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.uk;javier.redondo�desy.de; andreas.ringwald�desy.deAbstra
t. Observations of the temperature anisotropies indu
ed as light from the CMBpasses through large s
ale stru
tures in the late universe are a sensitive probe of theintera
tions of photons in su
h environments. In extensions of the Standard Model whi
hgive rise to mini-
harged parti
les, photons propagating through transverse magneti
 �elds
an be lost to pair produ
tion of su
h parti
les. Su
h a de
rement in the photon 
uxwould o

ur as photons from the CMB traverse the magneti
 �elds of galaxy 
lusters.Therefore late time CMB anisotropies 
an be used to 
onstrain the properties of mini-
harged parti
les. We outline how this test is 
onstru
ted, and present new 
onstraintson mini-
harged parti
les from observations of the Sunyaev-Zel'dovi
h e�e
t in the Coma
luster.
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Late time CMB anisotropies 
onstrain mini-
harged parti
les 21. Introdu
tionPre
ision measurements of the Cosmi
 Mi
rowave Ba
kground (CMB) radiation have, inre
ent years, enormously advan
ed our understanding of the origins, 
ontent and stru
tureof our universe. Measurements of se
ondary anisotropies indu
ed, not at the surfa
e oflast s
attering (z � 1100), but in the more re
ent universe (z � O(1)) also providedetailed information about the late time evolution of the universe enabling, for example,measurements of the Hubble 
onstant through the Sunyaev-Zel'dovi
h (SZ) e�e
t (for areview see [1℄), and measurements of the properties of dark energy through the late timeIntegrated Sa
hs-Wolfe e�e
t (ISW) [2, 3℄.These pre
ision measurements 
an also be used to test `new physi
s', in
luding theexisten
e of new light, weakly intera
ting parti
les if they in
uen
e the propagation ofphotons. In this arti
le we fo
us in parti
ular on mini-
harged parti
les (MCPs). MCPs areparti
les with a small and not ne
essarily quantized 
harge. Su
h parti
les arise naturally inextensions of the Standard Model whi
h 
ontain at least one additional U(1) hidden se
torgauge group [4, 5℄. The gauge boson of this additional U(1) is known as a hidden photon,and hidden se
tor parti
les, 
harged under the hidden U(1) get an indu
ed ele
tri
 
