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tThe PVLAS signal has led to the proposal of many experiments sear
hing for light bosons
oupled to photons. The 
oupling strength probed by these near future sear
hes is, however, farfrom the allowed region, if astrophysi
al bounds apply. But the environmental 
onditions for theprodu
tion of axion-like parti
les in stars are very di�erent from those present in laboratories.We 
onsider the 
ase in whi
h the 
oupling and the mass of an axion-like parti
le dependon environmental 
onditions su
h as the temperature and matter density. This 
an relaxastrophysi
al bounds by several orders of magnitude, just enough to allow for the PVLASsignal. This 
reates ex
iting possibilities for a dete
tion in near future experiments.
1



I. INTRODUCTIONRe
ently the PVLAS 
ollaboration has reported the observation of a rotation of thepolarization plane of a laser propagating through a transverse magneti
 �eld [1℄. Thissignal 
ould be explained by the existen
e of a new light neutral spin zero boson �, witha 
oupling to two photons [2, 3℄L(�)I = 14M�(�)F�� eF �� or L(+)I = 14M�(+)F��F �� (1)depending on the parity of �, related to the sign of the rotation whi
h up to now has notbeen reported1. Su
h an Axion-Like Parti
le (ALP) would os
illate into photons andvi
e versa in the presen
e of an ele
tromagneti
 �eld in a similar fashion as the di�erentneutrino 
avors os
illate between themselves while propagating in va
uum.The PVLAS signal, 
ombined with the previous bounds from the absen
e of a signal inthe BFRT 
ollaboration experiment [5℄, implies [1℄1 meV . m . 1:5 meV; 2� 105 GeV .M . 6 � 105 GeV; (2)with m the mass of the new s
alar.It has been widely noti
ed that the intera
tion (1) with the strength (2) is in serious
on
i
t with astrophysi
al 
onstraints [6, 7℄, while it is allowed by 
urrent laboratory anda

elerator data [8, 9℄. This has motivated re
ent work on building models that evadethe astrophysi
al 
onstraints [10, 11, 12, 13, 14℄, as well as alternative explanations tothe ALP hypothesis [15, 16, 17℄.At the same time, many purely laboratory-based experiments have been proposed or arealready on the way to 
he
k the parti
le interpretation of the PVLAS signal [18, 19, 20,21, 22, 23, 24, 25, 26, 27℄. It is important to noti
e, for the purpose of our paper, thatthese experiments are opti
al, and not high-energy, a

elerator experiments.Quite generally, these experiments will have enough sensitivity to 
he
k values ofM equalor greater than 106 GeV, but, apart from Ref. [18℄, they do not have the impressive rea
h1 The PVLAS 
ollaboration has also found hints for an ellipti
ity signal. The sign of the phase shiftsuggests an even parti
le �(+) [4℄. 2



of the astrophysi
al 
onsiderations, implyingM & 1010 GeV. Thus, if the PVLAS signalis due to e�e
ts other than ��
 os
illations and the astrophysi
al bounds are appli
able,these experiments 
an not dete
t any interesting signal.However, the astrophysi
al bounds rely on the assumption that the vertex (1) appliesunder typi
al laboratory 
onditions as well as in the stellar plasmas that 
on
ern the as-trophysi
al bounds. It is 
lear that, if one of the future dedi
ated laboratory experimentseventually sees a positive signal, this 
an not be the 
ase.In this work we investigate the simplest modi�
ation to the standard pi
ture able toa

