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We estimate the depolarizing effect of a primordial magnetic field upon the cosmic microwave background
radiation due to differential Faraday rotation across the last scattering surface. The degree of linear polarization
of the CMB s significantly reduced at frequencies around and below 30 BHAQ 2 G)Y? whereB, is the
value of the primordial field at recombination. The depolarizing mechanism reduces the damping of anisotro-
pies due to photon diffusion on small angular scales. [Fh@000 multipoles of the CMB temperature anisot-
ropy correlation function in a standard cold dark matter cosmology increase by up to 7.5% at frequencies
where depolarization is significa$0556-282(97)03204-9

PACS numbe(s): 98.70.Vc, 98.80.Es

. INTRODUCTION N, is the total number density of electrons angts ionized
fraction. \ is the wavelength of the radiatiom is the elec-
The cosmic microwave backgroun@MB) radiation is  tron mass, and is the speed of light. We work in Heaviside-
expected to have acquired a small degree of linear polariza-orentz electromagnetic unitsvE e?/4m~1/137 is the fine
tion through Thomson scatterii@], which polarizes the ra-  structure constant if we take=c=1).
diation if there is a quadrupole anisotropy in its distribution  Faraday rotation of synchrotron emission by distant gal-
function [2]. Typically, the CMB degree of linear polariza- 4yies serves, for instance, to estimate the value of galactic
tion is expected to be more than ten times smaller than thgnq exiragalactic magnetic field§]. Faraday rotation acts
relative temperature anisotropy on comparable angulagq, a5 5 depolarizing mechanism. If an extended source

scales, at least within a standard ionization history of the, . ; ot o
Universe. The CMB has not yet been observed to be pola%mlts polarized radiation, the total outcome may become sig

ized, the upper limit on its degree of linear polarization Onnificantly depolarizgd by a r_nagnetic field, aft_er_the radiation
Iargé angular scales beiy<6x 10" ° [3]. When measured emanating from points at different depths within the source
the CMB polarization will provide a wéalth of informatio}l experiences different amounts of Faraday rotation. This pro-

about the early Universe, additional to that revealed by th&®SS affects significantly the radio emission of galaxies and

) 7].
CMB anisotropy. quasari .
A . _In this paper we analyze the depolarizing effect exerted
The polarization properties of the CMB may prove par py a primordial magnetic field upon the CMB across the last

scattering surface. We consider a Robertson-Walker universe
with scalar, energy-density fluctuations, and assume a stan-
dard thermal history. We make use of an analytic approach

primordial magnetic field4,5]. A cosmological magnetic
field could leave significant imprints upon the CMB polar-

ization through the effect of Faraday rotation. After travers—[8]' based on a recent refinement and extenginof the

ing.a d_iSta”fd‘?_ ina directior-1q within.a .homogen.eous Mag- tight-coupling approximatiofil0], that highlights the physi-
netic field B, linearly polarized radiation has its plane of cal process responsible for the CMB polarization and its de-

polarization rotated an angle pendence upon various cosmological parameters, while still
3 o yielding reasonably accurate results. The polarization of the
_€NexeB-q 2L 11 CMmB is proportional to the width of the last scattering sur-
?~ Tgm?mac? ' face (LS9, the interval of time during which most of the

CMB photons that we observe today last-scattered off free
electrons. A primordial magnetic field could prevent the po-

*Electronic address: harari@df.uba.ar larization from growing across the full width of the LSS. We
"Electronic address: J.D.Hayward@damtp.cam.ac.uk shall see that the effect is controlled by the dimensionless
*Electronic address: matiasz@arcturus.mit.edu and time-independent parameter
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3 B B, 10 GHz 2 integrate the Boltzmann equations in a standard cold dark
F= e 17%0- 10°G (1.2 matter model. We shall see that the temperature anisotropy
correlation function multipoles dt=1000 increase by up to

The coefficienf represents the average Faraday rotation 7.5% at frequencies where depolarization is significant. We
radiang between Thomson scatterinfé]. v, is the CMB conclude that a primordial magnetic field of strength around
frequency observed toda, =B(t, ) is the strength of the 1072 G' at recombinqtion is worth of membership in the list
primordial magnetic field at a redshiff, = 1000, around the of multl_ple cosmological par_ameters that one may attempt to
time of decoupling of matter and radiation. Current boundsietermine through CMB anisotropy measurements on small
suggest that a magnetic field pervading cosmological disangular scalefl7]. _
tances, if it exists, should have a present strength below The paper is structured as follows. In Sec. Il, we write
Bo~10"° G [6]. It is conceivable that the large scale mag_down and describe the radiative transfer equations for the
netic fields observed in galaxies and clusters have their oriotal and polarized photon-distribution function in the pres-
gin in a primordial field, and several theoretical speculation€€Nc€ of a single Fourier mode of the scalar metric fluctua-
exist about its possible origifl1]. A primordial magnetic ~tONs. We include the term describing Faraday rotation by a
field is expected to scale &t) = B(to)a?(t,)/a2(t), where primordial magnetic field. We solve these equations in the
a(t) is the Robertson-Walker scale factor. Thus, a primordiafight-coupling approximation, and find the dependence of the

field with strengthB, =102 G at recombination would degree of polarization upon the frequency of the CMB pho-
have a present strength tons in the presence of a primordial magnetic field. In Sec.

