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Mi
rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 21. Introdu
tionThe last de
ade has witnessed the blooming of modern 
osmology, supported by a
onsolidated model of parti
le physi
s and a huge amount of new observational datawith unpre
edented pre
ision (see for example the latest WMAP team results [1, 2℄).Every observation has been shown to �t with the predi
tions of the so-
alled �-CDMmodel, a spatially 
at Friedman universe, with � 10�8 baryons per photon and whoseenergy 
omposition is now dominated by two unknown ingredients: dark matter anddark energy. At this stage of 
on
ordan
e, observational 
osmology 
an be used to testthe existen
e of non-standard parti
le physi
s.One of the most powerful probes used to 
onstrain exoti
 physi
s is represented bythe observations of the 
osmi
 mi
rowave ba
kground radiation. Standard 
osmologypredi
ts reli
 radiation from the big bang whi
h, being originally in thermal equilibriumwith matter, su�ered a soft de
oupling and, therefore, still features today a perfe
t bla
kbody spe
trum. As it turns out, during most of the history of the universe this perfe
tbla
kbody has been 
ompletely unprote
ted against distortions. Therefore, any newparti
le beyond the standard model whi
h 
an intera
t with photons 
an potentiallydistort the bla
kbody spe
trum, providing us with a glimpse of the existen
e of su
h aparti
le.These distortions are expe
ted to be more severe if the new parti
les have feeble
ouplings, so that their intera
tions with photons do not allow to establish thermalequilibrium (but of 
ourse strong enough to produ
e some e�e
t), and if they havesmall masses, su
h that photons 
an annihilate into them and/or s
attering pro
essesare not suppressed by a heavy mass s
ale. Sin
e the 
osmi
 radiation spe
trum freezesout when the temperature of the universe falls below the � eV s
ale, the spe
trum of the
osmi
 mi
rowave ba
kground (CMB) 
an, therefore, be an ex
ellent probe for weaklyintera
ting sub-eV parti
les (WISPs).Among the most elusive WISPs we �nd low mass hidden photons (HPs), gaugebosons of a U(1)hid gauge symmetry having kineti
 mixing with the ordinary photon.Due to the mixing one expe
ts photon-HP os
illations driven by the mass di�eren
e ofthe two parti
les. Clearly, as this mass be
omes smaller the os
illation length growsand os
illations are harder to dete
t. In this respe
t, the CMB provides an ex
ellentprobe for photon os
illations into low mass HPs, sin
e the beam-line is the longest atour disposal, namely the whole universe. Indeed, hidden photons were the �rst WISP
andidates to be 
onfronted with CMB data in the early 80's [3℄.Re
ently, new intriguing ideas and experimental te
hniques have been proposedto a
hieve possible dete
tions of these still elusive parti
les [4{6℄. Moreover, theastrophysi
al and 
osmologi
al role of HPs is 
urrently under exploration [7{10℄.The purpose of this paper is to revisit the CMB bounds on photon-HP mixing usingthe most pre
ise available observations of the CMB spe
trum, those provided by theFar Infrared Absolute Spe
trophotometer (FIRAS) on board of the Cosmi
 Ba
kgroundExplorer (COBE) [11, 12℄. The high pre
ision of this measurement, whi
h 
on�rmed
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rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 3the bla
kbody nature of the spe
trum at better than 1 part in 104, has been alreadyexploited to 
onstrain hidden photons [13℄ and also other WISPs su
h as axions [14℄,or radiative neutrino de
ays [15℄ or milli
harged parti
les [16℄. However, the alreadyexisting 
onstraints [3, 13℄ did not properly take into a