ommodate a positive signal in any of the forth
oming laboratory experiments lookingfor ALPs, namely that the stru
ture of the intera
tion (1) remains the same in bothenvironments, while the values of M and m 
an be di�erent. Interestingly enough, theenvironmental 
onditions of stellar plasmas and of typi
al laboratory experiments arevery di�erent and thus one 
ould expe
t a very big impa
t on M and m.We 
onsider qualitatively the situation in whi
h the dependen
e of M and m on theenvironmental parameters produ
es a suppression of ALP produ
tion in stellar plasmas.The main work of the paper is devoted to 
ompute this suppression using a realisti
 solarmodel and to investigate how it relaxes the astrophysi
al bounds on the 
oupling (1).This leaves room for the proposed laboratory experiments to potentially dis
over su
han axion-like parti
le.In se
tion II we revisit the astrophysi
al bounds and dis
uss general me
hanisms to evadethem. In the following se
tion III, we present our s
enario of environmental suppressionand 
al
ulate the modi�ed bounds. We present our 
on
lusions and 
omment on therea
h of proposed future laboratory experiments in se
tion IV.II. ASTROPHYSICAL BOUNDS AND GENERAL MECHANISMS TOEVADE THEMPresuming the �

 vertex (1), photons of stellar plasmas 
an 
onvert into ALPs inthe ele
tromagneti
 �eld of ele
trons, protons and heavy ions by the Primako� e�e
t,3
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EFIG. 1: Primako� pro
esses in whi
h a photon turns into an ALP in the ele
tri
 �eld of a
harged parti
le like a proton or ele
tron.depi
ted s
hemati
ally in Fig. 1. If M is large enough, these parti
les es
ape from thestar without further intera
tions 
onstituting a non-standard energy-loss 
hannel. Thisenergy-loss 
hannel a

elerates the 
onsumption of nu
lear fuel and thus shortens theduration of the di�erent stages of stellar evolution with respe
t to the standard evolutionin whi
h ALPs do not exist.In general, the astrophysi
al observations do agree with the theoreti
al predi
tions with-out additional energy-loss 
hannels so one is able to put bounds on the intera
tion s
aleM [28℄. The most important for our work are those 
oming from the lifetime of the Sun[29℄, the duration of the red giant phase, and the population of Helium Burning (HB)stars in globular 
lusters [30, 31℄. The last of them turns out to be the most stringent,implying M > 1:7� 1010 GeV �MHB; (3)for m < O(1 keV). Moreover, if ALPs are emitted from the Sun one may try to re-
onvert them to photons at Earth by the inverse Primako� e�e
t exploiting a strongmagneti
 �eld. This is the helios
ope idea [32℄ that it is already in its third generationof experiments. Re
ently, the CERN Axion Solar Teles
ope (CAST) 
ollaboration haspublished their ex
lusion limits [33℄ from the absen
e of a positive signal,M > 8:6� 109 GeV �MCAST; (4)for m < 0:02 eV.One should be aware that these astrophysi
al bounds rely on many assumptions to
al
ulate the 
ux of ALPs produ
ed in the plasma. In parti
ular, it has been assumed4