Il we discuss the effects of the depolarizing mechanism
upon the anisotropy of the CMB on small angular scales,
1.3 both analytically as well as numerically. We discuss the pos-
sibility that the effect be detected by currently planned CMB

A primordial magnetic field may significantly depolarize experiments. Section IV is the discussion and conclusion.
the CMB right before its decoupling from matter. The effect

Vo

*

T (1+z,)?

*

~10-9
107 G176

Bo

is sensitive to the strength of the magnetic field at recombi- || DEPOLARIZATION BY A MAGNETIC FIELD
nation, not to its present strength. A valueRyf somewhat _
larger than 10° G is not ruled out. Compatibility with big- A. Boltzmann equations

bang nucleosynthesis, for instance, places an upper bound we begin by considering the radiative transfer equations
that, extrapolated to the time of recombination, is at mosfor a single Fourier mode of the temperature and polari-
B.=0.1 G [12]. Recent proposals for either detecting or zation fluctuations in a Robertson-Walker spatially flat
constraining a primordial field at recombination were sug-universe with scalar(energy-density metric fluctuations,
gested in[5,13]. In [5], Faraday rotation of the CMB polar- described in terms of the gauge-invariant gravitational poten-
ization was analyzed in the limit of small rotation angles,tials & and ®. We follow the notation and formalism of
concluding that a measurement of the effect could provideRef. [8]. The total temperature fluctuation is denoted
evidence for magnetic fields of ordBg ~10™% G at recom-  py A, while the fluctuations in the Stokes paramet@rand
bination. In[13] the change in the photon-baryon soundy are denoted by\q and A, respectively. The degree of
speed in the presence of a magnetic field of oBier-0.2 G |inear polarization is given bp=(A3+AZ)Y2 All three
was claimed to distort the structure of the acoustic peaks igyantites are expanded in Legendre polynomials as
the CMB anisotropy power spectrum at a level detectable byAX:2|(2| +1)Ay Py(w), whereM=COSB=IZ~a/|IZ| is the co-
currently planned CMB experiments. ) ' . .
We shall entertain in our discussions the possibility thaSin€ of the angle between the wave vector of a given Fourier
the strength of the primordial magnetic field at recombina-modek, and the direction of photon propagatignThe evo-
tion be somewhat larger tha®, =102 G. We will show  |ution equations for the Fourier mode of wave vedtaf the
that currently planned CMB experiments might be sensitivegauge-invariant temperature and polarization fluctuations
to the effect of depolarization upon the temperature anisotf8,9,18,19, including the Faraday rotation effect of a pri-
ropy power spectrum on small angular scaleB jfis around  mordial magnetic field5], read
or larger than 0.01 G, while experiments at somewhat lower

frequencies would be sensitive to primordial fields of Ar+iku(Ar+W)=—d—k[Ar—Ar — uVp
strength aroun®, ~10 3 G. )
The impact of depolarization upon anisotropy comes +2Pa(1)Spl, 23

about as a consequence of the polarization dependence of
Thomson scattering, which feeds back polarization into an- , - 1

isotropy[8,14,15. The dominant effect is a reduction in the AgtikpAg=—«[Aq—2z(1- Pz(M))Sp]+2wBAu(,2 )
exponential damping due to photon diffusion, which results '
in an increase of the anisotropy at those frequencies for ) _

which depolarization is significant. We shall perform an ana- Ay+ikuAy=—kAy—2wgAq. (2.3
lytic estimate of the effect, based on the tight-coupling ap-

proximation. In order to make more quantitative and specifiGye have defined

predictions about the impact and potential measurability of
the effect of depolarization upon temperature anisotropy, we

shall also use a recently developed numerical ddd# to Sp=—Ar1,7Aq, T Aq (2.4
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which acts as the effective source term for the polarization. ) R 16 K2rc K2
V,, is the bulk velocity of the baryons, which verifies the A+ +— Ao+ Ag
continuity equation 1+R 45(1+R) 3(1+R)
2
. a K —————[®—(1+R)¥], (2.9
V== _Vp—ik¥ + = (347, V). (2.5) 3(1+R)

o ) where we have neglectegd(R?) corrections.
An overdot means derivative with respect to the conformal Now consider the effect of the magnetic fieldg+0)
time 7= fdtap/a, with a(t) the scale factor of the spatially assumed spatially homogeneous over the scale of a perturba-
flat Robertson-Walker metric, aray=a(to) its value at the tion with wave vectork. Faraday rotation breaks the axial

prt;:sent timl.e'RdEfpg//jp " ctginct:_ides \?’ith thlebscale fac(;or symmetry around the direction of the wave vector. The de-
aF ). normallzg to at the @e of equal baryon an. ra_polarizing effect of Faraday rotation depends not only upon
diation densitiesk=XNeora/ag is the Thomson-scattering the angle between the magnetic field and the direction in
rate, or differential optical depth, with, the electron num- \hich the radiation propagates, but also upon the angle be-