hargeproportional to the small mixing angle between the kineti
 terms of the two photons. Instring theory su
h hidden U(1)s and the required kineti
 mixing are a generi
 feature [6{14℄.Hidden photons are not ne
essary however to explain mini-
harged parti
les, and expli
itbrane world s
enarios have been 
onstru
ted [15℄ where MCPs arise without the need forhidden photons.The existen
e of MCPs would lead to the de
ay of photons in the presen
e of ele
tri
or magneti
 �elds [16, 17℄. This has lead to sear
hes for MCPs in high pre
ision opti
alexperiments (BFRT [18℄, PVLAS [19℄, Q&A [20℄, BMV [21℄ and OSQAR [22℄) where a laserbeam is passed through a transverse magneti
 �eld and the real and virtual produ
tion ofMCPs leads to rotation and ellipti
ity of the polarization of the beam. This signal di�ersdepending on whether or not the model under examination in
ludes hidden photons. Inaddition the presen
e of hidden photons 
an lead to more exoti
 e�e
ts, su
h as light-shining-through-walls [23, 24℄.For a wide range of parameters, however, more stringent 
onstraints on MCPs 
omefrom observations in astrophysi
s and 
osmology [25, 26℄. In parti
ular extensions of theStandard Model whi
h in
lude MCPs must be in agreement with the bounds of Big BangNu
leosynthesis (BBN), and must not lead to overly fast 
ooling of white dwarf and redgiant stars. However it has been shown [27℄ that in models 
ontaining more than onehidden photon, where at least one of the hidden photons is massless, the bounds obtained insettings with high density/temperature 
an be 
onsiderably relaxed. Most prominently thisa�e
ts bounds from energy loss 
onsiderations in stars. Therefore alternative 
onstraintsobtained in low density/temperature environments are of parti
ular interest [28, 29℄. Forthis we turn to observations of the CMB; the light we observe from the CMB has traveledsolely through low density/temperature environments, and therefore 
onstraints on MCPsderivable from the CMB also apply to those models whi
h avoid the stellar evolutionbounds. These 
onstraints would be of dire
t relevan
e for up
oming laboratory sear
hes
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harged parti
les 3for MCPs whi
h are typi
ally performed under va
uum 
onditions. The light from theCMB passes through magneti
 �elds in the neighborhood of galaxy 
lusters, where realand virtual MCPs are produ
ed exa
tly as in laboratory experiments. The anisotropiesindu
ed by su
h intera
tions 
ontribute to the standard late time CMB anisotropies. Inthis arti
le we show that observations of these e�e
ts 
an be used to 
onstrain new regionsof the MCP parameter spa
e.Cluster magneti
 �elds are well understood on distan
e s
ales at whi
h the SZ e�e
tdominates over the ISW e�e
t, but little is known about magneti
 �elds in the largeststru
tures in the universe. Therefore in this arti
le we mainly fo
us on an MCP 
ontributionto the SZ e�e
t. When photons from the CMB pass through galaxy 
lusters there is asmall probability that they will intera
t with an energeti
 ele
tron in the plasma of theintra
luster medium. If this happens the photons 
an be Thomson s
attered up to higherenergies, distorting the CMB spe
trum. This is the Sunyaev-Zel'dovi
h (SZ) e�e
t [30,31℄.The temperature distortions indu
ed in the CMB have the form�TT = f � !TCMB�Z neTe�Tme dl; (1)where ! = 2�� is the photon energy, TCMB the CMB temperature, ne the ele
tron numberdensity in the plasma, Te the ele
tron temperature, �T the Thomson s
attering 
ross se
tionand me the mass of the ele
tronz. The fun
tion f(x) des
ribes the frequen
y dependen
eof the SZ e�e
t and in the non-relativisti
 and Rayleigh-Jeans (! � T ) limits f(x)! �2.The integral is along a line of sight through a 
luster. A typi
al galaxy 
luster is expe
ted toindu
e temperature anisotropies of the order 10�4 in the CMB spe
trum. Photons are lostin the long wavelength part of the CMB spe
trum � . 218 GHz and there is an in
reasein the power of the spe
trum at higher frequen
ies. There are now a large number of highquality measurements of the SZ e�e
t for a variety of 
lusters. The physi
s of the SZ e�e
tis reviewed in [32℄ and the 
urrent observations are reviewed in [33℄.Constraints on MCPs from observations of the CMB have also been derived frompro
esses where two CMB photons annihilate into two MCPs [28℄ and in the regionof parameter spa
e where MCPs do not de
ouple from the a
ousti
 os
illations of thebaryon-photon plasma at re
ombination [34℄. Other 
osmologi
al probes of MCPs havealso been 
onsidered, in
luding their e�e
t on the propagation of light from type Iasupernovae [29℄. Modi�
ations of the SZ e�e
t by 
hameleoni
 axion-like-parti
les havealso been dis
ussed [35℄.The outline of this arti
le is as follows. In Se
tion 2 we des
ribe the e�e
t of MCPs onthe propagation of photons through magneti
 �elds. We solve the equations of motion and
ompute the survival probability for photons. In Se
tion 3 we show how measurementsof the SZ e�e
t 
an be used to 
onstrain MCPs, in Se
tion 3.1 we give the 
onstraintson MCP models that 
ome from observations of the Coma 
luster and in Se
tion 3.2 wedis
uss the relevan
e of these 
onstraints to hyperweak gauge intera
tions in the LARGEvolume s
enario of string theory. Se
tion 4 des
ribes how, in the future, observations ofthe ISW e�e
t may also be used to 
onstrain MCPs, and we 
on
lude in Se
tion 5.z We are using units kB = ~ = 
 = 1.
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harged parti
les 42. Opti
s with MCPs and hidden photonsPhoton propagation in the presen
e of mini-
harged parti
les 
an be studied in the Holdommodel [4℄ starting with the most general LagrangianL = �14 ~F�� ~F �� � 14 ~B�� ~B�� � sin�2 ~B�� ~F �� + ~ej�em ~A� + ehj�h ~B�; (2)des
ribing visible se
tor photons ~A�, hidden se
tor photons ~B�, and visible and hiddense
tor matter �elds, written here as the 
urrents j�em and j�h respe
tively. The visible andhidden photons have �eld strength tensors ~F�� and ~B�� respe
tively, and � 
ontrols thestrength of the kineti
 mixing between the photon �elds. The visible and hidden se
torgauge 
ouplings are ~e and eh.The following 
hange of variables~A = 1
os�A ; ~B = B � tan�A; (3)diagonalizes the kineti
 part of the Lagrangian, whi
h 
an then be written asL = �14F��F �� � 14B��B�� + ej�emA� + ehj�hB� + �ej�hA�; (4)with � = (eh=e) tan� and e = ~e= 
os�. The last term of (4) gives an e�e
tive 
hargeunder the visible se
tor gauge group to the hidden matter. If either � or eh are small thee�e
tive 
harge of the hidden matter has a naturally small value j�j � eh�=e� 1.In the presen
e of a strong transverse magneti
 �eld the hidden matter 
ontributes tothe refra
tion and absorption 
oeÆ
ients of photons and hidden photons [16℄ through the
omplex refra
tive index, �2e2�Ni(�eB; m�) = �2e2(�ni + i 12!�i) = ni � 1, for a photon offrequen
y ! and an MCP with mass m�. i =?; k labels the photons polarized parallel andperpendi
ular to the dire
tion of the magneti
 �eld. The real parts, �ni, are the refra
tiveindi
es and the imaginary parts, �i, are the absorption 
oeÆ
ients due to the produ
tion ofMCPs. Full expressions for �Ni are given in Refs. [16,17,36,37℄. The equations of motionderived from the Lagrangian (4) are"(!2 + �2z ) 1 00 1 !� !2P + �2�2 ��2���2� �2 !# AB ! = 0; (5)where we have de�ned�2 = �2!2e2h�Ni (6)and tan(�)! �. !2P = 4�2�ne=me is the plasma frequen
y depending on the �ne stru
ture
onstant, the mass of an ele
tron, me, and the number density, ne, of free ele
trons ina plasma. The e�e
tive mass �, normalized by the MCP mass, depends only on thepolarization of the light and on the adiabati
 parameter� = 32 !m� �eBm2� : (7)The dependen
e of �2=m2� on � is shown in Figure 1.
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Figure 1. The absolute value of the real (solid) and imaginary (dashed) parts ofthe MCP-indu
ed mass �2 are shown for photon polarization parallel (bla
k) andperpendi
ular (red) to the magneti
 �eld dire
tion. The MCP parti
le is a Dira
spinor with mass m� and ele
tri
 
