 1 to the pure � state (1; 0) and of the solution 2to the pure photon (0; 1) state.At this level we already �nd a formal di�eren
e with the pseudos
alar 
ase studiedin Ref. [30℄. The o�-diagonal matrix elements of Eq. (14) involve the wavenumber pwhile in the pseudos
alar 
ase involve the frequen
y !; therefore in general �1 6= �2,unlike in the pseudos
alar 
ase 3. However, one 
an show thattan�1tan�2 = ! ��0! +�? ; (16)3Let us stress that this 
on
lusion still holds even if we do not linearize the equations of motion.5



and therefore, in the relativisti
 approximation 
onsidered here 4, we 
an safely takeboth angles to be equal.We will 
ontent ourselves showing here the expli
it formulas in the limits�0; j�?j � ! (relativisti
) (17)and �1 ' �2 � 1 (small mixing) (18)In this limit the momenta for the two solutions readp1 = ! ��0 � g20B2T4(�0 +�?) (19)p2 = ! +�? + g20B2T4(�0 +�?) ; (20)where we do not display higher-order terms that are not relevant in the approximationwe work. Introdu
ing these values in Eq. (15) shows that the solutions 1 and 2 are,respe
tively, �-like and photon-like. Let us also de�ne� � 12 g0BT�0 +�? ' �1 ' �2 : (21)The solution to the linearized equations of motion Eqs. (8)-(9) would be given by alinear 
ombination of the two found solutionsA?(z) = C1 eA(1)? e�ip1z + C2 eA(2)? e�ip2z�(z) = C1 e�(1) e�ip1z + C2 e�(2) e�ip2z ; (22)with the integration 
onstants C1 and C2 determined by the initial 
onditions.Now we shall 
onsider the 
onditions relevant for laboratory experiments where westart with some �nite amplitude A(0) and with �(0) = 0 and we are interested in the�elds after propagating some distan
e z. Solving for these initial 
onditions, we getA?(z) = A?(0) [(1� �2) e�ip2z + �2 e�ip1z℄ (23)�(z) = A?(0)� [e�ip2z � e�ip1z℄ ; (24)where p1 and p2 are given by Eq. (20).These expressions for the �elds 
an be further simpli�ed when taking the limitg20B2T z � j�0 +�?j : (25)4When we 
onsider the non relativisti
 limit ! ! m0 (not linearizing the e.o.m. (5)) then tan�1 !0 while tan�2 remains �nite and the di�eren
e between the s
alar and pseudos
alar 
ase is maximal.This limit has been 
arefully dis
ussed for pseudos
alars in Ref. [47℄.6



We get, at the �rst non-trivial order in �,A?(z) = A?(0)e�i!n?z �1��2�2 sin2 bz2 + i(bz � sin bz)�� (26)�(z) = A?(0) e�i!n?z � [1� eibz℄ (27)where b = �0 +�? : (28)From Eqs. (11)-(26) we see that the di�erent photon 
omponents behave in a di�er-ent way along their traje
tory in the magneti
 �eld. We 
an parameterize this di�eren
ewith a fa
tor that a

ounts for the 
hange of the ratio of the amplitudes and a phasedi�eren
e as follows: A?(z)Ajj(z) = A?(0)Ajj(0) (1� �(z)) e�i'(z) ; (29)where �(z) and '(z) are real and de�ned to be positive. We shall set nk = n? = 1 tofo
us on the e�e
ts of s
alar-photon mixing; in this 
ase b = �0.The e�e
ts of the mixing are a de
rease of the amplitude of the wave A? relativeto Ajj given by 1� �(z) = 1� 2�2 sin2 �0 z2 (30)and a phase delay given by '(z) = �2(�0 z � sin�0 z) : (31)To this extent, the va
uum �lled with a magneti
 �eld a
ts as a di
hroi
 and bire-fringent medium. The 
onsequen
es for a linearly polarized wave are: 1) a rotationof its polarization plane and 2) a small indu
ed ellipti
ity (as long as the dire
tion ofpolarization is not one of the preferred axes, ? or jj).We de�ne the angle of polarization with respe
t to the external magneti
 �eld as� = ar
tan jA?jjAjjj . We 
an take it in the range 0 � � � �=2 sin
e the sign of the magneti
�eld does not enter in any observable. Then a small 
hange of jA?j and/or jAjjj willprodu
e a small rotation Æ� given byÆ�(z) = sin 2�2 �ÆjA?jjA?j � ÆjAjjjjAjjj � = �sin 2�2 �(z) ; (32)i.e. the polarization of the laser (its ele
tri
 �eld) approa
hes the magneti
 �eld plane.We 
an understand this as an e�e
t of the depletion of photons perpendi
ularly polar-ized A? with respe
t to those polarized along the magneti
 �eld dire
tion Ajj. Pseu-dos
alar parti
les, su
h as axions, 
ouple instead to Ajj and thus � would be negative7