Env. param. Solar Core HB Core PVLAST [keV℄ 1:3 8:6 � 0q2 [keV2℄ � 1 � 1 � 10�12!P [keV℄ 0:3 2 0� [g 
m�3℄ 1:5� 102 104 < 10�5TABLE I: Comparison between the values of environmental parameters, su
h as the temper-ature T , typi
al momentum transfer q, plasma frequen
y !P , and matter energy density �, inthe stellar plasma and in the PVLAS experiment. Other parameters to 
onsider 
ould be theDebye s
reening s
ale ks, or, to name something more exoti
, the neutrino 
ux, or the averageele
tromagneti
 �eld.widely in the literature that the same value of the 
oupling 
onstant that des
ribes ��
os
illations in a magneti
 �eld in va
uum des
ribes the Primako� produ
tion in stellarplasmas, and the mass has been also assumed to be the same. We want to remark thatthis has been mainly an argument of pure simpli
ity. In fa
t, there are models in whi
hM depends on the momentum transfer q at whi
h the vertex is probed [10℄ or on thee�e
tive mass !P of the plasma photons involved [13℄. These models have been built withthe motivation of evading the astrophysi
al bounds on ALPs, by de
reasing the e�e
tivevalue of the 
oupling 1=M in stellar plasmas in order to solve the in
onsisten
y betweenthe ALP interpretation of PVLAS and the astrophysi
al bounds. This has proven tobe a very diÆ
ult task be
ause of the extreme di�eren
e between the PVLAS value(2) and the HB (3) or CAST (4) ex
lusion limits. These models require very spe
i�
and somehow unattra
tive features like the presen
e of new 
on�ning for
es or tuned
an
ellations (note, however, [17℄). Anyway, they serve as examples of how M (andeventually m) 
an depend on \environmental" parameters � = q; !P , et
... (for othersuitable parameters, see Table I),M !M(�); m! m(�); (5)su
h that the produ
tion of ALPs is suppressed in the stellar environment.In the following, we will not try to 
onstru
t mi
ro-physi
al explanations for this depen-den
e but rather write down simple e�e
tive models and �x their parameters in order5
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R/R⊙FIG. 2: Environmental parameters as a fun
tion of the distan
e to the solar 
enter. Tem-perature (solid, red), matter density (dashed, blue), Debye s
reening s
ale (double dashed,green) and plasma frequen
y (triple dashed, bla
k), normalized to their values in the solar
enter, T0 = 1:35 keV, �0 = 1:5� 102 g 
m�3, ks0 = 9 keV, !P0 = 0:3 keV for the solar modelBS05(OP) of Bah
all et al. [34℄.to be 
onsistent with the solar bounds and PVLAS or any of the proposed laboratoryexperiments.A suppression of the produ
tion in a stellar plasma 
ould be realized in two simple ways:(i) either the 
oupling 1=M de
reases (dynami
al suppression) or(ii) m in
reases to a value higher than the temperature su
h that the produ
tion isBoltzmann suppressed (kinemati
al suppression).All the environmental parameters 
onsidered in this paper are mu
h higher in the Sunthan in laboratory 
onditions (see Table I and Fig. 2), so we shall 
onsider M(�) andm(�) as monotoni
 in
reasing fun
tions of � with the values of M(� 0) and m(� 0) �xedby the laboratory experiments.Clearly, both me
hanisms are eÆ
ient at suppressing the produ
tion of ALPs in the Sun,but there is a 
ru
ial di�eren
e that results in some prejudi
e against me
hanism (ii).6
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M(η)FIG. 3: Coupling as a fun
tion of an environmental parameter �: The simple form used inour 
al
ulations (solid line) and a generi
, more realisti
, dependen
e (dashed).Me
hanism (i) works by making the already weak intera
tion between ALPs and thephotons even weaker. The se
ond me
hanism, however, is in fa
t a strong intera
tionbetween the ALPs and ordinary matter, thereby making it diÆ
ult to implement withoutprodu
ing unwanted side e�e
ts. We will nevertheless in
lude me
hanism (ii) in ourstudy, but one should always keep this 
aveat in mind.As we said, � in the stellar plasma is generally mu
h higher than in laboratory-basedexperiments. It is then possible that new ALP physi
s produ
es also a big di�eren
ebetween the values of the ALP parameters, m and M , in su
h di�erent environments.Let us remark on the a priori unknown shape of M(�) and m(�). In our 
al
ulationswe use a simple step fun
tion (
f. Fig. 3), whi
h has only one free parameter: thevalue for the environmental parameter where the produ
tion is swit
hed o�, �
rit. Inmost situations this will give the strongest possible suppression. The s
ale �
rit 
an beasso
iated with the s
ale of new physi
s responsible for the suppression. In what follows,we will 
onsider only the e�e
ts of one environmental parameter at on
e although it istrivial to implement this framework for a set of parameters.For simpli
ity, we restri
t the study of the environmental suppression of ALPs to ourSun be
ause we know it quantitatively mu
h better than any other stellar environment.The group of Bah
all has spe
ialized in the 
omputation of detailed solar models whi
hprovide all the ne
essary ingredients to 
ompute a

urately the Primako� emission. Wehave used the newest model, BS05(OP) [34℄, for all the 
al
ulations of this work (oura

ura
y goal is roughly 10%). The variation of some environmental parameters isdisplayed in Fig. 2 as a fun
tion of the distan
e from the solar 
enter.7