harge �. The s
alar 
ase is very similar. Theyonly depend on the adiabati
 parameter �. The imaginary part of �2 is alwaysnegative while the real part is negative for � . 20 and be
omes positive for largervalues.Solving the equations of motion, the propagating eigenstates areV+(t; z) =  1�a ! ei(!t�k+z) ; V�(t; z) =  a1 ! ei(!t�k�z); (8)where the momenta arek� =q!2 �m2� ' ! � m2�2! � ! ���; (9)2m2� = !2P + �2(1 + �2)�q(!2P � �2(1� �2))2 + 4�4�2; (10)and a = �2m2+ � �2�: (11)Therefore a state whi
h is purely photon-like initially at z = 0 evolves asV (t; z) = � 11 + a2V+(0; 0)ei�+z + a1 + a2V�(0; 0)ei��z� ei!(t�z): (12)The photon survival amplitude is the �rst 
omponent of this ve
tor and, from this, thephoton survival probability isP
!
(z) = ���� 11 + a2 ����2 �e�2Im�+z + jaj4e�2Im��z + 2Refa2ei(�����+)zg� (13)The last term inside the bra
ket in (13) is os
illatory and 
an be negle
ted when the phaseis large � = Ref�� � ��+gz � 1, 
orresponding to situations where a large number ofos
illations o