and their produ
tion would produ
e positive rotations of the laser polarization plane,i.e. the polarization of the laser would tend to be perpendi
ular to the magneti
 �eldplane.The ellipti
ity  of a light wave is de�ned as = AsAl ; (33)where As (Al) is the shorter (longer) axis of the ellipse that the ve
tor of the ele
tri
�eld draws in the plane perpendi
ular to the propagation. As for the sign, we adoptthe same 
onventions of Ref. [50℄, positive ellipti
ity meaning that the ele
tri
 �eldfollows the polarization ellipse in a 
lo
kwise sense as seen by an observer who sees thelight propagating towards him. If the light is initially linearly polarized then a smallphase delay ' between A? and Ajj will lead to a shift of the ellipti
ityÆ (z) = Æ�AsAl� = �sin 2�2 '(z) : (34)The ellipti
ity is anti-
lo
kwise be
ause A? is delayed in time with respe
t to Ajj due tothe fa
t that a small part of the A? wave travels now with a massive �-like dispersionrelation. When this delay takes pla
e Ajj rea
hes its maximum a bit before A? whenthis is still growing. Thus in the maximum of the amplitude the ele
tri
 �eld movesaway from the magneti
 �eld ve
tor. Noti
e that if the initial polarization is at anangle of �=4 both the rotation Æ� and the ellipti
ity Æ are maximized.Sin
e the transition is optimized if the s
alar and photon waves are 
oherent, wethink it is interesting to 
al
ulate the rotation and ellipti
ity in that limit, whi
h
orresponds to �0z � 1. Indeed �0 is the momentum di�eren
e in va
uum betweena photon and a � both with energy !, whi
h generates, as the two quanta propagatealong the z-dire
tion, a relative phase of �0z. Requiring this phase to be negligible ispre
isely the 
oheren
e 
ondition. In this limit the rotation and ellipti
ity redu
e to:Æ� = � 116 g20B2T z2 sin 2� (
oherent) (35)Æ = � 196 1! g20B2Tm20z3 sin 2� (
oherent) : (36)As expe
ted, both the rotation and ellipti
ity have opposite sign with respe
t to theones generated by mixing with pseudos
alars. Ex
ept for this pe
uliarity, the phe-nomenology of this mixing is essentially equal to the axion 
ase.So far we have 
onsidered the 
ase where an initial photon wave propagates alonga magneti
 �eld and is partially 
onverted into a � wave. If we 
onsider the opposite
ase, i.e. an initially � wave with no photon-
omponent, we expe
t exa
tly the same8



solutions, Eqs. (23)-(24), but inter
hanging A? $ �. This results 
an be used to
ompute the output of a \light-shining-through-walls" (LSW) experiment. In su
h anexperiment a laser beam is shone through a magneti
 �eld onto a thi
k wall wherephotons are stopped but �'s potentially produ
ed during the 
rossing of the magneti
�eld 
an traverse. By the inverse pro
ess, �0s 
an be re
onverted into photons inanother magneti
 �eld behind the wall and dete
ted in a low ba
kground environment.Plugging Eq. (27) and its equivalent in the inverse �! 
 pro
ess we �nd a transmittedwave after the wallA?(z
; zr) = A?(0)e�i!(z
+zr)�2[1� eibz
 ℄[1� eibzr ℄ ; (37)where z
; zr are the lengths of the magneti
 �elds for the 
onversion and re
onversion.This leads to a photon regeneration probabilityP (
? ! �! 
?) = jA?j2 = 16�4 sin2 bz
2 sin2 bzr2 ; (38)i.e. the same expression as for pseudos
alars when the initial photons are polarizedalong the magneti
 �eld dire
tion. Under 
oherent 
onditions this is independent ofthe � mass:P (
? ! �! 
?) = 116 (g0BT z
)2 (g0BT zr)2 (
oherent) : (39)3 Mixing of Photons with Spin-Two Parti
lesThe Lagrangian des
ribing a free massive spin-two parti
le � was found by Fierz andPauli in 1939 [51℄:LFP = 14(�����)(�����)� 12(�����)(�����) + 12(�����)(�����)�14(�����)(�����)� m24 ������ + m24 (���)2 : (40)The equations of motion for ��� 
an be 
ombined to give����� = 0 and ��� = 0 ; (41)whi
h are the usual 
onstraints whi
h apply to the rank-two tensor des
ribing a spin-twoparti
le, together with the requirement that ��� is symmetri
. We observe that these
onstraints are dynami
al 
onditions deriving from the Lagrangian itself. From the tenindependent entries of a symmetri
 tensor, 
onditions (41) eliminate �ve, leaving the�ve degrees of freedom that represent the spin-two parti
le.9