ount the refra
tive propertiesof the primordial plasma and are thus in
omplete. The medium e�e
ts are espe
iallyimportant when we realize that a resonant photon-HP 
onversion is possible, similarto the Mikheev-Smirnov-Wolfenstein (MSW) e�e
t in the neutrino 
ase [17{19℄. Thisresonant 
onversion is mu
h stronger than the va
uum os
illations 
onsidered so far and,therefore, the bounds we obtain are mu
h stronger.The plan of our work is as follows. In Se
tion 2 we summarize the relevant formalism
on
erning the photon-HP mixing. In parti
ular, we des
ribe how the medium e�e
tsmodify the os
illations in our system. In Se
tion 3 we present our analyti
al re
ipeto 
al
ulate the photon-HP 
onversion probability a
ross a resonan
e in the expandinguniverse. In Se
tion 4 we des
ribe our simpli�ed model for the e�e
tive photon mass,indu
ed by the primordial plasma. In Se
tion 5 we des
ribe the 
onstraints 
omingfrom spe
tral CMB distortions. In Se
tion 6 we outline in a general way the strength ofphoton-HP mixing bounds that 
an be obtained from an observed modi�
ation of thephoton 
ux from a generi
 astrophysi
al sour
e. Finally, in Se
tion 7 we 
ompare ournew 
osmologi
al bound with the other ones existing in the literature and we draw our
on
lusions.2. Photon-Hidden Photon MixingA hidden photon is the gauge boson of a gauge U(1)hid symmetry under whi
h all theSM �elds are un
harged, and thus remains hidden in our world. At energies above theele
troweak s
ale, parti
les 
harged under U(1)hid and the SM hyper
harge are likelyto exist and a
t as messengers between the two \se
tors" of low-energy physi
s. Theire�e
ts will produ
e e�e
tive operators in the low-energy theory that 
ontain the SMand the hidden photon. Typi
ally these operators are irrelevant, suppressed by theheavy parti
le masses. But there is still one marginal operator, the so 
alled kineti
mixing [20℄ whose e�e
ts are not in prin
iple suppressed by heavy masses and thus 
anlead to relatively large e�e
ts. The low energy Lagrangian of su
h an extension of theSM would be then [8℄L = � 14F��F �� � 14B��B��+ sin�02 B��F �� + 
os2 �02 m2
0B�B� + j�emA� ; (1)where A�; B� are, respe
tively, the photon and the hidden photon �elds, F�� and B��their respe
tive �eld strengths and j�em is the ele
tromagneti
 
urrent. We have in
ludeda hidden photon mass m
0 whi
h we will treat as a free parameter. Typi
al predi
tedvalues for the mixing angle �0 in realisti
 string 
ompa
ti�
ations range between 10�16and 10�2 [21℄ (see also [22, 23℄).
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kground Constraints on Mixing of Photons with Hidden Photons 4The kineti
 mixing term 
an be removed, leading to a 
anoni
al form of the kineti
lagrangian, by the following 
hange of basisfA;Bg ! fAR; Sg ; (2)where AR = 
os�0A ; (3)S = B � sin�0A : (4)Let us 
all 
; 
s the quanta of the AR and S �elds, respe
tively. The basis f
; 
sg
an be 
alled the \intera
tion basis", sin
e the photon 
 is the state that intera
tswith SM 
harged parti
les and 
s, being orthogonal to 
, is 
ompletely sterile. In theintera
tion basis the kineti
 lagrangian is diagonal but the mixing angle �0 appears inan o�-diagonal term in the mass-squared matrix,M2 =  m2
0 sin�20 m2
0 sin�0 
os�0m2
0 sin�0 
os�0 m2
0 
os2 �0 ! : (5)The mass matrixM2 
an be diagonalized through the unitary matrix UU =  
os�0 � sin�0sin�0 
os�0 ! ; (6)that allows to identify the two \propagation states" 
1
2 ! = U  