ber de_nsity,xe its ion_ized f_raction,_ andry the Thomso_n— tween the magnetic field and the wave vedtoNeverthe-
scattering cross section. Finallyg is the Faraday rotation |o55 we shall only be interested in the stochastic superposi-
rate[5] tion of all Fourier modes of the density fluctuations, with a
3 5 A Gaussian spectrum that has no privileged direction. Average
= d_‘P: €nexeB-q a (2.6) quantities thus depend only upon the angle between the line
dr  87°m“v® ag’ ' of sight and the direction of the magnetic field, but not upon
R the angle between the magnetic field and the wave vector
If there were axial symmetry arouridand no Faraday rota- [ which is integrated away. For simplicity of the calculation,
tion, one could always choose a basis for the Stokes paranjghen computing the evolution of perturbations with wave

eters such thal :0'. A magnetic field with arbitrary Onen- - yectork we shall consider a magnetic field with no compo-
tation breaks the axial symmetry, and Faraday rotation mixes ) o i o .
Q andU nent perpendicular tk. This choice also satisfies the condi-

tion of axial symmetry around, under which Eqgs(2.1),

(2.2, and(2.3 for At,Aq, andAy, respectively, were de-

. ) . rived. We shall later use the result of this calculation for the
We now solve the Eg92.1)—(2.9) in the tight-coupling  stochastic superposition of all Fourier modes with arbitrary

approximation, which amounts to an expansion in powers Orientation relative to the magnetic field. This simplification

k7c, whererc=« "1 is the average conformal time between will result at most in an underestimate of the net depolarizing

collisions. _ _ ~effect, since the casB||k is that for which depolarization is
At times earlier than decoupling, Thomson scattering iSess effective, the magnetic field being perpendicular to the

very efficient, and the mean free path of the photons is veryjirection in which polarization is maximum.

short. The lowest order tight-coupling expression constitutes Tq first order ink7c, the tight-coupling solutions in the

in that case an excellent approximation. It implies that th LS
AT SO S resence of a homogeneous magnetic figgld are such that
photon-distribution function is isotropic in the baryon’s re:step g 9 f)

frame, and hence the polarization vanisf&s To first order 3 Spsirte
in k7c there is a small quadrupole anisotropy, and thus a Ay=—FcosfAq, AQ:Z 17 F2c020)" (2.10
small polarization. As decoupling of matter and radiation ( cos'6)
proceeds, the tight-coupling approximation breaks down, . -
Still, for wavelengths longer than the width of the last scat—Where we have defined the coefficightas
tering surface, it provides a very accurate approximation to Feosf=2war 2.19)
the exact result. BTC '

In the absence of a magnetic fieldb¢=0), the tight- 54 g0
coupling solutions, to first order ik7¢, are such thaf8]

wpg

B. Tight-coupling approximation

3 e e’ B 07( B, )(10 GH2)2
Ay=0 , AQ=Zspsin20, 2.7 T 47’mior 2 ' 10°% G v |
(2.12
s ——EA —fik A _ 4 A 2.9 The coefficientF represents the average Faraday rotation
PT T 52T,T 3!RTcAT, T T 3 7cto0; ' between collisions, sinced?; is the Faraday rotation rate

and TC=}<‘1 is the photons mean free patim conformal

where —we  defined Ao=Aq+®. Notice that oo initg. When calculating the evolution of each mokie
Ag,=—5Aq,=—3A7,=3Sp, while all multipoles with we have assumed that the strength of the primordial mag-
|=3 vanish to first order irkrc. All quantities of interest netic field scales aB(t)=B(t, )a?(t, )/a3(t), which is jus-

can be expressed, in the tight-coupling approximation, irtified by flux conservation and because the Universe behaves
terms of Ay, which in turn verifies the equation of a forced as a good conductd6]. Since the frequency also redshifts as
and damped harmonic oscillat{#] v=wpa(tg)/a(t), the parameteF is time independenty is
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the frequency of the CMB photons at present time, whilefluctuations, with a spectrum that has no privileged direction,
B, is the strength of the magnetic field at a redshiftthe average depolarizing factor, after superposition of all
z,, =1000, around recombination. Within a standard thermailvave vectors in arbitrary orientations with respect to the
h@story, with no early reionizati_on, depolarization is only sig- magnetic field, depends only up&h The average depolar-
nificant across _the L_SS, and it FhUS depends only upon thezing factor might slightly differ from that calculated with
value gf tt:g prlmtntrdlalthm?glj:netlg field ta:pun(; tthe time if k| B, which at most underestimates the average effect.
recombination. Notice that Faraday rotation between colli- Equations(2.10, (2.19, and (2.20 condense the main

sions becomes considerably large, paving the way to an ef'ffects of a magnetic field upon polarization. When there

ficient depolarizing mechanism, at frequencies around ang . .
below v cljoefined sguch that q IS no magnetic field k=0d=1), Ay;=0 and Aq