In our study of the mixing we therefore de
ompose the �eld � as���(x) =Xi �i(x) ���i (p) ; (42)where �i(x) are plane-waves and ���i are polarization tensors built to satisfy Eq. (41).Here i runs therefore over the �ve spin-two polarizations: +2;�2;+1;�1; 0. The ex-pli
it formulas for ���i are shown in Appendix A.Next we 
onsider an intera
tion Lagrangian of the typeg���O�� ; (43)where O�� is a bilinear in ele
tromagneti
 �elds and g a 
oupling 
onstant.Starting with the 
ase of parity even spin-two parti
le, we have in prin
iple twodimension-four operators 
andidates for O��: F ��F �� and ���F ��F��. Clearly, these
ond 
ouples to the tra
e of ���, whi
h is zero for our spin-two parti
le, and therefore
annot lead to any e�e
t.On the other hand, if we want our parti
le to be parity-odd, we �nd two analogous
andidates. As we demonstrate in Appendix B, they are proportional to ea
h other:F �� eF �� = �14���F �� eF�� : (44)and sin
e one expli
itly 
ouples to the tra
e ��� we 
on
lude that mixing of photonswith parity-odd spin-two parti
les should happen via higher-dimensional operators,whi
h will ne
essarily in
lude higher orders of the 
oupling 
onstant g.After this dis
ussion, we are led to 
onsidering the mixing of a parity-even spin-twoparti
le with the following lagrangianL = LEM + LFP + g2p2���F ��F �� ; (45)where we have de�ned the 
oupling 
onstant with an appropriate numeri
al 
oeÆ
ientto make easier the 
omparison with the s
alar 
ase.The equations of motion in the Lorentz gauge are, on
e proje
ted onto the spin-twopolarizations, (�2 +m2)�i = p2g���i F ext��(��A� � ��A�) (46)�2A� = �p2gXi (���i F ext �� � ���i F ext �� ) ���i : (47)We follow the same pro
edure as in the s
alar 
ase in Se
tion 2 and shall work underthe same 
onventions and assumptions. We linearize and rede�ne Ai ! iAi and we10



obtain the following equations in Fourier spa
e:(! � p��) e��1 = 0 (48)(! � p��) e�+1 = 0 (49)� ! � p�� a2pa2p ! � p+�k � � e��2eAk � = � 00 � (50)0� ! � p�� 0 a2p0 ! � p�� a0pa2p a0p ! � p+�? 1A 0� e�+2e�0eA? 1A = 0� 000 1A ; (51)where we have de�ned � = m22! (52)and a2 = gBT2! ; a0 = � gBTp3! : (53)This system has seven states that 
ould in prin
iple mix, �ve for � and two for A.However, we noti
e several interesting features. First of all, only the 
omponent BTand the states ��2, �+2 and �0 appear in the mixing equations: from Eq. (48)-(49) wesee indeed that ��1 and �+1 de
ouple. The same argument that we used in the s
alar
ase 
an be used here to understand that BL 
annot produ
e transitions to none of thestates ��2, �+2 and �0. In prin
iple BL 
ould produ
e transitions to the ��1 and �+1(and not BT , in this 
ase). However, the states ��1 and �+1 have de
oupled and donot appear in the mixing equations. This 
an be understood using angular momentum
onservation, in a way reminis
ent of the Landau-Yang theorem [23, 24℄. Consider amassive spin-two parti
le at rest that de
ays into two photons and de�ne the z-axisas the dire
tion of propagation of the photons. It is 
lear that the spin-two parti
le
annot be in a spin state sz = +1 nor sz = �1 be
ause the photons in the �nal state
an only give sz = �2 or sz = 0. By boosting in the z dire
tion, the same result stillholds, so that the parti
le is de
oupled from the photons if it is in a ��1 and �+1 state.Furthermore, we see is that the system has de
oupled in two blo
ks, Eqs. (50)-(51). This 
an be understood in terms of CP symmetry (see Appendix A). We followRef. [30℄ and de�ne P as a re
e
tion in the plane that 
ontains ~B and the beam (planex� z). The magneti
 �eld has C= �1 and it is a pseudove
tor, so that CP= +1. Thephoton �eld has also C= �1 and the ve
tor 
hara
ter implies CP= +1 for A? andC= �1 for Ajj. Finally, for the � parti
le, we have that the polarizations � 
orrespondto CP odd states, while + and 0 to even ones. All that implies that A? 
ouples to +and 0 while Ajj to �. We 
an now fully understand the 
onvenien
e of 
hoosing the �and + polarizations as we have done.An interesting result we have obtained is that the A?��0 mixing, a0, is of the sameorder of magnitude as a2 and, in parti
ular, does not vanish when m! 0. In Ref. [31℄,11