III. NUMERICAL RESULTSLet us �rst state how a suppression S of the 
ux of ALPs a�e
ts the bounds arising fromenergy loss 
onsiderations and helios
ope experiments. If the 
ux of ALPs from a stellarplasma is suppressed by a fa
tor S, the energy loss bounds on M are relaxed by a fa
torof pS while the CAST bound relaxes with 4pS,Mloss !pSMloss; energy loss bound; (6)MCAST ! 4pSMCAST; CAST bound; (7)sin
e the former depends only on the Primako� produ
tion, � 1=M2, and the latter getsan additional fa
tor � 1=M2 for the re
onversion at Earth resulting in a total 
ountingrate � 1=M4.A. Dynami
al SuppressionWe 
onsider �rst a possible variation of the 
oupling that we have enumerated as me
h-anism (i). Treating the emission of ALPs as a small perturbation of the standard solarmodel, we 
an 
ompute the emission of these parti
les from the unperturbed solar data.The 
�� Primako� transition amplitude 
an be written as (negle
ting the plasma mass!P for the moment)2�(!)
�� = Tk2s64� Z 1�1d 
os � 1 + 
os ��2 + 1 � 
os � 1M(�)2 ; (8)where ! is the energy of the in
oming photon, andk2s = 4��T (ne +Xi Z2i ni); (9)is the Debye s
reening s
ale. ni; Zi are the number densities and 
harges of the di�erent
harged spe
ies of the plasma, � ' 1=137, ne is the ele
tron number density, 
os � isthe relative angle between the in
oming photon and the outgoing ALP in the target2 We are using natural units ~ = 
 = 1 with the Boltzman 
onstant, kB = 1.8
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trum of ALPs at Earth (bla
k solid) agrees reasonably well with that of theCAST 
ollaboration [33℄ (dashed orange) for M = 1010GeV.frame (
onsidered with in�nite mass) and �2 = k2s=2!2. Integration over the whole Sunwith the appropriate Bose-Einstein fa
tors for the number density of photons gives thespe
trum of ALPs (number of emitted ALPs per unit time per energy interval),d2N(!)d!dt = 4� Z R�0 R2dR!2�2 �(!)
��e!=T � 1 : (10)(Remember that T , k2s , et
. depend impli
itly on the distan
e R from the solar 
enter.)As a 
he
k of our numeri
al 
omputation we have 
omputed the 
ux of standard ALPsat Earth whi
h is shown in Fig. 4 and does agree with the CAST 
al
ulations [33℄.It is very important to di�erentiate two possibilities:A) � is a ma
ros
opi
 (averaged) environmental parameter given by the solar modeland depending only on the distan
e R from the solar 
enter. Then the suppressiona
ts as a step fun
tion in the R integration (10) for the 
ux.B) � depends on the mi
ros
opi
 aspe
ts of the produ
tion like the momentum transferq2. Then the step fun
tion a
ts inside the integral in eq. (8).We now start with the �rst possibility and let the se
ond, whi
h requires a di�erenttreatment, for subsubse
tion IIIA 2. 9
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L
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Rcrit/R⊙FIG. 5: Suppression of the 
ux of ALPs S(!0 = 1 keV;R
rit) as a fun
tion of R
rit.1. Dynami
al suppression from ma
ros
opi
 environmental parametersIf 1=M(�) is a step fun
tion, ALP produ
tion is swit
hed o� wherever � > �
rit. Letus 
all R
rit the radius at whi
h the 
oupling turns o�, i.e. �(R
rit) = �
rit. Sin
e thefun
tions �(r) shown in Fig. 2 are monotonous, we 
an 
al
ulate the suppression as afun
tion of R
rit and then determine �
rit = �(R
rit).We de�ne the suppression eÆ
ien
y, S(!;R
rit), as the ratio of the 
ux of ALPs withenergy ! with suppression, divided by the one without suppression,S(!;R
rit) = d2N(!;R
rit)d! dt �d2N(!)d! dt ��1 : (11)The CAST experiment is only sensitive to ALPs in the range of (1 � 14) keV. Hen
e,we must suppress the produ
tion of ALPs only in this energy range. In order to providea simple yet 
onservative bound we use the fa
tor S(!0; R
rit) evaluated at the energy1 keV � !0 � 14 keV whi
h maximizes S. We have 
he
ked that, in all 
ases of pra
ti
alinterest, !0 is the CAST lower threshold, 1 keV. In Fig. 5, we plot S(1 keV; R
rit). InTab. II we give some values for S together with the 
orresponding values of �
rit.From the modi�ed CAST bound (7),M > 4pS(!0; R
rit) 8:7 � 109 GeV; (12)10