s ! ; (7)where 
1 is mostly photon-like and massless, while 
2 has mass m
0 and is 
lose to thesterile state. The mismat
h between the intera
tion f
; 
sg and propagation f
1; 
2gstates by the mixing angle �0 is well-known to produ
e 
 ! 
s os
illations [24℄, with a
onversion probability in va
uum given byP
!
s = sin2 2�0 sin2(m2
0L=4!) ; (8)where L is the path length and ! is the photon energy.In analogy to the neutrino 
ase [25℄, the 
 $ 
s os
illations are modi�ed by therefra
tion properties of the medium. In the primordial plasma, photons a
quire a non-trivial dispersion relation whi
h 
an be parametrized by adding an e�e
tive photonmass m
 to the Lagrangian. This mass depends on the properties of the medium, aswe will show expli
itly in Se
tion 4. This is generally 
omplex, re
e
ting the absorptionproperties of the plasma, but in the 
ontext relevant for the present paper the imaginarypart is negligible. In this 
ase, the e�e
tive mixing angle is related to the va
uum by [7, 8℄sin 2� = sin 2�0qsin2 2�0 + (
os 2�0 � �)2 ;
os 2� = 
os 2�0 � �qsin2 2�0 + (
os 2�0 � �)2 ; (9)where the parameter� = m2
=m2
0 (10)measures the signi�
an
e of the medium e�e
ts.
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kground Constraints on Mixing of Photons with Hidden Photons 53. Photon-Hidden Photon Os
illations in the Expanding UniverseTo obtain the bound on photon-hidden photon mixing, we have to 
ompute the fra
tionof CMB photons that would os
illate into invisible 
s. The photon e�e
tive mass squaredm2
 is generally proportional to the density of 
harged parti
les in the medium, so itrelaxes as the photons propagate in the expanding primordial plasma. We are thenfa
ing a 
ompli
ated problem of os
illations in an inhomogeneous medium.For suÆ
iently early times, m
 � m
0 and, therefore, the photons are very 
loseto be both intera
tion and propagation states at a given time. In this 
ase, os
illationsinto 
s are suppressed,� � 1 ; �! �=2 (medium suppression) : (11)As the universe expands, � eventually rea
hes� = 
os�0 ; �! �=4 (resonan
e 
ondition) : (12)When this 
ondition is ful�lled, resonant photon-hidden photon 
onversions are possible,analogous to the well-known Mikheev-Smirnov-Wolfenstein (MSW) e�e
t in the neutrino
ase [17{19℄. As � de
reases below unity,� � 1 ; �! �0 (va
uum os
illations) (13)
 ! 
s os
illations take pla
e as if they o

urred in va
uum.In va
uum, os
illations are proportional to sin2 2�0 [see Eq. (8)℄ and sin
e thebla
kbody nature of the CMB is established experimentally to an a

ura
y of ' 10�4we 
an easily ex
lude mixing angles �> 10�2. However, during a resonan
e sin 2� � 1and the 
onversion 
 ! 
s 
an be mu
h stronger. In this paper we want to fo
us onthe range of HP masses that 
an undergo su
h a resonant transition, and are, therefore,strongly 
onstrained.When the photon produ
tion and dete
tion points are separated by many os
illationlengths, then on both sides of a resonan
e, m
 = m
0 , the os
illation patterns wash outand the transition probability is given by [26℄P
!
s = 12 + �p� 12� 
os 2�0 
os 2� ; (14)where �0; � are the mixing angles at the dete
tion and produ
tion points 
onsidered tobe in va
uum and high density, respe
tively, and p is the level 
rossing probability. Thislatter takes into a

ount the deviation from adiabati
ity of photon-HP os
illations inthe resonan
e region. In parti
ular, one has p = 0 for a 
ompletely adiabati
 transitionand p = 1 for an extremely nonadiabati
 one.As we will see, we are going to bound mixing angles mu
h smaller than �0 � 10�2,so for simpli
ity we 
an already take 
os 2�0 ' � 
os 2� = 1 in Eq. (14) whi
h, therefore,takes the mu
h simpler formP
!
s ' 1� p : (15)The FIRAS sensitivity will allow us to bound 1�p�< 10�4, requiring thus a non-adiabati
resonan
e.
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rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 6The 
rossing probability p for photon-hidden photon resonant 
onversions 
an beobtained using the Landau-Zener expressionp ' exp(�2�rk sin2 �0) ; (16)where k = m2
0=2! is the 
 ! 
s va
uum os
illation wavenumber andr = �����d lnm2
(t)dt ������1t=tres (17)is a s
ale parameter to be evaluated at the lo
ation where a resonan
e o

urs.This expression has been widely used in solar and supernova neutrinoos
illations [25℄. It represents an a

urate ansatz to 
al
ulate the level 
rossingprobability for general density pro�les (see, e.g. [27℄). In parti
ular, we observe that itreprodu
es the 
orre
t limits p ' 0 for r ! 1 (adiabati
 limit) and p ' 1 for r ! 0(extreme non-adiabati
 limit).Finally, under the approximations outlined before, we 
an approximate the non-adiabati
 
onversion probability asP
!
s ' 2�rk�20 = �m2
0�20! �����d lnm2
(t)dt ������1t=tres : (18)The half-width width of the resonan
e is, a

ording to Eq. (9), Æ�(t) ' sin 2�0, whi
h
orresponds to a time s
ale�r ' r sin 2�0 : (19)Due to the smallness of the va
uum mixing angle, the resonan
e is very narrow, so thatit is reasonable to take into a

