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Polarization of the microwave background in reionized models

Matias Zaldarriagha
Department of Physics, MIT, Cambridge, Massachussetts 02139
(Received 12 August 1996

I discuss the physics of polarization in models with early reionization. For sufficiently high optical depth to
recombination the polarization is boosted on large scales while it is suppressed on smaller scales. New peaks
appear in the polarization power spectrum; their position is proportional to the square root of the redshift at
which the reionization occurs while their amplitude is proportional to the optical depth. For standard scenarios
the rms degree of linear polarization as measured with a 7° full width at half maxitRM#M) antenna
(such as the one of the Brown University experiméatl.6 uK , 1.2 uK , 4.8x 102 K for an optical depth
of 1, 0.5, or 0, respectively. For a 1° FWHM antenna these same models giyek2,71.8 K, and 0.77
nK. Detailed measurement of polarization on large angular scales could provide an accurate determination of
the epoch of reionization, which cannot be obtained from temperature measurements alone.
[S0556-282(97)04004-9

PACS numbes): 98.70.Vc, 98.80.Es

I. INTRODUCTION universes that never recombined the polarization would also

Since the first measurements of cosmic microwave backbe large was noted in many of the above studies. More re-
. . . cently Ng and Nd9] discussed the polarization generated in
ground (CMB) anisotropies by the Cosmic Background Ex- y N9 do] P 9

: . e reionized universes with instantaneous recombination. The
plorer (COBE satellite a few years ago this field has seen ag,cns wolfe effect was the only source of anisotropies that

very rapid development. There have been a number of néyhey included. They concluded that reionization at a moder-
detections on smaller angular scaj@s?] as well as a lot of  ate” redshift could boost polarization to the level of a few
progress on the theoretical sifié-5]. Proposed microwave percent of the temperature perturbations. Although this con-
background experiments may be able to measure cosmologitusion is correct, to make detailed predictions for an experi-
cal parameters with great accuracy, although some of thgent such as that being built at Brown a realistic recombi-
parameters may be degenergdé¢ nation history should be used since polarization is very

The polarization of the microwave background has alseensitive to the duration of recombinatip®,20]. Baryons
received attention. On the theoretical side the polarizatiorshould also be included in the calculation as the acoustic
induced by density perturbations in models with a standarascillation in the photon-baryon plasma are very important to
ionization history has been studied both numerictéljyand  determine polarization.
analytically[7]. The possibility of using polarization to dis-  In this paper | discuss in detail the physics behind the
tinguish between scalar and tensor fluctuations has been ipolarization generated in models where there was an early
vestigated 8—10]. The temperature-polarization cross corre-reionization after the usual recombination. These models
lation function for tensor modes has also been studied as ghow very distinct features in the polarization power spec-
possible probe of the importance of the tensor contribution térum including a new peak at loW This peak is not present
the CMB anisotropie$11]. More recently the possibility of either in the standard recombination scenarios or in the cases
using the CMBR polarization to measure primordial mag-where the universe never recombined and it is the cause of
netic fields has been investigatgtP]. the boost in the polarization.

On the experimental side, there have been a number of All the calculations where done using the catiesFAST?
experiment§13—16. An upper limit of 6x 10~ ° on the de-  recently developed by UrdSeljak and the authd21]. This
gree of linear polarization has been established. An expericode is both fast and accurate so detailed predictions for the
ment to measure CMB polarization is now under construcBrown experiment or future satellite missions such as MAP
tion at Brown University: It will measure theQ and U  can be easily obtained.