ur within the propagation length z.The expression for the survival probability (13) breaks down when a2 = �1 or,equivalently, when�2 = !2P(1� i�)2 : (14)
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les 6This is the point in phase spa
e where the photon and hidden photon are exa
tlydegenerate. As the imaginary and real parts of �2 satisfyImf�2g > Ref�2g for Ref�2g > 0 ; (15)the 
ondition (14) 
an only be satis�ed for values of � � O(1). In this paper we restri
tourselves to 
onsidering small values of �, whi
h are not only more realisti
 from thetheoreti
al point of view but also are not ex
luded by laboratory experiments. Thereforewe are always far from the resonan
e.In the small mixing regime �� 1 a simpler formula for the photon survival probability(13) 
an be obtained. Expanding (10) and (11) around � = 0 we �ndm2+ = !2P (1 + a�) ; m2� = �2 (1� a�) (16)a = �2!2P � �2� (17)So that the photon survival probability be
omesP
!
(z) = 1� 2Refa2g� �z!2P! Imfag+2Refa2e�iz(!2P��2)=2!g+O(�4):(18)The last term in this expression is exponentially damped and when the distan
es under
onsideration satisfy zImf�2g � 2! it 
an be safely negle
ted.As mentioned in the introdu
tion the in
lusion of the hidden photon is not ne
essaryfor the existen
e of MCPs but it 
ertainly provides one of the few natural theoreti
alexplanations of the small mini-
harges. Use of the framework des
ribed above imposesno restri
tion on the origin of MCPs be
ause the hidden photon �eld 
an be 
onsistentlyde
oupled by formally sending eh ! 0 whilst keeping � 
onstant. This 
an be seen dire
tlyfrom the Lagrangian (4) where the only term that 
onne
ts the hidden photon to the other�elds is proportional to ehx. Note that m2+ is a 
onstant in this limit but ��2 and �2vanish and therefore the mixing parameter a also tends to zero. When the hidden photonde
ouples the photon survival probability be
omes simplyP = e�2Im�+z: (19)3. Using the Sunyaev-Zel'dovi
h e�e
t to 
onstrain MCPsAs dis
ussed in the introdu
tion, magneti
 �elds exist in 
lusters of galaxies. As light fromthe CMB traverses these �elds the properties of this light 
an be a�e
ted by the real andvirtual produ
tion of MCPs. Clusters of galaxies are some of the largest obje
ts in theuniverse; a typi
al 
luster 
ontains � 103 galaxies in a region � 2 Mp
 in radius. Themagneti
 �elds of these 
lusters are relatively well understood [38℄, and it is 
ommon tomodel these magneti
 �elds as being made up of a large number of equally sized magneti
domains. Within ea
h domain the magneti
 �eld is 
onstant, and the magnitude of themagneti
 �eld strength is 
onstant over the whole 
luster, but within ea
h domain thex This de
oupling 
an also be seen in the matrix form of the equations of motion (5). As �2 equals e2hmultiplied by some fun
tion f(�) the A�A matrix element is / �2e2hf(�) = �2e2f(�) and will stay 
onstantin the de
oupling limit, however the A�B element is / �e2hf(�) = eh�ef(�) and vanishes as eh ! 0.
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les 7dire
tion of the magneti
 �eld ve
tor is essentially a random variable. Photons passingthrough su
h 
lusters may intera
t with the 
luster magneti
 �eld and 
onvert into real orvirtual MCPs. This loss of photons would look like a 
ontribution to the SZ e�e
t of theform �TT = 1� e�xx �II0 ; (20)where I0 is the photon 
ux from the CMB, �I is the 
ux de
rement due to MCPs andx = !=TCMB, and TCMB is the temperature of the CMB radiation today. The best
onstraints would 
ome from a 
luster for whi
h both the SZ e�e
t and the propertiesof its magneti
 �eld have been dire
tly measured. This is uniquely the 
ase for the Coma
luster (Abell 1656) whi
h lies at a redshift z = 0:023. The properties of the Coma 
lusterwill be dis
ussed further in Se
tion 3.1.In order to 
onstrain the MCP 
ontribution to the SZ e�e
t we must 
ompute the
ux de�
it indu
ed as the photons propagate through a large number of randomly orientedmagneti
 domains. As the CMB is a very non 
ompa
t sour
e, light from the CMB takesmany di�erent paths through the random magneti
 �eld of a galaxy 
luster and we needonly 
ompute the e�e
ts of MCP produ
tion averaged over this large 
lass of paths.We will assume that the size of a magneti
 domain is suÆ
iently large that the �nalterm in the photon survival probability (18) 
an be negle
ted. This is 
onsistent wheneverImf�2g � 2!=L, where L is the size of the domain. Then the photon survival probability
an be written as Pi(z) = 1� pi � qiz for i =k;?, where p = 2Refa2g, q = �!2P Imfag=!.a is given by (11). To evolve the system through the 
luster we will need to average overthe two angles �n and  n that determine the dire