=— %—)ATZSinzﬂ. A magnetic field generaté, , through Far-
F=<ﬁ)2 (2.13 aday rotation, and reducés, . In the limit of very largeF
g ' (large Faraday rotation between collisignthe polarization
vanishes. The quadrupole anisotrcztny2 is also reduced by
the depolarizing effect of the magnetic field, by a factor 5/6
B, |2 B, |2 in the largeF limit, because of the feedback af, upon the
vy~8.4 GHZ(T) ~27 GHZ( G) . anisotropy or, in other words, because of the polarization
100° G 0.01 . .
(2.14 dependence of Thomson scattering. The deAlel and

monopole Ay~ are affected by the magnetic field only

From Egs.(2.10 we can ree}d the \Z/alues (ﬁ.Qo and through its incidence upon the damping mechanism due to
Aq,. They reduce to Eqg2.7) with O(F<) corrections for  photon diffusion for small wavelengths, that we shall discuss

so that

small F, while they vanish ag"! for large F. We write  in detail in Sec. Ill. Indeed, the equation fap=Ar +®,
them as neglectingO(R?) contributions, now reads
A ld (F)Sp, A ! d»(F)S (2.15
Qo0 P Q~ " 1042 P - . .
i R 16(5-3d) Kk?7c |. k2
The coefficientsly,d, are defined so that;~1+ O(F?) for oI TTR " 90 (3—2d) (1+R) O+3(1+ R) Ao
small F, while d;—O(1/F) asF—o, and represent the ef- 2
fect of depolarization. They read _ _
——3(1+R)[<I> (1+R)W¥]. (2.2)
d(F _3 arctangF) 1 1 21
oF)=5| =1t =| = (@18
The damping term is reduced by a factor 5/6 at frequencies
q (F):1_5 arctaF)( 4 3} 3 3 such thatd<1, for which depolarization is significant.
2 4 F F2 F4 F? F4 We have assumed that the magnetic field is spatially ho-

(2.17 mogeneous. We can expect corrections to our result if the
o field is inhomogeneous over scales smaller thanat any
In terms of the combination given time around decoupling. Indeed, if the field reverses its
5 d,| 15[arctariF) 2 direction N times a_long a photon path during a time,
d= —(do+ _) = —( 1+ —+ =z Faraday rotation will not accumulate as assumed above. In
6 S 8 F FeF that case depolarization would start to be significant only at
those frequencies such that Faraday rotation is large over the
(2.189  scale on which the magnetic field reverses its direction. The
frequencies at which depolarization starts to be significant
would thus be reduced by a factor/N.

5 1
3F% F*

and using the definition of,, we find the relation

A =—Sp(1-2d 2.1
T2 Pl =) 219 C. Frequency dependence of the degree of polarization
and from the equation foA in the tight-coupling limit we The anisotropy and polarization observed at present time
get can be evaluated using the formal solutions of H@sD)—
(2.3
Spm e ikrgAy = — Ag. (2.20
PT3(3—2d) 72T T 3(3—2d) "cto &

Ar(70)= f “dreH (g (P Ar(7) + Vel 7)
0

Notice thatd~1—F?/7 if F<1 while d— £#F 1 for large

F. We stress here again that in a general case the depolariz-

ing coefficientd depends upon the angle betwdemnd B.

The net anisotropy and polarization being the outcome of the o
stochastic superposition of all Fourier modes of the density X e 10 (—d), (2.22

~ 1Po(wSu(n)1+ | “dreru
0
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0 ' . 3 . 2
AQ(TO)=L dre* (7= m0g(7){F[1—Pa(u)]Sp(7) Sp+ 75(3—2d)kSp= ikAr,. (2.29

+FAy(7)}, (2.23 Neglect ofSp returns the tight-coupling result of E¢R.20.
Instead, the formal solution to E¢R.29),

Ay(To)=— ffodreik”(T_To)g(T)FAQ( 7, (2.29 5 3
0 _c T , = , _
sp(r)—5|kfo dr ATlexp[ To<(m7)(3-2d) |,
where 230

g(7)=xe 707 (2.29  tracks down the time dependence % through the decou-
) S ] N pling process with better accuracy.
is the visibility function. It represents the probability that 2 For wavelengths longer than the width of the LSS we can
photon observed at, last scattered withinl7 of a givenr.  peglect the time variation oh;, and that of efkcosir—mg)

rFeci)(r)n?zaS"[ti?)rr]ld:frtirt?:cromn?lloir:lggry,zWIitshwnecl)I Z'gnr'giﬁrr]];t:grlyaround decoupling. We also approximate the visibility func-
(2) PP tion by a Gaussian, which justifies the approximation

by a Gaussian centered at a redshift of aloutl000 and - _
width Az~80 [20]. In conformal time, we shall denote the «(70,7) == K(79,7)/A7p [21]. Then,
center and width of the Gaussian which approximately de-

. ) 2 3
?crllbes the process of decoupling by and A7y, respec- SP(T)%gikATl(TD)ATDeXF{EK(TOvT)(S_Zd)}
ively.