Stokes parameters using first a 7° full width at half maxi-
mum (FWHM) antenna and then a 1° one. The expected Il. STANDARD IONIZATION HISTORY
sensitivity of this instrument is of a feywK. The future

satellite missions MAP and COBRAS/SAMBAS will also  In this section | review previous results for the CMB po-
measure polarizatiofl7,18. larization for a standard ionization history in a flat space-

It was soon realized that an early reionization of the uni-time. The anisotropy and polarization perturbations can be
verse will greatly enhance polarizatifhd]. The fact that in ~€xpanded in terms of Fourier modes, which are independent
in the linear regime. For one mode with wave veckgr
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A+(k,n) and Ap(Kk,n) will denote the temperature and po- ~ Because the polarization in a tensor quantity the expres-
larization perturbations, when is the direction of photon sions for the correlation functions are somewhat more com-
propagation. The pertu1rbati0ns can be further expanded iR“Cat(.ed' Polarlza.non can be analyzeq using sp|n-yve|ghted
Legendre series spherical harmonicE23]; when considering the polarization

' produced by density perturbations only one power spectra

. L Cg is enough to characterize polarization statistics:
A(k,n)=2I 21+1)(—=)'AP (), (2.1

- Cg'=(4m)? f KedkP,(K)[Agi(K)]?,
whereu=Kk-n/k. This expansion applies both to the anisot-

ropy and polarization perturbatiqi9,8,23. 05201 (=
The Boltzmann equations for the perturbations in the sca- Ag(K)= /_J OdTSE(k,T)j|(X),
lar case are given bjg] (1=2)!Jo

Ar+ikuAr=p—ikuy 3g(n)II(7k)

Se(k, 1) = v , (2.6

: 1
+ ki —Ar+Aqp+i +=-P I, , ) )
“ TTETOTIAUNT S 2(1) where j, denote the spherical Besssel functions and
) ) x=K(7o— 7).
Ap+ikuAp=k{—Ap+3[1—Py(u) ]I}, The root mean square fluctuations are given by

=Ar,+Ap,+ . .

M=A1,+Ap,+Apg (2.2 <P2>E<(Q2+U2)>:2<Q2>:4i
Here the derivatives are taken with respect to the conformal
time 7, andwy, is the velocity of baryons. The differential o ;. just the degree of linear polarization aw is the win-
c_qucaI depth for Thqmson scatte_rmg IS denoteq 3ow function for the particular experiment under consider-
K=anX.or, Wherea(r) is the expansion factor normalized gtjgn.
to unity todayn, is the electron density. is the ionization Figure 1 shows the temperature and polariza@prspec-
fraction, andorr is the Thomson cross section. The total 0p-tra obtained by numerically integrating the above equations
tical depth at time r is obtained by integratingx, using CMBFAST, for the standard cold dark matté€EDM)
k(1) =Jk(7)d7. A useful variable is the visibility function _m_odelt h(Qo: 1,|th0=£0 IEmOsBeEC ' andQ,= 0-?5|)\|, nornl?al-t_

. C . . izing the result to the measurement. Normalization
9(7) = x exp(~ «). For a standard jonization history its peak.wasgcarried out using the fits to the shape and amplitude of

defines the epoch of decoupling, when the dominant contri; . : .
bution to the CMB anisotropies arises. the 4 yr COBE data described [24], this approximately

i ~ 2
These equations can be formally integrated to d[\24] f'x?lishéo;;tlﬁ;”.gztﬁe 8§&¢Kat.'on ower speclrum can be
and references thergin ures | polarization power spectru

understood analytically{7]. Polarization is produced by

20 (21+1)CgW,. (2.7

|

o . Thomson scattering of anisotropic radiation. To be more pre-
AT:f drekrimTe =« cise, the source of polarization is the quadrupole of the in-
0 tensity distribution in the rest frame of the electrois, in
: : Y Eq.(2.2). Thus no polarization can be generated after decou-
Xkl Aro+ipvy+ 3 Pow)TT]+ g~ ikus, d-(2:2 P g

pling if there is no reionization or anisotropy. Before recom-

0 _ bination the photons and baryons were tightly coupled, the

Ap=— %f drekuT e k[ 1—Py(u)]II. (2.3 damping scale being only a few Mpc. For this reason the