tion of the magneti
 �eld in the n-thdomain. The average over  n, the angle of in
lination of the magneti
 �eld to the dire
tionof motion of the photons, we will absorb into a 
onservative order of magnitude estimatefor B. Letting �n be the orientation of the magneti
 �eld in the plane perpendi
ular to thedire
tion of motion of the photons, the photon 
omponents at the start of the (n + 1)-thdomain are related to those at the start of the n-th domain byk AxAy !n+1 = ��1� Æn1hpi+ hqiL2 � 1+ Æn1dp+ dqL2  
os 2�n sin 2�nsin 2�n � 
os 2�n !# AxAy !n (21)where hqi = (q? + qk)=2 and dq = (q? � qk)=2, with equivalent de�nitions for hpi and dp.Assuming that, on average, 
os2 �n = sin2 �n = 1=2 and 
os �n = sin �n = 0 it 
an be shownthat after passing through N magneti
 domains the average photon 
ux IN , is related tothe initial photon 
ux, I0, byIN = I0�1� hpi �NhqiL+O(N2hqi2)�: (22)Combining equations (20) and (22) we 
an 
onstrain the CMB temperature anisotropiesindu
ed in MCP models to be less than those of the SZ e�e
t.k In prin
iple the propagation is des
ribed by a 4� 4 matrix. However, after the initial damping only theV+ eigenmodes survive and we 
an use e�e
tively a 2� 2 des
ription.
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les 8In the general 
ase we 
ompute the photon survival probabilities numeri
ally, butthere are two limits whi
h 
an be understood analyti
ally. If the plasma frequen
y issuÆ
iently large !2P � j�2j, the imaginary part of the mass of the photon like state (+)is well approximated by Imfm2+g = �2Imf�2g = ��2e2�!. This regime is equivalentto the de
oupling of the hidden photon dis
ussed in Se
tion 2 (eh ! 0, �2 ! 0 but�2�2 = 
onstant). In this regime the mixing angle a is suppressed not only by � but alsoby the ratio �2=!2P and the photon survival probability is simplyP (
 ! 
) = 1� z�2e2�+O(a2): (23)So hpi = 0 and hqi = �2e2h�i in (22).In the opposite limit, j�2j � !2P, the situation also simpli�es, re
overing theexpressions derived in [23℄. The mixing angle is only suppressed by � and is real in thelimit !P ! 0. The mass of the photon like state (+) still has an imaginary part, but thisis suppressed by the small quantity !2P=j�2j,Im fm2+g ' �2Im f�2g !4Pj�2j2 = !�2e2� !4Pj�2j2 : (24)In this limit the photon survival probability isP (
 ! 
) ' 1� 2�2 � 4�2!2PRef�2gj�2j2 � �2 z!2P Imf�2g!j�2j2 +O� !4Pj�2j2� : (25)In the limit !P ! 0 the photon survival probability be
omes 
onstantlim!P!0P (
 ! 
) ' 1� 2�2: (26)So hpi = 2�2 and hqi = 0 in (22). This 
an be understood by 
onsidering equation (12).In the !P ! 0 limit, a ! �� and an initial photon state is mainly V+ with a very small(proportional to �2) 
omponent of V�. In this 
ase, the V� state is the original hiddenphoton ~B� whi
h, by de�nition, is the state that 
ouples to the hidden se
tor parti
les.Therefore only the V� 
omponent of the initial state 
an be damped by pair produ
tionof MCPs and after traveling distan
es z & 2! ln(�)=Imf�2g the �nal state is V+=(1 + �2).Squaring the amplitude of this gives the photon survival probability (26).3.1. Constraints from the Coma 
lusterThe most detailed information about the strength and stru
ture of the magneti
 �elds in
lusters of galaxies typi
ally 
omes from measurements of Faraday rotation of light at radiofrequen
ies. The presen
e of a magneti
 �eld in an ionized plasma, su
h as the intra
lustermedium, sets a preferred dire
tion for the gyration of ele
trons, leading to a di�eren
e inthe index of refra
tion for left and right 
ir
ularly polarized radiation as it passes throughthe plasma. This is equivalent to a rotation of the plane of polarization of linearly polarizedlight, known as the Faraday rotation, whi
h depends on the thermal ele
tron density andthe magneti
 �eld strength. By taking Faraday rotation measurements of an entire 
luster,not only the magneti
 �eld strength, but also its 
oheren
e length, 
an be estimated. It hasbeen shown [16, 17℄, however, that the intera
tions of photons and mini-
harged parti
lesin a transverse magneti
 �eld also lead to the rotation of polarization, and these e�e
ts are
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les 9expe
ted to be strongest at low frequen
ies. Therefore it is un
lear whether the magneti
�eld strengths 
al
ulated from Faraday rotation measurements 
an be reliably used in the
omputation of CMB temperature anisotropies due to MCPs.Faraday rotation is not, however, the only way to estimate the magneti
 �eld strengthof a 
luster. For the Coma 
luster a hard X-ray 
ux has been measured ex
eeding thethermal emission. This has its origin in the inverse Compton s
attering of photons byrelativisti
 ele
trons whi
h are a