ount the deviation from the adiabati
ity only at the
rossing point.4. Cosmologi
al m
 pro�leFrom Eq. (18) it is 
lear that the only information needed to 
al
ulate the 
onversionprobability is the pro�le of the photon e�e
tive mass m
 along the 
osmologi
al line ofsight. The primordial plasma is thought to be ele
tri
ally neutral and 
omposed mainlyof hydrogen and helium in a fra
tion per mass Yp = mHe=mH ' 0:25. The e�e
tive masssquared has a positive and a negative 
ontribution [28℄ from s
attering o� free ele
tronsand o� neutral atoms zm2
 ' !2P � 2!2(n� 1)H' 1:4� 10�21  Xe � 7:3� 10�3 � !eV�2 (1�Xe)! np
m�3 eV2 ; (20)where !2P = 4��ne=me is the plasma frequen
y with � the �ne stru
ture 
onstant,me theele
tron mass and ne the free ele
tron density. We have written the ionized fra
tion ofhydrogen as Xe = ne=np with np the proton density. The indi
es of refra
tion of neutralz The va
uum magneti
 birefringen
e [29℄ due to a primordial magneti
 �eld is negligible [30℄.



Mi
rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 7hydrogen and helium are (n� 1)H = 13:6� 10�5 and (n� 1)He = 3:48� 10�5 in normal
onditions [28℄, rather insensitive to !. Sin
e the fra
tion of ele
trons 
orresponding tohelium is � 13% and (n � 1)He � (n � 1)H we have negle
ted the e�e
ts of helium inEq. (20).The photon frequen
y ! and the proton density np are given in terms of redshift z,the photon energy today !0, the CMB temperature today T0 and the baryon to photonratio � ' 6:7� 10�10 as [31℄! = !0(1 + z) ; np = �1� Yp2 � �2�(3)�2 T 30 (1 + z)3 : (21)Note that for a negative e�e
tive mass squared a resonan
e is not possible. However,the negative 
ontribution is proportional to !2(1 � Xe) and thus is unimportant forsuÆ
iently small frequen
ies (small !0 or late times when the redshift z is small) and/orlarge ionization fra
tions, Xe ' 1. Interestingly, the smallest frequen
ies are the mostpre
isely determined by FIRAS.Sin
e the 
onversion probability Eq. (18) is proportional to r and !�1 whi
h bothgrow with de
reasing redshift, for a �xed HP mass the later the resonan
e the moreadiabati
 the transition will be and the stronger our 
onstraints on the mixing parameter�0 will be.The history of the ionization fra
tion Xe(z) is extremely 
omplex. Above atemperature T � 0:5 eV (redshift z � 1100) hydrogen is fully ionized. As the universetemperature de
reases, photons 
annot ionize hydrogen eÆ
iently and ele
trons andprotons slowly 
ombine. This makes the universe very transparent to radiation, indeedreleasing the photon bath whi
h we see today as the CMB. This epo
h of so-
alledre
ombination has been studied in great detail in [32℄ from whi
h we 
an take the valuesof Xe as a fun
tion of redshift, shown in Fig. 1. Later on, the universe be
omes ionizedagain due to ultraviolet radiation from the �rst quasars or population III stars. The 5year data of the WMAP mission 
onstrains the redshift of an instantaneous reionizationto z = 11:0 � 1:4 with 68% 
on�den
e level by CMB polarization studies [1, 2℄. Atthe same time reionization 
an be studied with the spe
tra of high redshift quasars,whi
h show so-
alled Gunn-Peterson troughs due to absorption of light at Lyman-�frequen
ies. The study of several quasars by the Sloan Digital Sky Survey showed thatreionization should end around a redshift z � 6, and, therefore, should be an extendedpro
ess taking pla
e between z � 6� 11 [33℄.In Fig. 1 we show a possible pro�le for the 
osmologi
al history of Xe and m
 as afun
tion of redshift z. We 
an learn several important things from this �gure. Let usfo
us on the right panel. We 
an �rst 
ompare the thin line, whi
h 
orresponds to a
osmology when atoms are always ionized, i.e. Xe = 1, with the more realisti
 
oloredlines whi
h in
ludes the ionization history of the left panel and assumes !=T = 1; 3; 4; 10,respe
tively. We see that during the dark ages (6�<z�< 1000), Xe drops very mu
h andthe resonan
es are moved to higher redshifts 
ompared with the Xe = 1 
ase. As we
ommented before, the later a resonan
e the stronger it is, and, therefore, the in
lusionof the ionization history tends to de
rease the bounds on �0.