0 photon distribution function was nearly isotropic in the rest

frame of the electrons and thus the generated polarization
was extremely small. As photons and electrons decouple, the
mean-free path of the photons starts to grow and temperature
quadrupole moment is produced by free streaming. Now
photons scattering off a given electron come from regions

CT|=(47-r)2f k?dkP,(k)|Aqi(k,7=7)|>, (2.4  where electrons have slightly different velocities, i.e., the
redshift of these photons and thus the intensity at a fixed

whereP (k) is the power spectrum of the metric perturba- wavelength depend on direction. The quadrupolar part of

Equation(2.3) is the basis for the line of sight approach used
in CMBFAST.

The temperature anisotropy spect@y; is defined as

tions. these temperature fluctuations is the source of the generated
The temperature angular correlation function is related tdP°larization. For wavelengths longer than the width of the
the temperatur€y, power spectrum by last scattering surfac& 7 the polarization perturbation can

be shown to bé7]
C( 0):<AT(nl)AT(n2)>ﬁl-ﬁz=cos9 AP:0_51(1_MZ)eikM(fofO)kATDATl( TD)- (28)

1 , . . : .
- 2] +1)CPi (o). 2 7p is the conformal time of decoupling. Note that in the tight
47720 ( JCnPil ) @9 coupling regimeA ;v . The above formula shows that for



1824 MATIAS ZALDARRIAGA 55

|l — SCDM
- k,=1.0

0.008 — -

0.008 — =

1000

g(7)

0.004 ~ -

1(1+1)Cl/2m(uK?)

0.002 — -

\ I ]

1

A - —

100 .(a)...|...| ol PRI B 0 \ N | . T |
10 100 1000 1000 104

1 7(Mpc)

100F° " T T T o FIG. 2. Visibility function for standard CDM with reionization

such that the optical depth to recombinationcjs=1.0.

10 the maxima of the temperature monop¢a5,26,4 while
from Eq. (2.8) those in the polarization occur at the maxima
of the temperature dipole, i.e., the baryon velocity. In the
tightly coupled regime, the temperature dipole is propor-
tional to the time derivative of the monopole which explains
the fact that polarization peaks occur at thealues where
the temperature is at minima.

For smaller scales Silk damping damps the oscillations in
the photon baryon plasma and this together with cancella-
tions due to the finite width of the last scattering surface, is
the cause for the decay in tiiy spectrum for both tempera-
ture and polarizatioriFig. 1).
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L) AT S BT R lll. THE REIONIZED CASE
10 100 1000

In this section | consider models with early reionization
o and try to explain the origin of the new features that appear
FIG. 1.1(1+1)Cy /2 for both temperaturés) ano! polarization in the polarization power spectrum. For definitiveness | use a
(b) for standard CDM and a model where the optical depth to re- - S
Lo e standard CDM(SCDM) model where the universe reionized
combination isk,;=1.0. . RN
at an epoch such that the optical depth to recombination is
wavelengths longer than the width of the last scattering surx,;. This means for example that reionization occurred at a

face, polarization is proportional to the velocity differenceredshift of aroundz,;~ 100 if «,;=1.0. Figure 2 shows the