elerated by the magneti
 �eld of the galaxy 
luster.This inferen
e of the magneti
 �eld is not based on subtle polarization measurementsand therefore we expe
t it to be essentially free of 
ontamination by MCPs. Hard X-ray observations of the Coma 
luster imply a magneti
 �eld strength of 0:16 � 10�10 T[39, 40℄, roughly an order of magnitude smaller than that inferred from Faraday rotationmeasurements [41℄. Whilst, within the Standard Model, it is thought that these twosets of observations 
an be re
on
iled by more realisti
 
luster models [42℄. The size ofa magneti
 domain 
an be estimated from images of the Faraday rotation of the Coma
luster, L � 10 kp
, [41℄ and the size of these 
orrelations will not be a�e
ted by mixingwith MCPs.We note that it would be possible to derive 
onstraints on MCP models by requiringthat the MCP indu
ed rotation of linearly polarized light at radio frequen
ies be lessthan the measured Faraday rotation [41℄. However these 
onstraints are subsumed bythe 
onstraints 
oming from measurements of the SZ e�e
t, whi
h we fo
us on for theremainder of this arti
le.To 
ompute the 
ontribution of MCPs to the SZ e�e
t we also need to know theele
tron density in the intra
luster plasma. This 
an be inferred, for the Coma 
luster,from soft X-ray measurements taken during the ROSAT all sky survey [43℄. From theseobservations it is inferred that ne = 2:89 � 10�3 
m�3 in the 
ore of the 
luster andne � 1 � 10�3 
m�3 away from the 
ore. This 
orresponds to a plasma frequen
y of!P � 10�12 eV.The SZ e�e
t of the Coma 
luster has been measured pre
isely in a number of frequen
ybands [44℄, as shown in Table 1. For ea
h observation we 
onstrain the temperatureInstrument Temperature De
rement Observational Frequen
yOVRO [45℄ �T = �520� 83 �K 32.0 GHzWMAP [46℄ �T = �240� 180 �K 60.8 GHzWMAP [46℄ �T = �340� 180 �K 93.5 GHzMITO [47℄ �T = �184� 39 �K 143 GHzMITO [47℄ �T = �32� 79 �K 214 GHzMITO [47℄ �T = 172� 36 �K 272 GHzTable 1. SZ observations of the Coma Clusterde
rement due to produ
tion of MCPs with the largest measured temperature de
rementwithin 2� error bars. All the observations detailed above give 
onstraints on the parametersof the MCP model of the same order of magnitude, with those by MITO at 214 GHz, being



Late time CMB anisotropies 
onstrain mini-
harged parti
les 10

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

10-9 10-8 10-7 10-6 10-5 10-9 10-8 10-7 10-6 10-5 10-9 10-8 10-7 10-6 10-5

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

10-9 10-8 10-7 10-6 10-5

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

10-9 10-8 10-7 10-6 10-5 10-9 10-8 10-7 10-6 10-5

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2PSfrag repla
ements

m� [eV℄m� [eV℄m� [eV℄

m� [eV℄m� [eV℄m� [eV℄

��
�� eh = 10�5 eh = 10�4 eh = 10�3

eh = 3� 10�3 eh = 10�2 eh = 0:1
Figure 2. The 
onstraints of the SZ e�e
t on MCPs. The solid bla
k line shows theupper bound in the mini-
harge, MCP mass phase spa
e on models whi
h 
ontain MCPsbut no hidden photons (we 
onsider a Dira
 fermion, but s
alars are very similar). Thegray region shows the ex
luded region for models whi
h in
lude hidden photons. Thedi�erent plots show di�erent values of the hidden se
tor gauge 
oupling, given in units ofthe ele
tri
 
harge.the most 
onstraining. The numeri
al bounds quoted below 
ome from this measurement.To 
al
ulate the 
onstraints on MCPs from the SZ measurements of the Coma 
lusterwe assume that in most of the volume of the Coma 
luster B � 1 � 10�11 T, whi
hestimate in
ludes an averaging over the angles  n, and that the size of a magneti
 domainis L � 10 kp
. The 
luster magneti
 �elds extend out to a radius of at least 1 Mp
, so weassume that light from the CMB traverses approximately 100 domains. We take the averageplasma frequen
y to be !P = 10�12 eV. The MCP indu
ed temperature anisotropies (20)at � � 214 GHz are, from (22), 
onstrained to be�TT = 0:25�hpi+NLhqi� < 7:0� 10�5: (27)Our assumption that the last term in (18) 
an be safely negle
ted when 
al
ulating thesurvival probability in ea
h domain of the Coma 
luster means that our 
onstraints are validfor Imf�2g � 2!=L, whi
h for observations at 214 GHz implies Imf�2g � 1:1�10�30 eV2.The 
onstraints this imposes on the 
harge and mass of MCPs are shown in Figure 2.The upper bound on models without hidden photons is shown as a solid line. The grayregions are those ex
luded for models whi
h in
lude both hidden se
tor photons and MCPs.
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les 11The upper bound on these regions 
omes from requiring that � � �e=eh < 1. The ex
ludedregion in the (m�; �) plane for models with hidden photons varies signi�
antly with eh. Forsmall values of the hidden se
tor gauge 
oupling the 
onstraints are indistinguishable fromthose of the pure MCP 
ase. This is the j�2j � !2P limit dis
ussed in the previous se
tion.For larger gauge 
ouplings the 
onstraints on the mini-
harge are mu
h weaker be
ause inthis region of the parameter spa
e only the hidden photon 
omponent of the initial stateis damped by the produ
tion of MCPs. This 
orresponds to the j�j2 � !2P limit.In 
ertain regions of the parameter spa
e it is possible to understand these limitsanalyti
ally. When the adiabati
 parameter is large � � 1 an analyti
 expression for the
omplex refra
tive index exists. For light at 214 GHz passing through the magneti
 �eldsof the Coma 
luster large adiabati
 parameter 
orresponds to�1=3 � 1:1� 104 �m�eV� : (28)and this 
orresponds to the region on the left of Figure 2 where the 
onstraints areindependent of the MCP mass.When the adiabati
 parameter is large and j�j2 � !2P , 
orresponding to eh�1=3 �7�10�8, the hidden photons e�e
tively de
ouple. The photon survival probability is givenby (23) and measurements of the SZ e�e
t in the Coma 
luster 
onstrain� < 4� 10�10: (29)In the alternative limit j�j2 � !2P the photon survival probability is given by (26) andmeasurements of the SZ e�e
t 
onstrain� < 1� 10�2; (30)or equivalently� < 3� 10�2eh: (31)3.2. Hyperweak hidden gauge 
ouplingsAbove we have seen that our bounds are strongest for mini-
harged parti
les withouthidden photons and for very small hidden se
tor gauge 
ouplings. Although the �rst 
aseis interesting in itself, let us also brie
y motivate the 
ase of small hidden se
tor gauge
ouplings. Indeed we will see below that our bounds start to penetrate a theoreti
ally veryinteresting region.Hyperweak gauge intera
tions [48℄ are a typi
al feature in so-
alled LARGE volumes
enarios in string theory. In LARGE volume s
enarios the string s
ale Ms is related tothe Plan
k s
ale MP (and the string 
oupling gs) viaM2P = 4�g2s VM2s ; (32)with a LARGE volume V = V6M6s of the six 
ompa
ti�ed dimensions. Due to the LARGEvolume the string s
ale 
an now be mu
h lower than the Plan
k s
ale. For example fora volume of the order of V � 1012 one obtains a string s
ale Ms � 1011GeV. This s
aleis parti
ularly interesting in s
enarios where a supersymmetry breaking of size � M2s is