Mi
rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 8

1 101 102 103
10-4

10-3

10-2

10-1

1

1 101 102 103

10-4

10-3

10-2

10-1

1

z

Lo
g 1

0
n e
�n

H

10-1 1 101 102 103

10-14

10-13

10-12

10-11

10-10

10-9

10-1 1 101 102 103

10-14

10-13

10-12

10-11

10-10

10-9

z

m
Γ

Figure 1. Left panel: The ionization fra
tion of hydrogen. For redshifts above z = 11the line is taken from the data of [32℄. The re-ionization period between z = 6 andz = 11 is modeled. Right panel: E�e
tive photon mass as fun
tion of redshift. Thethin line uses Xe = 1, the blue, magenta, green and red lines are for !=T = 1; 3; 4; 10,respe
tively. The two sharp dips bound the region where m
 be
omes imaginary.On the one hand, due to the smallness of Xe during the dark ages, the index ofrefra
tion of neutral hydrogen 
an dominate over the 
ontribution from free ele
tronsturning the e�e
tive photon mass squared negative (see Eq. (20)). Sin
e this negative
ontribution is proportional to the photon frequen
y squared, the region of redshiftsfor whi
h this happens is broader for higher frequen
ies. From Fig. 1 we see that thisdoes not happen for !=T �< 3 but for !=T = 4 it forbids a resonan
e in the range ofredshifts 400�<z�< 700 and for !=T = 10 the range without resonan
e is enlarged to100�<z�< 1000.Let us re
all that this does not forbid a resonant transition but makes it happenat higher redshifts than those whi
h 
orrespond to !=T ' 1. Consider as an examplethe 
ase m
0 = 4� 10�12 eV. For frequen
ies !=T �< 2 the resonan
e, m
 = m
0 , o

ursat z � 400, for !=T = 4 at z � 700 and for !=T = 10 at z � 1000. Moreover, forthese delayed resonan
es it be
omes 
lear that the value of r, whi
h is related to theinverse of the derivative of m
 is smaller than for resonan
es for low !=T . Be
auseof these two fa
ts, the resonan
es for high !=T photons during the dark ages will bemu
h less adiabati
 than those for lower !=T and, therefore, they will play a minorrole in our bounds. There is only one possible ex
eption to this 
on
lusion. For verysmall masses m
0 �< 10�14 eV there is no resonan
e at all for low !=T but still thereare resonan
es for !=T �> 4 during the dark ages. We have 
he
ked however that su
hresonan
es are extremely non-adiabati
 and no interesting bounds 
an be derived fromthem. Therefore, in the following dis
ussion we will not dis
uss resonan
es for !=T �> 4,although we will in
lude them in our bounds.Regarding the resonant 
onversion 
 ! 
s, and fo
using on !=T �< 3, we see threedi�erent possibilities in the homogeneous universe:
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0 �> 2� 10�13 eV: there is only one resonan
e 
rossing� 2 � 10�13 eV �<m
0 �< 10�14 eV: there are three level 
rossings respe
tively after,during and before reionization.� m
0 �< 10�14 eV: no resonan
e is possible.Our analyti
al ansatz for the 
rossing probability [Eq. (16)℄ has been shown toreprodu
e a

urately the transitions also for nonmonotoni
 density pro�les, wheremultiple 
rossings 
ould arise (see, e.g., the supernova neutrino 
ase [27℄). In this 
ase,assuming the fa
torization of n di�erent 
rossings, one obtains [27℄p = 12 241� Yi=1;���;n(1� 2pi)35 ; (22)and, therefore, assuming 1� p�< 10�4 we 
an writeP
!
s ' 1� p 'Xi P i
!
s ; (23)where the 
onversion probability for a resonan
e is still given by Eq. (18). As expe
ted,sin
e we know that photon depletion has to be very small, (and, therefore, also a possiblere-
reation) the dissappearen
e probabilities at di�erent 
rossings just add up.As 
ommented previously, in the presen
e of multiple 
rossings (2 � 10�13 eV�<m
0 �< 10�14 eV), the relevant 
rossing is the one o