R
rit=R� T
rit [keV℄ �
rit [g 
m�3℄ !P;
rit [keV℄ S0 1:35 150 0:3 10:2 0:81 35 0:16 0:670:5 0:34 1:3 0:03 0:080:7 0:2 0:2 0:01 2� 10�30:8 0:12 0:09 0:008 2� 10�50:85 0:08 0:05 0:006 2� 10�70:9 0:05 0:03 0:004 4� 10�110:95 0:025 0.009 0.0025 � 10�20TABLE II: Several values of S(!0 = 1 keV;R
rit) with their respe
tive values of the suppressions
ales �
rit.we infer that in order to re
on
ile it with the PVLAS result,MPVLAS � (105�106) GeV,we need SCAST � 10�20 : (13)Looking at Table II, we �nd that this is possible, but the 
riti
al environmental pa-rameters are quite small; for example, the 
riti
al plasma frequen
y is in the eV range.Moreover, the results are sensitive to the region 
lose to the surfa
e of the Sun wherelog(S) 
hanges very fast and our 
al
ulation be
omes somewhat less reliable.We now take a look at the solar energy loss bound (6). The age of the Sun is known tobe around 5:6 billion years from radiologi
al studies of radioa
tive 
rystals in the solarsystem (see the dedi
ated Appendix in [35℄). Solar models are indeed built to reprodu
ethis quantity (among others, like today's solar luminosity, solar radius, et
...), so onemight think that a model with ALP emission 
an be 
onstru
ted as well to reprodu
ethis lifetime. However, this seems not to be the 
ase for large ALP luminosity [31℄ andit is 
on
luded that the exoti
 
ontribution 
annot ex
eed the standard solar luminosityin photons. For our purposes this meansLALP < L� = 3:846 � 1026 W � 1:60� 1030 eV2; (14)11



with LALP � Z 10 d! ! d2Nd!dt: (15)We have 
omputed the ALP emission in BS05(OP),LALP = 1:8� 10�3�1010 GeVM �2 L�: (16)This value is slightly bigger than that of Ref. [36℄, whi
h relies on an older solar model[37℄, probably as a 
onsequen
e of the di�erent data.For the total 
ux, we �nd a suppression~S(R
rit) = LALP(R
rit)LALP ; (17)whi
h we plot in Fig. 6. Using the modi�ed energy loss bound (6), (14) and (16) we getM >q ~S(R
rit) 6� 109 GeV; (18)and we need a mu
h more moderate ~Sloss � 10�10 (19)to avoid a 
on
i
t between the PVLAS result and the energy loss argument. A