the heli
ity-0 
ontribution was negle
ted, based on the analogy with the massless 
ase(standard general relativity) 
onsidered in Ref. [27℄.The stru
ture of the mixing matrix in Eq. (51) allows us to perform a simple rotationin the polarization states spa
e of � in su
h a way that only a linear 
ombination ofthe spin-two states 
ouples to the photon. The 
ombination that 
ouples to A? is�+ = a2a+ �+2 + a0a+ �0 (54)with a+ =qa22 + a20 : (55)In terms of this linear 
ombination, the problem redu
es to a two-parti
le mixing.Instead of Eq. (51), we have� ! � p�� a+ pa+ p ! � p+�? � � e�+eA? � = � 00 � : (56)The orthogonal 
ombination �0+ = (a0�+2 � a2�0)=a+ de
ouples, so we end up witha simple two-by-two mixing problem for every photon polarization. The solutions 
anbe read dire
tly from the s
alar 
ase with appropriate momenta and mixing angles.As we said, we work in the same approximations than in the s
alar 
ase, that hereread �; j�kj; j�?j � ! (already needed when linearizing the equations of motion) andg2B2T=(� +�i)2 � 1, for both i = k;?.Using Eq. (20) we �nd the momenta in the spin-two 
ase:p(1)� = ! ��� a2�b� !2 ; p(2)� = ! +�k + a2�b� !2p(1)+ = ! ��� a2+b+ !2 ; p(2)+ = ! +�? + a2+b+ !2 (57)where, to unify notation, we have de�ned a� = a2 and alsob� = �+�k ; b+ = �+�? : (58)The mixing angles are �� = a�b� ! ; �+ = a+b+ ! : (59)The solutions for (Ajj; ��) and (A?; �+) are 
ompletely analogous to Eqs. (23)-(24).
12



In the limit g2B2T z � j�+�ij � 1, for both i = k;? we haveAk(z) = Ak(0)e�i!nkz �1� �2��2 sin2 b�z2 + i(b�z � sin b�z)�� (60)A?(z) = A?(0)e�i!n?z �1� �2+�2 sin2 b+z2 + i(b+z � sin b+z)�� (61)��(z) = Ak(0) e�i!nkz �� [1� eib�z℄ (62)�+(z) = A?(0) e�i!n?z �+ [1� eib+z℄ (63)�0+(z) = 0 : (64)As in the s
alar 
ase, we set nk = n? = 1 to fo
us on the e�e
ts of photon-� mixingso that b� = b+ = �. Then, the relative amplitude 
hange and phase delay of A? andAjj are now given by 1� �(z) = 1� 2a20 !2�2 sin2 � z2 (65)'(z) = a20 !2�2 (� z � sin� z) : (66)We see that the e�e
ts of produ
tion of the 2+ and 2� polarizations 
an
el out 5,leaving only the e�e
t 
aused by A? ! �0 transitions. We 
ould have expe
ted thissin
e the A? � �2+ and Ajj � �2� mixing in va
uum is driven by the same a2 (seeEqs. (50)-(51)) but A? 
an also 
onvert into �0 and thus depletes and delays its phasefaster than Ajj.Note that in the massless 
ase �2+ and �2� are the only physi
al 
omponents andtherefore the 
an
ellation of their e�e
ts does not lead to any net e�e
t neither in therotation nor in the ellipti
ity. However, in the m 6= 0 
ase and even with a vanishinglysmall value for m, the 0-polarization does not de
ouple and we expe
t indeed bothe�e
ts. The 
orresponding formulas in the 
oherent 
ase are given byÆ� = � 112 g2B2T z2 sin 2� (
oherent) (67)Æ = � 172 1! g2B2Tm2z3 sin 2� (
oherent) ; (68)i.e. the same we got for a spin-zero parti
le, ex
ept for a fa
tor 4=3 that 
an betra
ed ba
k to Eq. (53). This fa
tor 
an be reabsorbed in a rede�nition of the 
oupling
onstant g, so that, from a positive measurement of Æ� and Æ we would not be ableto distinguish between the s
alar and the massive spin-two 
ase.5This statement turns out to be slightly modi�ed at the one loop level [28, 29℄.13