The visibility function being strongly peaked around the odx 3
time of decoupling, the first integral in E¢2.22 for the xf —exp{— —Ox;<(3—2d) , (2.3)
anisotropy is well approximated, at least for wavelengths 1 X 1

longer than the width of the last scattering surface, by its

instantaneous recombination limit. In that case it reduces t&v_
the tight-coupling expression of its integrand evaluated at™
time 7=7p [9]. This first integral is dominated by its first 7o 2 w
two terms, proportional to the monopale; | and the baryon fo d7g(7)Sp(7)=— gikATl(TD)ATD fo dx

velocity Vy, (in turn proportional toATl), respectively. The

here the integration variable has been changed to
k(79,7)/ k(7y,7"). Thus, within these approximations,

guadrupole terngp gives a negligible contribution for long 1+6d 3

wavelengths, but becomes relatively significant on small Xexﬁ{_ 10 ¥ El _ﬂ)(3_2d)"

scales. The second integral in E&.22 corresponds to the

anisotropies induced by time-dependent potentials after the . 10

time of last scattering. ~1+6d ikAr, (mp)ATp In(?)
Equations(2.23 and (2.24) for the polarization can be

approxir_nated replacing the integrand by its tight-coupling “In(3—2d)|. (2.32

expression. Then,

3 SIdd o Finally, the total polarization induced at an andlavith
S ikcosf(7— 1) , Z
Aql7o) 4 (1+F2%cos6) ), dre 9(7)Se(7), respect to the wave vectér reads
(2.26 3 o
Ar(70)= e [IN(F)~In(3—2d)]
Ay(70)=—FcosA (7o), (2.27) (1+6d)
. . i H ikcos#(p— 7q)
while the total polarizationp=(A%+A%)*? reads szfi - ;0 ° ikAr (7)Ao,
N co
Ap(79)=1+F?cos 8Aq( 7). (2.28 (2.33

Evaluation of the time integral in E¢2.26) requires a more It can also be written as follows, in terms of the polarization
detailed knowledge of the time dependence of the integranthat would be induced if there were no magnetic fiéd
than in the case of the anisotropy. Indeed, the tight-couplingquivalently, in terms of the polarization at frequencies large
expression2.20 for the quadrupole tern®, being propor- enough such that the depolarizing effect is negligible

tional to the mean free patf, which varies rapidly during Ap(6,F)=D(6,F)Ap(B=0), (2.34
decoupling, the instantaneous recombination approximation ! .

becomes inappropriate. The induced polarization is, indeed/here we have defined the depolarizing factor as
proportional to the width of the last scattering surface.

Adapting the method off8] to include also the effect of the D(6,F)=
primordial magnetic field, we write down the equation satis- '

fied by Sp when all other quantities are already approximated

by their first-order tight-coupling expressions with

f(F), (2.39

1
J1+F2code
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1 T T T | Eymp————— - \/E 14 2 .
,,/"""_—B;E)—.—O—O1G — D~ OGF ~08< —O) if vo<<vy. (2.39
09 | B=0.01G ---- . Vg
B=01G .-
o8 i At comparatively large frequencies, instead,
07 | 4
// — Vd 4
o Y D~1—o.3a:2=1—0.3e(—) it vo>uvy.
D 05F A Yo
(2.40
04 | i
038 1 lll. EFFECTS UPON THE ANISOTROPY
ozr 1 Depolarization by a primordial magnetic field has signifi-
oir/ s ] cant and potentially measurable effects upon the anisotropy
oWl . . ! of the CMB on small angular scales. Indeed, the polarization
0 10 20 30 40 50 60 properties of the CMB feed back into its anisotropy, as evi-
vy (GH2) denced in Eq(2.1), due to the polarization dependence of

_ Thomson scattering. The dominant effect of polarization
FIG. 1. The average depolarizing facras a function of the upon anisotropy derives from its impact upon the photon
CMB frequencywr,. The corresponding figure for an arbitrary value diffusion length [8,14,19, which damps anisotropies on
of B, is identical to any of these after a scaling of the frequencysmall angular scald®,22,23. It was shown i 14], through
units, proportional t8?. numerical integration of the Boltzmann equations, that ne-
glect of the polarization properties of the CMB leads to an
overestimate of its anisotropy on small angular scales as
. (2.39 large as 10%. We thus expect depolarization by a primordial
magnetic field to introduce a significant frequency-dependent
Equation (2.35, together with the defining Eqs2.12), distortion_ of the CMB anisptropy power speptrum. Notice
(2.13 and (2.18 for F andd, respectively, summarize the that a d_n‘ferent(frequency-mdepende)nw|§tort|o_n of the .
main result of this section. Notice that CMB anisotropy power spectrum by a primordial magnetic
field, due to its impact upon the photon-baryon fluid sound

f-1 as F—0 f,0.61 as E-_soo speed, was recently discussed 113].