ordingly,this bound alone requires values for the 
riti
al environmental parameters that are larger(and therefore less restri
tive) than those from the CAST bound.2. Dynami
al suppression from mi
ros
opi
 parameters: q2In the previous subse
tion, we have 
onsidered ma
ros
opi
 environmental parameterslike, e.g., the temperature T . However, suppression 
ould also result from a dependen
eon mi
ros
opi
 parameters like, e.g., the momentum transfer q2 in a s
attering event(not averaged).In this se
tion we dis
uss the well motivated (
f. [10℄) example of a possible dependen
eM = M(q2) on the momentum transfer involved in the Primako� produ
tion (Fig. 1).12
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ux of ALPs as a fun
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riti
al radius R
rit.Again, we use a step fun
tion to model the dependen
e on q2,1M(q2) = 1M(0) �(q2
rit � jq2j) = 1M(0) �(q2
rit � q2m � 2k�k
(1� 
os �)); (20)where k�, k
 are the moduli of the momenta of the ALP and the photon. qm = jk�� k
jis the smallest possible momentum transfer. Here, we will use the approximation m = 0,but it will be 
ru
ial to take into a

ount that photons have an e�e
tive massm2
 = !2P = 4��neme ; (21)so qm(!) = !�p!2 � !2P . Note that the plasma mass is 
ru
ial be
ause it ensures thatqm > 0, i.e. it removes ALP produ
tion pro
esses with very small momentum transferwhi
h would be unsuppressed.With this modi�
ation, Eq. (8) reads�
��(!) = Tk2s64� Z +1�1 d 
os � sin2 �(x� 
os �)(y � 
os �) 1M2(q2) (22)with x = (k2� + k2
)=2k�k
 and y = x + k2s=2k�k
 . The step fun
tion implies that onlyvalues of 
os � satisfying 
os � > 1� q2
rit � q2m2!p!2 � !2P (23)13




ontribute to the integral. Hen
e, we �nd that the e�e
t of the step fun
tion (20) is torestri
t the integration limits of Eq. (22),�
��(!) = Tk2s64�M2(0) Z +1Æ(!) d 
os � sin2 �(x� 
os �)(y � 
os �) ; (24)with Æ(!) = 0BBBB� 1 for q
rit < qm(!)1 � q2
rit�q2m(!)2!p!2�!2P for q
rit > qm(!); 1 � q2
rit�q2m(!)2!p!2�!2P > �1�1 for q
rit > qm(!); 1� q2
rit�q2m(!)2!p!2�!2P 6 �11CCCCA : (25)When Æ(!) = 1, the integral is zero and Primako� 
onversion is 
ompletely suppressed.This happens for values of the plasma frequen
y !P and the energy ! for whi
h theminimum momentum transfer is already larger than the 
ut-o� s
ale q
rit. We pointout that this is an energy dependent statement. For ! � !P large enough, qm is smallenough to satisfy q
rit � qm. When this is the 
ase we have only partial suppression. Theintegral goes only over the small interval [Æ(!); 1℄ where Æ(!) � 1� q2
rit=2!2, x � 1 andy � 1 + k2s=2!2. Then the integral 
an be easily estimated by the value of the integrandat 
os � = 1, �
��(!) � Tk2s64�M2 4!2k2s q2
rit2!2 ; for ! � !P ; ks; q
rit: (26)Noti
e that although we have used the strongest possible suppression, a step fun
tion,at the end of the day, at high energies, the transition rate is only suppressed by a fa
torq2
rit=k2s . This means that the 
� � � transition is suppressed at most quadrati
ally.This holds even for a generi
 suppressing fa
tor F (q2) = M(q2)=M(0). The limitation
omes from the part of the integral whi
h is 
lose to 
os � = 1. There the integrandis a 
onstant, 1 + 
os �=(y � 1) � 4!2=k2s . By 
ontinuity, the suppression fa
tor F (q2),whatever it is, must be 
lose to unity be
ause q2 is very 
lose to zero and normalizationrequires F (q2 = 0) = 1. This holds for values of q2 up to a 
ertain range, limited by theshape of F (q2). De�ning q2
rit as the size of the interval where F (jq2j . q2
rit) � 1, thenq2
rit = jq2j gives a minimum value for 
os � for whi
h the integrand is nearly 
onstant(
os �m � 1� q2
rit=2!2), leading to�(!) / Z 1�1 d 
os � 1 + 
os �y � 
os � F (q2) & Z 1
os �m d 
os � 4!2k2s � 2q2
ritk2s : (27)14
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tion ofq
rit.Pro
eeding along the lines of the previous se
tion we 
an 
al
ulate the suppression fa
torsfor the CAST experiment S and the 
orresponding ~S that appears in the energy loss
onsiderations. The results are plotted in Fig. 7.Using the required suppression (13), S � 10�20, for CAST and (19), ~S � 10�10, for theenergy loss arguments, we infer that suÆ
ient suppression requiresq
rit . 10�2 eV: (28)Although this seems rather small it is nevertheless quite big 
ompared to the typi
almomentum transfer in the PVLAS experiment,qPVLAS � m2�2! � 6 � 10�7 eV: (29)B. Kinemati
al SuppressionSo far, we have suppressed the produ
tion of ALPs by redu
ing their 
oupling to photons.Now, we 
onsider the possibility that the suppression originates from an in
rease of theALP's e�e
tive mass. Clearly, if the latter is larger than the temperature, only theBoltzmann tail of photons with energies higher than the mass 
an 
ontribute to ALPprodu
tion.If we 
onsider ma
ros
opi
 environmental parameters �(R) and, again, assume the sim-15