between places separated by a distateg, the distance visibility function, g(7) = k exp(~«), for x;=1.0 assuming
photons travel on average during decoupling. that all hydrogen atoms are ionized up to the present epoch
For the standard adiabatic initial conditiods; and the  (x,=1.0). The visibility function has a very simple interpre-
baryon velocity vanish akr—0 which together with the tation, the probability that a photon reaching the observer
kA 7p factor in the previous expression explain the dramatidast scattered betweenand 7+ d7 is justg(7)dr. The first
fall of polarization for large angular scales. For large wave-peak in Fig. 2, occurring atr~120 Mpc for SCDM
lengths the quadrupole generated in the photon distributioph=0.5) accounts for the photons that last scattered at re-
as photons travel between their last scatterings is extremebombination, the area under this peak, the probability that a
small both due to the small distance they can travel comphoton came directly to us from this epoch, is expf).
pared to the wavelength as well as to the small velocity dif-The area under the second peak gives the fraction of photons
ferences generated by these snkaflerturbations. that scattered after reionization before reaching the observer,
For smaller angular scalelsz 100, the same acoustic os- and is equal to +exp(—«;).
cillations that generate the Doppler peaks in the temperature Figure 1 shows the result of numerically integrating the
anisotropy cause the peaks in the polarization spectrum. TH8oltzmann equations usingvBFAST for this reionized case.
peaks are located at differentalues because they occur for On small angular scales, the polarization “Doppler peaks”
different wave vectors. The anisotropy peaks correspond tare suppressed, just as those in the anisotropy are. This is
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very simple to understand, only a fraction exp{;) of the  quadrupole during the reionization scattering surface. This
photons reaching the observer come from recombination, saccounts for all the new features in the polarization power
their contribution to theC, power spectrum is reduced by a spectrum of Fig. 1.
factor eXDEZKri)- On |arge angu|ar scales new peaks appear To understand the origin of these new peaks let us find the
in the polarization power spectrum. The temperature aniso@mplitude of the temperature quadrupole at the time reion-
ropy shows no new peaks. This peaks are what boost thH@ation startsr,;. The monopole at recombination is approxi-
polarization on large scales and may take it to detectablgnately given by{4]
levels.

Let us try to understand the origin of these peaks. For low (Ago+ ¥)(7p)= 5 ¥(1+3R)cogkcsmp) — Ry (3.4)
values ofk the largest perturbation in the photon distribution
function is the monopoleAro because of the tight coupling ¥ is just the value of the gravitational potenti@ssumed
between photons and electrons before recombination. Botbonstant R=3py/4p,|, ~300,h? andcs=1/{(1+R) is
the dipole and the quadrupole as well as the polarizationhe photon-baryon sound speed. The quadrupotg atising
perturbations are much smaller. But after photons and eledrom the free streaming of this monopole is simply
trons decouple, all the temperature multipoles can grow by
free streaming. Power is being carried from the zero multi- Ao(7i)=(A1o+ &) (7p)j ol K(7i— 1)1, (3.5
pole moment to higher ones, which is just a geometrical
effect. The temperature quadrupole is growing by freewherej, is thel=2 spherical Bessel function.
streaming after recombination and so by the time of reion- The peaks of the previous expression as a functiok of
ization there is and appreciable quadrupole that can generatéll show up in the polarization power spectrum. The first
polarization. The structure of this quadrupole explains thé€ak of Eq.(3.5) is approximately at the first peak of the

new features in the polarization power spectrum. Bessel function becausgrp<(7;—7p). The wave vector
The formal line of sight solution for the polarization per- for this first peak is approximately given &y 7;— 7p)~2,
turbation is this wave vector translates into awalue as usual according

to |~k(rg—7;) and thus thel value for the first is
1(7 . . | ~2(7o— 74i)/ (75— 7p) ~ 2/z. For the case under consider-
Ap=~— Ejo dre*#(7" e *k[1-Py(u)]I. (3.)  ation this means~ 24 which agrees very well with the first
peak in Fig. 3. Only the first peaks appear because the reion-
. ization scattering surface is very wide and thus the integrand
The visibility functionxe™ " has two peaks; one at recombi- in Eq. (3.2) for smaller wavelengths oscillates during its
nation and the other due to reionization, so it is convenient tqvidth and cancels out after integration. This cancellation
separate the previous integral in two parts: makes the new polarization small and thus hidden under the
polarization generated at recombination.