uring after reionization (atz < 6), sin
e the other two will be less adiabati
. This situation further simpli�esour 
al
ulations. Sin
e the 
rossings during reionization do not play a role, we needto evaluate them only for z�< 6 (for m
0 < 2 � 10�13 eV) and for, say, z�> 70 (form
0 > 2� 10�13 eV).During the epo
h of matter domination, the small density inhomogeneities alreadypresent at CMB de
oupling grow and the density pro�le along a line of sight 
an bequite 
ompli
ated at the smallest redshifts, with lots of resonan
es at gala
ti
 lengths
ales. However, a

ording to Eq. (23) further resonan
es tend to in
rease the transitionprobability, thus tending to strengthen the 
onstraints. It is, therefore, 
onservative torestri
t oneself to the most adiabati
 resonan
es in the smooth ba
kground, representedin Fig. 1.Furthermore, the opti
al depth � for 
rossing an obje
t of typi
al size l withnumber density n along a 
osmologi
al line of sight of length s � 4Gp
 is � � nl2s '0:004(10�2=Mp
�3)(l=10 kp
)2 whi
h is small for gala
ti
 obje
ts. Within an order ofmagnitude this is 
onsistent with galaxy number 
ounts whi
h yield � 108 sr�1 [34℄:Given that one galaxy subtends a solid angle 
 � (10 kp
=103Mp
)2 sr � 10�10 sr,this gives � � 0:01. Similarly, 
ounts of galaxy 
luster with mass �> 1015M� yield� 10�6Mp
�3 [35℄, or � 104 sr�1. With a typi
al solid angle subtended of 
 �(1Mp
=103Mp
)2 sr � 10�6 sr, this also gives � � 0:01 for the average number of galaxy
lusters 
rossed by a given line of sight.
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rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 104.1. Adiabati
ity parameterGiven our density pro�le it is now straightforward to 
ompute the adiabati
ity parameterr for ea
h 
rossing and from it, the photon disappearan
e probability. For massesm
0 < 10�14 eV this would be very mu
h dependent on the inhomogeneities at smallredshifts, and we prefer not to treat this 
ase. We are left with HP masses above theaverage e�e
tive 
osmologi
al plasma mass of photons at zero redshift.Re
all that in general r / t so the most adiabati
 
rossing is the latest, when theuniverse expands slower and, therefore, sweeps smaller ranges of m
 in a given time.This argument also allows us to dis
ard the e�e
t of spatial inhomogeneities unless theyhave sizes 
omparable with the size of the universe. It also makes us negle
t a possibleba
k-rea
tion during the reionization 
rossing.Let us then write,d logm2
dt = d logm2
dz dzdt ; (24)with dzdt = �H0(1 + z)q
� + 
m(1 + z)3 + 
r(1 + z)4 ; (25)where we �x H0 = 70 km s�1 Mp
�1, 
m = 0:27, 
� = 0:73, 
r = 6� 10�4 
onsistentwith the re
ent determinations of 
osmologi
al parameters [33℄.The fun
tion dXe=dz 
an be 
omputed numeri
ally. However, sin
e the 
rossingduring reionization does not play a role, we need this fun
tion only for z�< 6 (form
0 < 2 � 10�13 eV) and for z�> 70 (for m
0 > 2 � 10�13 eV). Below z = 6 we 
antake it to zero, and for z�> 70 we 
an obtain it from the following �tting fun
tionlog10 Xe = �3:15 1e z�907160 + 1 ; (26)valid at the % level.5. FIRAS BoundsThe CMB spe
trum measured by FIRAS �ts extremely well to a bla
k body spe
trumat a temperature T0 = 2:725 � 0:002 [12℄. The energy range of the CMB spe
trummeasured by FIRAS [11℄ is 2:84 � 10�4 eV � !0 � 2:65 � 10�3 eV, 
orrespondingto 1:2�<!0=T0�< 11:3. In that region, the CMB bla
kbody be
omes unprote
ted todistortions below a 
osmi
 temperature � keV, whi
h 
orresponds to a photon mass of� 10�4 eV. On the other hand, today the average plasma mass for photons is as low as2� 10�14 eV. If HPs exist with a mass between these two values they will be produ
edresonantly and leave their imprint on the CMB.The a

ura
y of FIRAS 
onstraints P
!
s �<f ' 10�4, whi
h, using Eq. (18) leadsto the bound �0�<  f!�rm2
0!1=2 ' 1:1� 10�9 f 1=2  �eVm
0 ! � !GHz�1=2 �p
r �1=2 : (27)