On the other hand the LSW probability di�ers from the s
alar 
ase, sin
e hereit is non-zero for both photon polarizations. Using the analogous of Eq. (37), in the
oherent limit, it is given byP (
? ! �! 
?) = (a20 + a22)2!4z2
z2r = 499 116 (gBT )4 z2
z2r (69)P (
jj ! �! 
jj) = a42!4z2
z2r = 116 (gBT )4 z2
z2r : (70)Note that perpendi
ular photons have a fa
tor (1 + 4=3)2 = 49=9 � 5 more 
han
esto traverse the wall. Physi
ally this 
omes from the fa
t that the passage through thewall as a �0 and as �2+ adds up 
oherently at the amplitude level.4 Dis
ussion and Con
lusionsTo summarize, in this paper we have 
onsidered the mixing of photons with massives
alars � and with massive spin-two parti
les � that arises in the presen
e of a magneti
�eld. Starting with the Lagrangian that 
ontains the 
oupling to two photons, we have
al
ulated the mixing matri
es and the e�e
ts on light propagating in a magneti
 �eld.The mixing equations of the s
alar-photon system present some di�eren
es withthe well-studied axion-photon system. Te
hni
ally, this is due to the fa
t than inthe s
alar 
ase the intera
tion term, i.e. the r.h.s. of Eqs. (5)-(6), 
ontains spatialderivatives of the �elds, while in the pseudos
alar 
ase the derivatives are with respe
tto time. This means that we 
an pass from the propagation eigenstates in va
uum(� and Ai) to the ones in the magneti
 �eld by performing a transformation whi
his not a simple rotation. While this introdu
es a formal di�eren
e between the two
ases, in pra
ti
e this di�eren
e disappears when we take the relativisti
 limit. Thesesame issues appear in the spin-two 
ase we have developed in Se
tion 3. A
tually, ananalogous situation o

urs in the axion-photon mixing in an ele
tri
 �eld. In this 
asethe intera
tion lagrangian is / a B � E. While in a 
onstant external magneti
 �eldthe axion-photon mixing results to be / �0A �Bext = i!AjjBext, in an external ele
tri
�eld is / (r� A) � Eext = �ipA?Eext, in analogy with the 
ase dis
ussed here.When 
onstru
ting the intera
tion Lagrangian, we have seen that the intera
tionof a 2+ parti
le is a dimension-�ve operator, as expe
ted. However, the intera
tionoperators in the 2� 
ase are at least dimension-seven, so that they will be mu
h moresuppressed. For this reason we have only 
al
ulated the parity-even 
ase.Referring now to the mixing of a 2+ parti
le with photons, we have seen that theheli
ity-one states �1 de
ouple. This 
an be understood with arguments of rotationalsymmetry, as explained in Se
tion 3. Apart from the de
oupling just mentioned, thereis further de
oupling sin
e Ajj 
ouples only to the �2 mode while A? 
ouples only14