Late time CMB anisotropies 
onstrain mini-
harged parti
les 12mediated to the Standard Model by gravity resulting in masses for the superpartners ofthe order of �M2s =MP � 1TeV. For an even larger volume V � 1027 the string s
ale itself
ould be as low as a TeV.In the LARGE volume s
enarios gauge groups live on D7 branes with 7+1 dimensions.The extra 4 spa
e dimensions are removed by wrapping the brane around a 
y
le in theextra dimensions. The gauge 
oupling is then given byg2 = 2�gsV4 � 2�gsV 23 ; (33)where V4 = V4M4s is the volume of the 
ompa
ti�ed 4 extra dimensions of the brane. In thelast step we have assumed that the brane extents through most of the LARGE volume andthe latter has roughly the same extent in all dire
tions. In this 
ase the gauge 
oupling willbe very small. (The Standard Model gauge groups live on smaller 
y
les or singularitiesand a

ordingly have larger gauge 
ouplings � 1.) Typi
al values for these hyperweakgauge 
ouplings are of the ordereh � n 10�4 � 10�3 e for V � 101210�10 � 10�9 e for V � 1027 : (34)This is exa
tly the regime where our bound is most 
onstraining.Finally, let us also take a brief look at the kineti
 mixing in these s
enarios (
f. [14℄for details). An estimate of the kineti
 mixing between a visible se
tor (non-hyperweak)U(1) and a hidden hyperweak U(1) gauge group yields,� � eeh6�2 : (35)A

ordingly we �nd for the mini-
hargej�j = ���eh�e ��� � e2h6�2 � n few � 10�10 for V � 1012few � 10�20 for V � 1027 : (36)Comparing with Fig. 2 we see that our bound probes the region of interest for thes
enario with a string s
ale Ms � 1011GeV. We have summarized this in Fig. 3 where wehave also in
luded bounds from laboratory sear
hes and low density/temperature boundsfrom 
osmology. The solid line shows the edge of the ex
luded region for models with onlymini-
harged parti
les. If the strength of the magneti
 �eld and the plasma frequen
y areassumed to be the same in ea
h magneti
 domain in the 
luster, for models with hiddenphotons and hyperweak hidden gauge 
ouplings satisfying (36) there are `holes' in theex
luded region. However if small 
u
tuations in the magneti
 �eld strength and plasmafrequen
y are allowed, and su
h 
u
tuations would naturally be expe
ted to o

ur in thegalaxy 
luster, these holes are 
losed and the entire region above the solid line is ex
luded.4. The ISW e�e
t: A future testOn the largest s
ales on the sky (� > 1Æ) the dominant sour
e of se
ondary anisotropies ofthe CMB is not the SZ e�e
t but the Integrated Sa
hs-Wolfe e�e
t (ISW) [2℄. The ISWe�e
t o