Mi
rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 11

10-13 10-12 10-11 10-10 10-9

10-7

10-6

10-5

10-13 10-12 10-11 10-10 10-9

10-7

10-6

10-5

mΓ'@eVD

Χ
0

Figure 2. Bounds from distortions of the CMB bla
kbody due to 
 ! 
s photondepletion: 95% C.L. (solid) and 99% C.L. (dashed).In order to sharpen this bound, we have 
onsidered the distortion of the overallbla
kbody spe
trum.To this end we use the COBE-FIRAS data for the experimentally measuredspe
trum, 
orre
ted for foregrounds [11℄. Note that the new 
alibration of FIRAS [12℄is within the old errors and would not 
hange any of our 
on
lusions. The N = 43 datapoints �expi at di�erent frequen
ies !i are obtained by summing the best-�t bla
kbodyspe
trum to the residuals reported in Ref. [11℄. The errors �expi are also available. In thepresen
e of photon-hidden photon 
onversion, the original intensity of the \theoreti
albla
kbody" at temperature T�0(!; T ) = !32�2 [ exp(!=T )� 1℄�1 (28)would be deformed to �(!; T; �0; m
0) = �0(!; T )[1�P
!
s(!; �0; m
0)℄. We then buildthe redu
ed 
hi-squared fun
tion�2�(T; �) = 1N � 1 NXi ��expi � �(!i; T; �0; m
0)�expi �2 : (29)We minimize this fun
tion with respe
t to T for ea
h point in the parameter spa
e� = (m
0 ; �0), i.e. T is an empiri
al parameter determined by the �2� minimization forea
h � rather than being �xed at the standard value T0 = 2:725� 0:002 K.In Fig. 2 we show our ex
lusion 
ontour in the plane of m
0 and �0. The regionabove the 
ontinuous 
urve is the ex
luded region at 95% C.L., i.e. in this region the
han
e probability to experimentally obtain larger values of �2� is lower than 5%. Wealso show the 
orresponding 99% C.L. 
ontour whi
h is very 
lose to the 95% 
ontour sothat another regression method and/or ex
lusion 
riterion would not 
hange the resultsvery mu
h. Note that for masses m
0 for whi
h the resonant 
onversion takes pla
eduring the dark ages su
h a resonan
e is only possible for !=T �< 2 for whi
h the positive
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ontribution to m2
 dominates over the negative one. Only the lowest four points in theFIRAS data set satisfy !=T < 2 and are thus distorted. On the other hand, for larger(m
0 > 10�10 eV, 
f. Fig. 1) or smaller masses (2 � 10�14 eV < m
0 < 2 � 10�13 eV),the resonan
e 
an happen up to !=T = 10 and we 
an use the whole FIRAS data set.This explains why the bound we obtain is stronger in this latter region.Finally, we 
omment that in our analysis we have assumed that hidden photons areprodu
ed only by os
illations. In this sense, we have negle
ted a primordial population ofhidden photons, that 
ould have subsequently been 
onverted into photons, produ
ingan additional distortion of the CMB. Our assumption is reasonable if we negle
t thepresen
e of primordial 
harged hidden parti
les, by whose annihilations hidden photons
ould have been produ
ed.6. Astrophysi
al boundsThe 
onstraint of Eq. (27) holds for general astrophysi
al sour
es whose photon 
ux atfrequen
y ! is known to deviate less than a fra
tion f from a model predi
tion in theabsen
e of mixing with hidden photons.As long as the 
ontribution of neutrals to m
 is negligible, the resonan
e 
onditionis m2
 = !2P. The resonan
e thus o