to the +2 and 0 modes. As also explained in Se
tion 3, it is a 
onsequen
e of CPsymmetry. We have seen that the A?��2 and the Ajj��2 mixing have identi
al value,but �0 makes a di�eren
e: it mixes with A? only. As a 
onsequen
e, the 
ontributionsto the rotation and ellipti
ity observables of 
 � � mixing 
ontain only the A? � �0mixing. Moreover, 
ompared to the A � �2 mixing amplitude, the A � �0 mixing isnot suppressed, indeed it is larger of a fa
tor p4=3.In the eventual dis
overy of e�e
ts of rotation and ellipti
ity in light propagatingin a magneti
 �eld, and in the eventual 
ase that the signs would 
orrespond to aparity-even parti
le, the tensor 
ase should be 
onsidered as a possible explanation,together of 
ourse with the s
alar 
ase. In su
h a 
ase, a \light-shining-through-walls"experiment would be useful to dis
riminate between these two 
andidates sin
e photonswith polarization parallel to the magneti
 �eld would lead to a signal only in the spin-two 
ase. This is be
ause, in this 
ase, both polarizations would lead to positive signals.Moreover, we have found that the probability for photons polarized perpendi
ularly tothe magneti
 �eld is a fa
tor (1+4=3)2 larger than for photons with parallel polarization,due to the additional �0 intermediate state.While in the massless spin-two 
ase there are no observable e�e
ts of rotationand ellipti
ity, we have found that there are e�e
ts when taking the m ! 0 limit ofthe massive theory be
ause the A � �0 mixing does not vanish. Our parti
le 
ouldbe a massive graviton but it 
ould be as well a tensorial parti
le with no relationwhatsoever with gravitation. This result might be of theoreti
al interest in the light ofthe 
ontroversy outlined in Se
tion 1.A
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AppendixesA Polarization of a spin-two parti
leIt has been known sin
e a long time [52℄ how to 
onstru
t the polarization basis ofparti
les with arbitrary spin starting from spin one-half and one. In parti
ular spin-two 
an be built from spin-one. For a ve
tor parti
le propagating along z with four-momentum P � = (!; 0; 0; p), the heli
ities +1, �1 and 0 
an be 
hosen to be��(h = �1) = (0;�1;�i; 0)��(h = 0) = (p=m; 0; 0; !=m) : (71)where here m has to be impli
itly understood as m =pP�P � =p!2 � p2.By using the appropriate Clebs
h-Gordan 
oeÆ
ients, one 
an obtain the heli
itiesh = 0;�1;�2. For example, h = +2 is given by���(h = +2) = ��(h = +1)��(h = +1) = 12 0BB� 0 0 0 00 1 i 00 i �1 00 0 0 0 1CCA (72)and so on. For our 
al
ulations it is more 
onvenient to work with CP-eigenstates.Sin
e CP transforms +h into �h, we will use the following 
ombinations���+2 = �1p2(���(h = +2) + ���(h = �2)) = 1p20BB� 0 0 0 00 �1 0 00 0 1 00 0 0 0 1CCA (73)
����2 = 1p2i(���(h = +2)� ���(h = �2)) = 1p2 0BB� 0 0 0 00 0 1 00 1 0 00 0 0 0 1CCA (74)

���+1 = 1p2i(���(h = +1) + ���(h = �1)) = � 1mp2 0BB� 0 0 p 00 0 0 0p 0 0 !0 0 ! 0 1CCA (75)
����1 = 1p2(���(h = +1)� ���(h = �1)) = 1mp20BB� 0 p 0 0p 0 0 !0 0 0 00 ! 0 0 1CCA (76)16



���0 = ���(h = 0) = 1m2r230BB� 2p2 0 0 2p!0 �m2 0 00 0 �m2 02p! 0 0 2!2 1CCA : (77)Note that, as expe
ted, for all i = 0;+1;�1;+2;�2 the requirements of Eq. (41) aresatis�ed, P����i = 0 �i�� = 0 ���i = ���i (78)and also ��� i ���j = Æij 8i; j : (79)B A useful identityGiven A�� and B�� antisymmetri
 we �rst evaluateeA�� eB�� = 14 ����� ����� A�� B�� : (80)Then we use ����� ����� = ���������� Æ�� Æ�� Æ��Æ�� Æ�� Æ��Æ�� Æ�� Æ��
���������� (81)to obtain eA�� eB�� = 12 Æ�� A��B�� � A��B�� : (82)We apply now the identity to eA = F and eB = eF :F�� eF �� = 12 Æ�� eF��F �� � eF ��F�� ; (83)sin
e the last term is identi
al to the l.h.s., we �nally obtain:F�� eF �� = 14 Æ�� eF��F �� : (84)Referen
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