urs when gravitational potentials evolve with time, as then the blue-shifting ofa photon falling into the gravitational well is not exa
tly 
an
eled by the red-shifting of
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Figure 3. Bounds on mini-
harged parti
les for very weak hidden se
tor gauge 
ouplings.They apply also to models with only mini-
harged parti
les. The solid bla
k line shows theupper bound on the mini-
harge obtained in this paper from the SZ e�e
t. The green areais a predi
tion in LARGE volume s
enarios in string theory with a hyperweak U(1) and astring s
ale Ms . 1011GeV. For 
omparison, we have also in
luded bounds arising froma

elerators [25,26℄, Lamb shift [49℄, positronium de
ays [50℄, tests of Coulomb's Law [51℄,a

elerator 
avities [52℄, laser polarization experiments [24℄, the CMB [28℄ and supernovadimming [29℄. All these bounds arise from physi
s o

urring in low density/temperatureregions.the photon 
limbing out of the potential well, and there is a net e�e
t on the energy of aphoton, �TT � �2 Z _�d�; (37)where � is the gravitational potential along a line of sight, and a dot denotes di�erentiationwith respe
t to 
onformal time, � .If the universe is 
lose to being 
at most of the late time ISW e�e
t is 
aused bydark energy, and observations of the ISW e�e
t have been used to probe its properties.However measuring the ISW e�e
t is not easy as the signal is a fra
tion of the size of theprimordial CMB anisotropies. It 
an be extra
ted, however, by looking for 
orrelationsbetween the CMB temperature 
u
tuations and tra
ers of the density of matter. These
orrelations have been dete
ted using a variety of density probes and over a wide range ofthe ele
tromagneti
 spe
trum [3℄.
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les 14The ISW e�e
t dominates on the very largest s
ales, those of super
lusters of galaxieswhi
h 
an stret
h over distan
es of tens of mega-parse
s. We would expe
t mini-
hargedparti
les to be 
onstrained by observations of the ISW e�e
t only if there exist magneti
�elds in galaxy super
lusters. So far no detailed study has been done of the magneti
 �eldson su
h s
ales, however there are some hints that magneti
 �elds exist in these environmentsfrom observations of the di�use radio emission from large s
ale networks of galaxies [53℄.Also if the magneti
 �elds in galaxies are produ
ed during stru
ture formation (as opposedto having their origin in a primordial magneti
 �eld) then simulations show that magneti
�elds should indeed exist in super
lusters of galaxies (e.g. [54℄).It is to be hoped that as we 
ontinue to learn more abut the magneti
 �elds in super
lusters of galaxies we will be able to use measurements of the ISW e�e
t to 
onstrain theproperties of mini-
harged parti
les. The magneti
 �elds in these stru
tures are expe
ted,from simulations, to be of the same order of magnitude as those in galaxy 
lusters and sowe expe
t to be able to signi�
antly improve our bounds, both be
ause the temperature
u
tuations in the CMB due to the ISW e�e
t are mu
h smaller �T=T � 10�6 thanthose of the SZ e�e
t, and also be
ause the distan
es traveled through the magneti
�elds of super
lusters of galaxies are greater than the equivalent distan
es used in theSZ 
al
ulation.5. Con
lusionsMini-
harged parti
les arise in a variety of extensions to the Standard Model, mostnaturally in models whi
h also 
ontain hidden photons. In su
h models the propagationof photons in a transverse magneti
 �eld is a�e
ted by the real and virtual produ
tionof MCPs. MCPs 
an be 
onstrained by a wide variety of terrestrial, astrophysi
al and
osmologi
al experiments. However some of these 
onstraints, those 
oming from pro
esseso

urring in dense environments su
h as the interior of stars, do not 
onstrain all availableMCP models. Therefore it is ne
essary to have alternative probes of this region ofparameter spa
e whi
h require only physi
s in low density/temperature environments. Su
h
onstraints are parti
ularly relevant for up
oming laboratory sear
hes for MCPs.In this arti
le we have developed su
h a new test for MCPs from observations of theSunyaev-Zel'dovi
h e�e
t. As photons from the CMB pass through the magneti
 �elds ofgalaxy 
lusters some photons are lost due to the produ
tion of MCPs and this de
rementin the photon 
ux appears as an additional 
ontribution to the SZ e�e
t. Insisting thatthis 
ux de
rement is not larger than the observed SZ e�e
t 
onstrains new regions of theMCP parameter spa
e. Our bounds are most 
onstraining for models of MCPs withouthidden se
tor photons, and for models with small hidden se
tor gauge 
oupling whi
h arewell motivated in the LARGE volume string s
enario.If, in the future, new observations lead us to a better understanding of the magneti
�elds in the largest s
ale stru
tures in the universe, a similar test 
ould be made withobservations of the ISW e�e
t, whi
h have the prospe
t to be even more 
onstraining forMCP models.
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