(2.37)

In(3—2d)
~In(10/3

FF)= 1764

A. Reduced diffusion damping

The polarization observed at present times depends upon ppoon diffusion damps anisotropies on small angular
the angle between the line of sight and the orientation of thgcaeq9 22 23. The effect is described by the term propor-
magnetic field at the time of decoupling. There will be no.. 5 x e

A Lok ; tional tok“7cAg in Eq. (2.21). The photon-diffusion length
depolarization if the magnetic field is perpendicular to thedepends upon the degree of polarization of the CMB
I|_ne of sight. The magnetic field is likely to change orienta- 8,14,19. Thus, the photon-diffusion length is different at
::’?(: triﬁqned%?ﬂé/e?éir ﬁ’galevsvr:(i)c':]gijé?:gd?zr:?]blé rOafd'gjrzerrequencies where the depolarizing effect is significant.

ping. 9 The damping of anisotropies on small angular scales due

1% in the sky, so that after averaging over many reglong, photon diffusion can be found, now including the fRll

separated by more than a few degrees, we can always expeqcet endence, by solving the tight-coupling equations to sec-
a net average depolarizing effect. To roughly estimate its P P Dy'S g the tig piing €q
{Id order, assuming solutions of the form

order of magnitude we could assume an average componeﬂ
of B parallel to the observation direction of ord@t\2 and Ay(T)=Aye“", (3.9
define an averagP as

for X=T, Q, andU, and similarly for the baryon velocity

o 1 V), . One then finds that
= ———=—=f(F). 2.3
1+F2/2 " (233 K
o 0= ———="ivy, (3.2
Figure 1 displays the depolarizing factoras a function of V3(1+R)

the CMB frequency,. We have plotted it for three different e . .
values of the magnetic field, to help visualize the relevant with the photon-difusion damping length scale determined

frequency range, but notice that since depolarization depentﬂ}’

only uponF=(v4/v0)?, the plot for an arbitrary value of 9 K2 8 (5-13d R2
B, is identical to that corresponding to another value of the y(d)= 5 = c [° (5—3d) . (33
magnetic field after an appropriate scaling of the frequency kp 6(1+R)\15(3—-2d) 1+R

units, proportional to the square root of the magnetic field.
At low frequencies, those for which the effect is large, theThe depolarizing effect of the magnetic field reduces the vis-
average depolarizing factor scales as cous damping of anisotropies. In the case of sriRalsuch
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that R? terms can be neglected, the damping facjois

smaller by a factor 5/6 at those frequencies for which the ' " B=0.001G
depolarizing effect is large. B9
We make now an analytic estimate of the effect of the
frequency dependence of the photon-diffusion length, in the T (1=10000 T
presence of a primordial magnetic field, upon the CMB an- |
isotropy power spectrum. The temperature anisotropy corre-
lation function is typically expanded in Legendre polynomi- [ g
(%)
als as
C(6)=(A7(N)AT(N2))h, 7, =cos ]
—1§ 21+1)C,P,(cosd 3.4 - |
= an ¢ )C,Py(cosd). 3.4 ' e ]
30 40 50 60
The multipole coefficients of the anisotropy power spectrum vo (GH2)

are given by
FIG. 2. Analytic estimate of the percentual change due to reduc-
tion in diffusion damping of thd =1000 anisotropy correlation
C :(477)2f kzdkP(k)|ATl(k,70)|2, (3.9 function multipoles as a function of the CMB frequency for differ-
ent strengths of the primordial magnetic field at recombination. The

with P(k) the power-spectrum of the scalar fluctuations as_corresponding figure for arbitrai, can be obtained from any of
hese after a scaling of the frequency units, proportiona8.

sumed scale invariant in the standard cold dark matte?
(SCDM) model. The largest contribution to a given multi-
pole C, comes fror_n those wavelc_angths such that Ag (79)=— Epz(cosg)JTodTeikcosew 0g(7)Sp( 7).

| =k(79— 7p), Wherer, is the conformal time at present and P 2 0

7o the conformal time at decoupling. The average damping (3.7
factor due to photon diffusion upon th&'s is given by an
integral ofe™2” times the visibility function across the last
scattering surfacg9]. It depends upon cosmological param- -
eters, notablyR, and upon the recombination history. Ap- pecomes non-negl|g|ble on small ar)gular sc&lapge 'mul-
proximately, and for a standard cold dark matter model, Wé|polgs). Indeed, in the tight-coupling approximatioSp

can take 2/(d=1)~(1/1500f. The relative change in the *7cAo and thus, barring a very strong time dependence of
C,’s due to the change in the photon-diffusion length, as wehe scalar potential, the contribution 8f is well below that
move down from frequencies where depolarization is insig-of the monopole term, except for small wavelengths.

This term is negligible for long wavelengths, those that
dominate the lowest multipoles of the present anisotropy, but

nificant (d= 1) to lower frequenciesd{<1), is then given by The depolarizing effect of a magnetic field modifies the
value of Sp around decoupling, compared to what it would
C,(d) (1/1500%(1—d) have been if there were no magnetic field, and then,
AC=C = 17 W) B
! ( ) As (F)=1(F)As (B=0), (3.9

(3.6

) with f as defined in Eq(2.36. Recall thatf~1 if v>wy
In Fig. 2 we plot AC, (expressed as a percentdg® \yhjle f~0.6 if v<vq. Thus, at frequencies such that the
I =1000 as a function of frequency, for three different valuesjepolarizing effect of the magnetic field is significant, the
of the magnetic fieldB, = 0.001, 0.01, and 0.1 G. Once partia| contribution of the quadrupole ter8p to the total
again, the graph for an arbitrary value Bf, can be read anjsotropy is reduced by a factor 0.6 compared to that at
from any of these with an appropriate scaling of the fre-frequencies where depolarization is unimportant. On small
quency units. We have chosen to display the effect apngular scales this could represent a decrease of the anisot-
I =1000, that will be accessible by the recently funded CMBygpy by a few percent. The effect is opposite to that of the
satellite experiments, MAH24] and COBRAS/SAMBA  change in diffusion damping, but is likely to be less signifi-
[25]. cant on small angular scales.