urs at the plasma densityne ' 7:3� 108  m
0�eV!2 
m�3 : (30)Su
h resonan
es 
an dire
tly in
uen
e the photon 
ux only if the opti
al depth atthe resonan
e is smaller than unity. Sin
e the opti
al depth �
 �>�Tne r with �T '6:7� 10�25 
m2 the Thomson 
ross se
tion, from Eq. (30) we obtain the 
onditionr�< 6:6� 10�4  m
0�eV!�2 p
 (31)for the s
ale over whi
h the mixing potential varies. Sin
e furthermore only photonswith frequen
y !�>!P 
an propagate, we 
on
lude from Eq. (27) that independent ofthe details of the astrophysi
al system, only mixing parameters satisfying�0�> 5:3� 10�8 f 1=2  m
0�eV!1=2 (32)
an be 
onstrained by observing photon 
uxes from astrophysi
al or 
osmologi
alobje
ts. Note for example that for m
0 � meV, the best possible bound fromdire
t observations is thus �0�< 1:7 � 10�6 f 1=2. Any mixing parameters smaller thanthis, therefore, has to be 
onstrained by indire
t methods (e.g. stellar 
ooling) orexperimentally. This theoreti
al best possible bound from astrophysi
al sour
es isplotted for f = 1 in Fig. 3. Our CMB based bounds are weaker than this best possiblebound essentially be
ause the s
ale r in Eq. (27) over whi
h the 
osmologi
al plasmamass varies is 
onsiderably smaller than the photon mean free path Eq. (31) that wouldlead to the most adiabati
 resonan
e possible for unabsorbed photons.
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Figure 3. Bounds from resonant 
 ! 
s depletion of the CMB bla
kbody as
onstrained by FIRAS data in this work (gray region) and in [8℄ (bla
k region). Thegray diagonal line separates the region where the resonan
e happens at small damping(left, this work) or at strong damping (right, 
f. [8℄). Plotted for 
omparison are boundsfrom tests of the Coulomb 1=r2 law [36, 37℄, magneti
 �elds of Jupiter and earth [38℄,photon-regeneration-experiments [39{44℄, arguments of the lifetime of the Sun and theCAST sear
h of solar axions [7, 45℄. The solid bla
k line indi
ates the best possiblebound Eq. (32) that 
an be obtained from astrophysi
al or 
osmologi
al sour
es whosephoton 
ux is known to be unmodi�ed by photon-HP mixing to order unity.7. Con
lusionsIn this paper, we have revisited the bounds on photon-hidden photon os
illations 
omingfrom 
osmology, deriving updated 
onstraints from the high pre
ision CMB spe
trumdata 
olle
ted by the FIRAS instrument on board of COBE. We have also 
ommentedabout 
omplementary bounds from a depletion of the photon 
ux from astrophysi
alsour
es. Previous studies [3, 13℄ were derived in the pre-COBE era and/or moreimportantly they la
ked a detailed treatment of the e�e
ts of the plasma medium on thephoton-hidden photon os
illations. This has motivated us to re-evaluate the bounds.This problem has presented interesting analogies to similar situations en
ountered inneutrino os
illation physi
s. In this regard, we had the bene�t to apply to our 
asedi�erent analyti
al re
ipes developed in neutrino os
illation studies.
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rowave Ba
kground Constraints on Mixing of Photons with Hidden Photons 14The result of our analysis leads to a bound on the mixing angle �0�< 10�7 � 10�5for hidden photon masses between 10�14 eV and 10�7 eV. In Fig. 3 we plot our FIRASbound together with the other ones existing in the literature (see [46℄ for a 
ompletereview). It turns out that our new 
osmologi
al bound ex
ludes a region of low-massand low-mixing angle in the hidden photon parameter spa
e, that was un
onstrainedby previous arguments. As a result of our new bound, it is unlikely that hiddenphotons with masses smaller than 10�7 eV 
an play a 
osmologi
al role. Conversely, formeV masses, resonant photon-hidden photon os
illations happen after nu
leosynthesisbut before CMB de
oupling, in
reasing the e�e
tive number of neutrinos but also thebaryon to photon ratio with interesting 
osmologi
al 
onsequen
es [8℄. The mixingangles required for this e�e
t 
ould be probed in 
urrent laboratory experiments.We 
omment that our 
osmologi
al bound on hidden photons is based on anapproximate treatment of the plasma environment. This would leave open possibleimprovements of our limit when a more a

urate des
ription of the primordial plasmawill be a
hieved. Moreover, further improvements of our 
osmologi
al bound forextremely small masses and mixing 
ould be rea
hed observing a possible depletionof photons from astrophysi
al sour
es, as we proposed in Se
. 6. In this 
ontext, forexample it still remains to investigate if photon-hidden photon os
illations 
ould havesome impa
t on the apparent dimming of supernovae Ia, mimi
king the a

eleration ofthe universe.8. A
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