plest dependen
e on these parameters,m(� < �
rit) = m (� meV); m(� > �
rit) =1; (30)the suppression is identi
al to the one 
omputed in Se
t. IIIA 1, sin
e the Boltzmanntail vanishes for in�nite mass. A

ordingly, Figs. 5 and 6 give the 
orre
t suppressionalso for the 
ase of an environment dependent mass.Before we 
ontinue let us point out that a strong dependen
e of the mass on envi-ronmental parameters su
h as in Eq. (30) is problemati
 be
ause it requires a strong
oupling between the ALP and its environment. This still holds even if we require onlym(� > �
rit) & 10 keV. The strong 
oupling is likely to lead to unwanted side e�e
ts,as we 
ommented in Se
. II, but let us however dis
uss some phenomenologi
al aspe
tswhi
h 
ould distinguish kinemati
al suppression from a dynami
al suppression via the
oupling. As an expli
it example, we dis
uss a dependen
e on the density �. The waveequation for the ALP will be ��+m2(�(x))� = 0: (31)The e�e
tive mass, m(�(x)), a
ts as a potential for �. This 
an a
tually lead to a newway to avoid the CAST bound. For example 
onsider a situation where ALPs are emittedwith energy !. When they en
ounter a ma
ros
opi
 \wall" with m(�wall) > ! on theirway to the CAST dete
tor, they will be re
e
ted due to energy 
onservation (tunnelingthrough a ma
ros
opi
 barrier is negligible). In other words, they will not be able torea
h the CAST dete
tor and 
an not be observed. In this 
ase only the energy lossarguments require a suppression of the produ
tion (19) whereas the stronger 
onstraint(13) from CAST is 
ir
umvented by the re
e
tion.This e�e
t will also play a 
entral role in the interpretation of the PVLAS result interms of an ALP. Note that the intera
tion region (length L) of the PVLAS set up islo
ated inside a Fabri-Perot 
avity whi
h enlarges the opti
al path of the light insidethe magneti
 �eld by a fa
tor Nr � 105 a

ounting for the number of re
e
tions insidethe 
avity.. In the standard ALP s
enario, the ALPs 
reated along one path 
ross themirror and es
ape from the 
avity. Coherent produ
tion takes pla
e only over the length16
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−→
B