B. Reduced quadrupole contribution C. Numerical estimate of the effect upon the anisotropy

The depolarizing effect of a primordial magnetic field also  In order to accurately ascertain the net effect of the depo-
changes the strength of the quadrupole t&gnaround de- larizing mechanism upon the CMB anisotropy and to make
coupling, and thus its incidence upon the anisotropy of thelefinite quantitative predictions within a standard cosmologi-
CMB on small angular scales. Indeed, the quadrupole anisotal model, we turn now to the numerical integration of the
ropy and the polarization of the CMB at the time of recom-Boltzmann equation&.1)—(2.3). We use the recently devel-
bination contribute to the presently observed anisotropyped codecMBFAST[16], that integrates the sources over the
through the following term of Eq2.22): photon past light cone. Its starting points are the formal so-
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frequencies where depolarization is significant. This result
indicates that the reduction in diffusion damping due to de-

. polarization is the dominant effect among the two opposite
- effects discussed in the previous sections.

Figure 4 displays the same results but expressed in terms

4 of AC,, the percentual increase i@, relative to the case
without magnetic field. The monotonic curves in the same
. figure, included for comparison purposes, correspond to the
analytic estimate of the effect of reduced diffusion damping,
Eq. (3.6). As expected, the effect is larger on smaller angular
scalegqlargerl). The numerical result approximately follows
the analytic estimate of the effect of the reduction in diffu-
. sion damping. The total effect, however, does not increase
monotonically withl. This can be understood as a conse-
o 200 400 600 800 1000 1200 1400 1600 guence of the nature of the subdominant quadrupole contri-
bution Sp, which oscillates out of phase with thi@&'s [8]

(remember thaSpxAy), and is reduced by depolarization
through a factoif (F).
It is also clear from Fig. 4 that the analytic result for the

1+1)Cpx 10"%2n

FIG. 3. Numerical integration for the multipoles of the anisot-

ropy correlation function in a standard CDM model without a pri- h in diffusion d ina due to d larizati fi
mordial magnetic fieldE=0), and withF=1, 4, 9, which corre- change In diifusion damping due to depoiarization overesti-

spond 10 vy=vy, vgl2, V43, respectively, withvg~ 27 GHz mates the total effect at high This is because the actual
(B,/0.01 G2 damping in theC, spectra has two contributions, one from
Silk damping and the other due to cancellations in the inte-

. 3 . . gral across the last scattering surface produced by the oscil-
lutions (2.22—(2.24), where the geometrical and dynamical lations in the exponential and sources in E2.22. Only

contributions are separately handled to improve efﬁciencySilk damping is reduced by the magnetic field, and that is

T € P ghy Ex. (3.0 sighly overestmates the et efect.
' Y The analytic and numeric calculations are in very good

rotation term wlth the angular dependence c.orresE)ondlng tggreement arount~1000. The frequency dependence of
the case wher8 has no component perpendicularko

- ! i _ AC, atl=1000 plotted in Fig. 2 fits very well the analogous
Figures 3 and 4 summarize the numerical calculation ofegyt after the full numerical integration of the Boltzmann
the effect of depolarization upon temperature anisotropy, in Rquations.
standard cold dark matter mod@CDM). We conclude that the depolarizing effect of the magnetic
The quantity plotted in Fig. 3 il +1)C,, for the SCDM  fie|d results in an increase of the anisotropy correlation func-
model WIthOU.t a magnetic field and with a magnetlc_ﬂeld andon multipoles of up to 7.5%for sufficiently low frequen-
at frequencies such thaF=1,49, corresponding 10 cieg on small angular scaled£1000), those that will be
vo=vq,v4/2, andry/3, respectively. Figure 3 clearly shows jccessible by future CMB satellite experiments such as MAP
that the CMB anisotropy on small angular scales increases 3l COBRAS/SAMBA. The frequencies at which the effect
is significant, however, depend on the strength and coher-
. , , . , r , ence length of the primordial magnetic field at the time of
16 E=1 7] recombination.
14 L F=9 e Depolarization depending upon frequency, the effect must
s be carefully separated from foreground contamination. We
have expressed our results, for the sake of simplicity, in
. terms of a frequency-dependent temperature anisotropy. We
could have developed our formalism in terms of the com-
plete photon-distribution function, that deviates from a per-
- fect blackbody distribution. We could then switch from a
description in terms of the photon brightness function to an-
other in terms of a frequency-dependent temperature, and
define frequency-dependent multipoles of the temperature
anisotropy{ 26]. The spectral distortion away from an abso-
lute blackbody spectrum is, however, very difficult to mea-
0 200 400 600 800 1000 1200 1400 1600 sure with the required accuracy. Anisotropy detection, based
I on differential rather than absolute measurements, reaches
' instead higher sensitivities, at least if foreground contamina-
FIG. 4. Numerical result for the percentual changeCpfas a  tion is well under control through multifrequency determina-
function of | relative to its value without magnetic field in a stan- tlONs.
dard CDM model. The monotonic curves also shown for compari- The relative change of th€,’s at|=1000 is larger than
son purposes correspond to the analytic estimate of the effect @% on frequencies below 30 GHaccessible to the first two
reduced diffusion damping. channels in MAR, if B, =0.02 G or larger. The first two