1 T k(e ) ek The major factor determining the difference in height of
Ap=— 5[1_ Pa(p)] JO dre 'we” "Il these new peaks for different models is the fraction of pho-
tons reaching the observer that last scattered after reioniza-
0 k(= 7g) ek tion, 1—exp(—«;). Thus the ratio of the distances between
+ - dre xe I (3.2 the observer and reionization to that between the two scat-

tering surfaces determines the positions of the peaks, and the

where 7,; is the conformal time of the start of reionization. optical depthx; their heights.

The first integral just represents the polarization generated %t gcirrjurghf% rrlllsu(it[r)?\';le rtr:]oedS:Ispc\)/:/ri]ttr? 53(?1 Sth\;‘iscél’I\egg ths
recombination and can easily be shown to be P ; : ying op aep
k,i. The peaks not only vary in height but also in position, as

the redshift of reionization has to increase in order to in-
AD=— 1[1_PZ(M)]JTridTeik,L(T—To),'(e—KH:e—KriAr;R creasexp, thus the ratio of. distances tha'g determines the
2 0 position of the peaks gets bigger, ag{ 7,;) increases and
(3.3 (74— mp) decreases, driving the peaks to a smaller angle
(I peast VZ).
where ANR is the polarization that would be measured if ~ Figure 3b), on the other hand, show how these peaks
there was no reionization, as discussed in the previous sewary with the cosmological constant for a fixed reionization
tion. This contribution is damped because only a fractiorredshift z;=100. The positions hardly change as both the
exp(—«;) of the photons that arrive to the observer camedistance to reionization and the distance between the two
directly from recombination without scattering again afterscattering surfaces scales approximately in the same way
reionization. with the matter densityin this calculations the matter den-
Let us now consider the new contribution arising fromsity was given byQ,=1-Q,, where(, is the energy
reionization. The polarization source El=Aq,+Ap, density due to the cosmological consjafin the other hand,
+Apg. A, is large coming from the free streaming of the as the distance to a fixed redshift increases with the cosmo-
monopole at recombination, while the polarization terms ddogical constant, the optical dept; increases, and conse-
not grow after decoupling and are thus negligible to firstquently the peaks should get higher. The fact that this is not
approximation. Equatiofi3.2) shows that the new polariza- the case is a consequence of the COBE normalization, mod-
tion is basically an average of the value of the temperaturels with larger values of the cosmological constant have
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FIG. 3. I(I1+1)Cp /27 (a) for CDM models with varying«,;=0.5, 1.0, 1.5, andb) for models with varying cosmological constant
0,=0.3, 0.5, 0.7, and a fixed redshift of reionizatipp=100. Reionized £,;=1.0) CDM models(c) with varying 1,=0.3, 0.5, 0.8,
and(d) with different Hubble constantdo=60, 80, 100 km sec Mpc™ L. In all cases reionization was assumed to be totg(1).

larger additional contributions to the low temperature of one; even an optical depth &f;=0.5 is only obtained for
anisotropies from the integrated Sachs-Wdlf§W) effect  a redshift ofz,;~60. But the situation is different for open
while polarization is not affected by the ISW. Thus the models or models with a cosmological constant. An approxi-
changes in the normalization to keep the valu€ef, fixed  mate scaling for the optical depth valid f6r,z;>1 is «;
partially compensates the change in the height of the neV&(thxe/Qé’z)(lJrzri)3’2, so for example reionization start-
polarization peaks produced by the larger optical depth.  ing at z,~23 will produce an optical deptlk;~0.5 in a
Figures &) and 3d) explore the dependence of the po- model with Q,=0.2, H,=70 kmsec® Mpc ! and
larization power spectrum with the baryon density and then —q 1.
Hubble constant for a fixed optical depth to decoupling,
x;=1.0. The rest of the parameters where kept equal to
those of SCDM. The height of the first peak in the spectrum
remains nearly constant as it is determineddqywhich was In this section | discuss the possibility of detecting polar-
kept fixed. The fact that the peaks move is simple to underization in the context of the standard theoretical models. |
stand, the redshift of reionization is given by first concentrate in an experiment like the one being built at
(1+2,)~10( k,(0.5/M)(0.05/2,)(1/xs) 1% and sol scales Brown University and in this case only in the detection of the
approximately a$x («,/hQpxe)*>. rms degree of linear polarization and not on the measurement
In the SCDM model reionization must have occurred ex-of the correlation function. Then | discuss the prospect of
tremely early g~ 100) in order to produce an optical depth future satellite missions like MAP.