−→
B

φFIG. 8: S
hemati
 view of a \light shining through a wall" experiment. (Pseudo-)s
alar pro-du
tion through photon 
onversion in a magneti
 �eld (left), subsequent travel through an(opaque) wall, and �nal dete
tion through photon regeneration (right).L. The net result produ
es a rotation non-linear in L but only linear in Nr [3℄,j��j = Nr� B!Mm2�2 sin2�Lm24! � : (32)However, if m = m(�) the ALPs have a potential barrier in this mirror and they will bere
e
ted in the same way as the photons. In fa
t, the whole setup now a
ts like one passthrough an intera
tion region of length NrL. The ALP �eld in the 
avity will in
reasenow non-linearly in NrL modifying the predi
ted rotation in the following wayj��modi�edj = � B!Mm2�2 sin2�NrLm24! � ; (33)where ! is the frequen
y of the laser. For small enough m . few � 10�6 eV this growsas j��modi�edj � N2rL2B216M2 : (34)Under these 
onditions the PVLAS experiment 
annot �x m using the ex
lusion boundsfrom BFRT. Using Eq. (33) the rotation measurement suggests, however, a mu
h moreinteresting value Mmodi�ed � 108 GeV; for m . few� 10�6eV; (35)where we have used l � 1 m, Nr � 105 and ! � 1 eV for the PVLAS setup. That 
ouldbe re
on
iled more easily with astrophysi
al bounds within our framework.Su
h an e�e
tive mass will also play a role in \light shining through a wall" experiments(
f. Fig. 8). Typi
ally, the wall in su
h an experiment will be denser than the 
riti
aldensity �
rit required from the energy loss argument. Consequently, an ALP produ
ed17



on the produ
tion side of su
h an experiment will be re
e
ted on the wall and 
annot bere
onverted in the dete
tion region. Hen
e, su
h an experiment would observe nothingif a density dependent kinemati
al suppression is realized in nature.IV. SUMMARY AND CONCLUSIONSThe PVLAS 
ollaboration has reported a non-vanishing rotation of the polarization ofa laser beam propagating through a magneti
 �eld. The most 
ommon explanation forsu
h a signal would be the existen
e of a light (pseudo-)s
alar axion-like parti
le (ALP)
oupled to two photons. However, the 
oupling strength required by PVLAS ex
eedsastrophysi
al 
onstraints by many orders of magnitude. In this paper, we have quantita-tively dis
ussed ways to evade the astrophysi
al bounds by suppressing the produ
tionof ALPs in astrophysi
al environments, in parti
ular in the Sun.The simplest way to suppress ALP produ
tion is to make the 
oupling 1=M of ALPsto photons small in the stellar environment. Motivated by mi
rophysi
al models [10,13, 14, 17℄, we 
onsidered a dependen
e of M on environmental parameters, su
h astemperature, plasma mass !P , or density �. One of our main results is that it is notsuÆ
ient to suppress produ
tion in the 
enter of the Sun only. One has to a
hieveeÆ
ient suppression also over a signi�
ant part of the more outer layers of the Sun. Asapparent from Tables I, II and Eq. (13), it is possible to re
on
ile the PVLAS result withthe bound from the CERN Axion Solar Teles
ope (CAST) if strong suppression sets in atsuÆ
iently low 
riti
al values of the environmental parameters, e.g. � � 10�3 g/
m3, or!P � eV. The bounds arising from solar energy loss 
onsiderations are less restri
tive (
f.Eq. (19) and Figs. 2, 6). As an alternative suppression me
hanism, we have also exploitedan e�e
tive mass that grows large in the solar environment. This 
ase, too, requires thatthe e�e
t sets in already for low 
riti
al values of the environmental parameters (
f.Figs. 5, 6).Most proposed near-future experiments to test the PVLAS ALP interpretation are of the\light shining through a wall" type (
f. Fig. 8). In these experiments, the environment,i.e. the 
onditions in the produ
tion and regeneration regions, may be modi�ed. The18



above mentioned 
riti
al values are small enough that they may be probed in su
hmodi�
ations. For example, a density dependen
e may be tested by �lling in bu�er gas.In 
on
lusion, the PVLAS signal has renewed the interest in light bosons 
oupled tophotons. The astrophysi
al bounds, although robust, are model-dependent and may berelaxed by many orders of magnitude. Therefore, the up
oming laboratory experimentsare very wel
ome and may well lead to ex
iting dis
overies in a range whi
h was thoughtto be ex
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