Ey
o7
L . i
12 .
/s 7’

AC, 8
(%)
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channels in COBRAS/SAMBA being at 31.5 and 53 GHz, lated the depolarizing facta(F), as given by Eq(2.18), in
the signal would reach a 2% level within this range only if the particular case of a wave veckiiB. In a general case,

B, is around or larger than 0.1 G. However, COBRAS/yq fact0rd depends upon the angle betweéeandB. This
SAMBA m|gh§ reach out to larger Va.'.“.es bfwhereAC, 'S dependence integrates away in average quantities, after the
larger, and might thus have a sensitivity to the depolanzingy;.pactic superposition of all Fourier modes of the density
effect_of B, cor_nparable to _that of MAP. In any case, both fluctuations. The value derived here fibris at most an un-
experiments will be sensitive to a magnetic field aro.undderestimate of the average depolarizing effect, which would
B, =0.1 G, and would thus at least be able to place a direck, onally start to be significant at slightly larger frequen-

constraint orB,, comparable or better than the one obtained;jes oyr derivation also assumed that Faraday rotation ac-
from extrapolation of the nucleosynthesis bound.

. hi ) d volarizati cumulates over the width of the last scattering surface. If the
Experiments searching C,MB anisotropy and polarization, o g magnetic field is very entangled over that scale,
at smaller frequencies, which currently operate down to

L he depolarizing effect starts to be significant at smaller fre-
GHz [27,28, may play a significant role to detect the depo-

= - ; N guencies.
larizing effect of a primordial magnetic field. The depolarizing mechanism has a significant effect upon

the anisotropy of the CMB on small angular scales. On those
angular scales and at frequencies such that the depolarizing
IV. CONCLUSION effect is large, the damping of anisotropies by photon diffu-

The CMB is expected to have a small degree of IinearSiO” is reduced, which results in a significant increase of the

polarization. Several estimates were made for the predicteﬁniSOtrOpy at a fixed angular scale. In addition, depolariza-

polarization, both in the context of anisotropic cosmologicali‘Ion reduces the contribution of the intrinsic quadrupole an-

models[1,29], as well as in isotropic and homogeneous cossotropy. Figure 2 displays the estimate for the percentual

mologies perturbed with either energy-density fluctuations of'@nge of the anisotropy power spectrun a.000 due to

gravitational wave$18,21,30. The polarization of the cMB  the reduction in diffusion damping, as a function of fre-

remains undetected, its upper limit beiReg< 6 1075 [3]. quency and for_ dn‘_ferent values of the primordial magnetic
A primordial magnetic field depolarizes the CMB radia- f1€!d at recombination. _ L

tion on those frequencies that experience a significant We conclude that a primordial magngztlc field increases

amount of Faraday rotation around the time of decoupling. Ifh€ anisotropy of the CMB by up to 7.5% &t 1000 in a

this paper, we have applied the analytic method developed iftandard CDM cosmology. The asymptotic strength of the

Ref. [8] to estimate the depolarizing effect of a primordial effect is independent of the intensity of the magnetic field,

magnetic field across the last scattering surface, assuming2t the frequencies at which it starts to be significant are

standard ionization history. The result is expressed by Eqdnose around and below 30 GHB(/0.01 G)'”. Measure-

(2.39, (2.39, and (2.40 and is represented in Fig. 1. The ments_ of anisotropy and_ polar_lzatlon at §uff_|C|ent_Iy Iow_ fre-

CMB becomes significantly depolarized at frequenciesqu‘?”c'es could probe primordial magnetic fields in an inter-

around and below 30 GHz(, /0.01 G}'2 below which the ~€Sting range.

degree of polarization decreases quadratically with fre-

qguency.B, is the value of the primordial field at a redshift

z, =1000, around recombination, likely to be ®1@imes

larger than a hypothetical cosmological magnetic field at D.D.H. and J.D.H. are grateful to Nathalie Deruelle and

present times. the DARC at Meudon for hospitality while working on this
The average depolarizing factor depends only upon th@roject. The work of D.D.H. was partially supported by an

parameteir, as defined by Eq2.12, which represents the EEC, DG-XII Grant No. CT94-0004, and by CONICET.

average Faraday rotation between collisions. We have calcu-D.H. is grateful to the Royal Society for a grant.
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