IV. MEASURING POLARIZATION
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A. The Brown experiment ) A T T

The Brown experiment will try to measure bo€h and L SCDM i
U parameters with an expected sensitivity ofuK. The L - %a=1.0 1
instrument will allow measurements with a 7° FWHM at an
early stage and a 1° FWHM afterwards. For concreteness
I will just take a Gaussian window functionW,
=exg —(1+0.570%], oo=0/2\(2In2), where 6 is the
FWHM of the detector in radians. The predicted values for
the Stokes parameters were calculated usimgFAST and
the spectra normalized to COBE.

First let us quote the expected rms valu€Xfor standard
CDM with no reionization, P(7°)=4.8x10"? xK and - .
P(1°)=0.77 uK. These values, specially the large angular i _
scale one, are extremely small and thus very difficult to de-
tect. This is the reason why the reionized scenarios are the
most promising to detect polarization.

Reionization will not only change the polarization power (a) | | |
spectrum but also the temperature one, and in some cases it 100 — " T T T T e T o0
may wash away the Doppler peaks completely. But there is 1
some degree of confusion between the different parameters
determining the CMB spectra, for example a reionization 100 T T T T T T T
with a moderate optical depth will decrease the amplitude of E
the Doppler peaks but this effect may be compensated by r :iiz}f,o
changing the spectral ind¢g]. In fact only an optical depth 10
in the 10-20 % range seem detectable from temperature
maps along27]. Figure 4 shows both polarization and tem-
perature power spectra for SCDM with a spectral index
n=1 and a reionized model witk,;=0.5 but a spectral in-
dex n=1.2. The difference in the anisotropy power spec-
trums is not so large, while the polarization spectra are very
different. The rmsP values in this reionized case are
P(7°)=1.2 uK and P(1°)=1.8 uK. For the large angular
scale experiment the difference with SCDM is more than two
orders of magnitude and in the one degree case is more than
a factor of two. Thus a polarization measurement would eas-
ily distinguish between the two scenarios.

Figure 5 shows the rms value &f as a function ofx,;, 0.001
the major parameter determining the amplitude of the polar- L) N L i
ization perturbation.P(7°) only exceeds 1uK level for 10 100 1000
x;=0.5 but saturates quickly near 1/8K. On the other

2?2? cljr( :,L—,m) ggtlgg?/ (rjilstehs ;b?v\\;g'ﬂ.}.ehéKmigi Sreg]caflezv?éﬁ a FIG. 4.1(1 +1)C, /2 for both temperaturéa) and_ polarization
negative detection at the 4K level for the one degree ex- (b f°F St?‘”d’?‘fd CDM and a model where the optical depth to re-
periment is enough to rule out some models, those with opgomblnatlon i =0.5 and a spectral index=1.2.
tical «,;=0.3.

Parameters other tha#); do not make much difference in
the height of the peaks. Table | explores the dependence

o O itk A : reionization[27]. With noise levels realistic for MAP only
P(7°) andP(1°) with different cosmological parameters for . )
a(fixe)d K= g_o_) Although the height o? the F:)eaks remains k,i~0.1 could be detected. The problem is that the dominant

almost constant these models slight shifts in their Iocatiorgfsgsci’; ;e'szn'Z?éfsrzoznetr:ﬁg;ﬁ’?ga;uézc?gair;?r? tﬁgg;rlfr"_
change the predicte®. The 7 rms linear polarization is tude of the riFr)rFl)ordiaI er'?urbations This degeneracy is brop-
more sensitive to the position of the first peak. The 1° ex- P perturbations. generacy
: L : ken on large scales as reionization does not significantly af-
periment has the largest chance of putting interesting co lect the amplitude on these scales, but here cosmic variance
straints on a possible reionization as the expected signal s ecludes vper accurate determin:';ltions One mav hope to
greater, because it is sensitive to all the power in the new y ' y hop

peaks of the polarization power spectrum. A correlationmProve the accuracy in the estimation of the optical depth

analysis between the polarization in the forty pixels that the[brgl measuring the new peaks in the polarization power spec-

experiment will measure may help improve the above limits.

1000

1(1+1)Cl/2m(uK?)

LR |
~

0.1 K

101+ 1)C1/2m(uK?)
BRRRLL |

L1

0.01

which will have polarization information. Temperature infor-
(gi;ation alone cannot put very stringent limits on the epoch of

Figure 6 illustrates these points. In paral the spectra
for a COBE normalized SCDM and a reionized model with
x;=0.1 are plotted. The reionized model has been normal-
There are now two planned satellite misions to map thézed in such a way as to minimize thé difference between
microwave sky MAP[17] and COBRAS/SAMBA [18] the two. | have assumed for simplicity that edthis Gauss-

B. Future satellite missions
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! is a pixel size independent measure of experimental = %'t - 3
noise. Values corresponding to the MAP mission were used < co ]
(w™1=4.2x10 1 and Opyypy=0.29°). T 1

Figure &b) shows the polarization power spectra for the 001 ¢ 3
same models, the difference in the large scale polarization C

. o ) 0.001 | =

TABLE I. Degree of linear polarization imK SCDM (first E b) E

2 s + el ol N

row) and several other models all with;=1.0. The value of the
cosmological constant is such that all the above models are flat,
Qyoa=1.0. Hy is the Hubble constant in km set Mpc™2.

1

Qo Qp Ho P(7°) P(1°)

1.0 0.05 50 4.8x10? 0.642

0.7 0.05 50 1.62 2.25
0.5 0.05 50 1.67 2.50
0.3 0.05 50 1.62 2.25
1.0 0.03 50 1.40 2.67
1.0 0.08 50 1.83 2.79
1.0 0.10 50 1.91 2.80
1.0 0.05 60 1.72 2.79
1.0 0.05 80 1.84 2.85
1.0 0.05 100 1.92 2.88

10 100 1000
1

FIG. 6. Temperature and polarization power spectra for a COBE
normalized SCDM and a reionized model with=0.1.

greatly exceeds the cosmic variance. The value of the multi-
poles Cg at the reionization peak in this model are
Cg~(0.12uK)?, to be compared to a noise in eaaf, of
roughly 0.14 uK for polarization[28] in the case of the
MAP mission. This makes the possibility of using polariza-
tion to further constrain the optical depth very interesting. It
is also worth noting that the noise levels of COBRAS/
SAMBA detectors is much lower, and so better sensitivities
should be expected in this case.

V. CONCLUSIONS

The polarization of the microwave background is very
sensitive to the ionization history of the universe and an
early reionization can greatly enhance it. | have discussed in
detail the physics behind the generation of polarization in
reionized scenarios and the appearance of new peaks in the
polarization power spectrum. | have identified the major pa-
rameters determining the location of these peaks, the ratio of
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distances between the observer and the reionization scattexters using CMB. In particular it may help detect levels of
ing surface to that between reionization and recombinatiorreionization below thex;~0.1 that can be obtained with
The height of the peaks is mainly a function gf, the temperature maps alone.

optical depth to recombination.

An early reiqnization _With an optical depm,i20.5 can ACKNOWLEDGMENTS
take large and intermediate angular scale polarization to the )
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ment. Polarization may help resolve some of the “confu-and many useful discussions. | would also want to thank Ed
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