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Vishniac-type contribution to the polarization of the CMBR?
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Radiation which has a quadrupole component of anisotropy can get polarized by Thomson scattering from
charged particles. In the cosmological context, the microwave background photons develop significant quad-
rupole anisotropy as they free stream away from the epoch of standard recombination. Reionization in the post
recombination era can provide free electrons to Thomson scatter the incident anisotropic cosmic microwave
background radiation photons. We compute the resulting polarization anisotropy onamatiinute angular
scales. We look for significant nonlinear contributions, as in the case of the Vishniac effect in temperature
anisotropy, due to the coupling of small-scale electron density fluctuations, at the new last scattering surface,
and the temperature quadrupole. We show that while in cold dark matter type models this does not lead to very
significant signalg~0.02—0.04uK) a larger small angular scale polarization anisotrdpy).1-0.5uK) can
result in isocurvature-type mode[S0556-282198)07616-4

PACS numbd(ps): 98.70.Vc, 98.80.Es

[. INTRODUCTION epoch can lead to additional polarization signals. In this pa-
per we wish to follow suit and examine whether this quad-
The cosmic microwave background radiatig@GMBR)  rupole coupling to fluctuations in the electron density at the
has a wealth of information about the parameters which govhew last scattering surface can also lead to significant
ern the dynamics and the physical processes in the univers¥ishniac-type second order effects and result in a polariza-
Three important aspects of the CMBR in which the informa-tion anisotropy of the CMBR at small angular scales. _
tion about the universe is encoded are its temperature anisot- [N the next section, we give the basic equations and their
ropy, Spectra| distortion, and anisotropy in po|arization_ Aformal solution. Section Il pl’esents an analytical estimate of
study of these aspects will allow one to constrain the evoluythe Vishniac-type contribution to the small scale polarization
tion of both the background universe and the large scal@nisotropy in reionized models. Section IV gives numerical
structures. values for some illustrative models of structure formation.
Polarization of the CMBR arises from the Thomson scatWe summarize our conclusions in Sec. V.
tering of radiation from free electrons. An analysis of polar-
ization properties of the CMBR can reveal valuable informa-Il. BASIC EQUATIONS AND THEIR FORMAL SOLUTION
tion about the ionization history of the universe. Much of the
current work on polarization anisotropy is in the context of

linear perturbation theory. The expectation generally is tha erturbat|o_n A?/P'I(')i‘ %.7) Iand dtemperaéurg .pe[jtufrbatlot:]
higher order terms are much smaller. However, for the tem- (X, y,7) = or scalar modes can be derived from the

perature anisotropy, on very small angular scales, of order dpoments of th? Boltzmann equatlon for photons. In the con-
arc minutes, it was shown by Vishniac that nonlinear eﬁ‘ectgormal Newtonian gauge they are given I3
can also make significant contributiojd]. These arise
through mode coupling of the electron density perturbations Ao+ y,d,Ap=n.ora(7)
on small scales with source terms which vary over larger
scales. The Vishniac effect is especially important in models
where there is significant early reionizatiph 3]. . )
Zaldarriagg 4] studied the effects of such early reioniza- ~ Att ¥idiAr= ¢~ yidiy+neora(r)

tion on first order polarization anisotropy in a semianalytical
fashion. It turns out that the CMBR can develop a significant X
guadrupole, by the epoch of reionization, due to the free
streaming of the monopole at recombination. The Thomson (2.2)
scattering of this quadrupole off the electrons at the reionized

Herex is the comoving coordinate; is conformal timeng

the electron density the fluid velocity,y is the direction of

*On leave from National Center for Radio Astrophysics, TIFR photon propagationg and ¢ are the conformal Newtonian

Pune, Poona University Campus, Ganeshkhind, Pune 411 007, Ipotentials, and the overdot represents derivative with respect
dia. to conformal time. We have also defined

The equations governing the evolution of polarization

1
—Apt 51— Pz(M)]H),
2.1

1
—ArtAqotyivi— Epz(M)H)-
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TI(X,7) = — A1o(X, 7) — Apo(X,7) + Apo(x,7) (2.3  In the above equations, the value of the polarization pertur-
bation at the epochis determined by the entire history from
with Ao, Apgthe monopole and,, Ap, the quadrupole =0 to 7 =r. The visibility functiong(r,7’) determines the
temperature and polarization perturbations, respectively. Wprobability that a photon last scattered at the epath
define these angular moments by reaches us at the epoeh The exact form of the visibility
function is determined by the reionization history of the uni-
_ . verse. Operationally, the role of the visibility function is to
Ap10xy.7) 2| @+ DPi(w)Apim(x7): give different weightages for the integrand for different ep-
ochs.
M In this paper we consider a model in which the universe
Apimi= f TPI(I“)AP,T(“)' (2.4 underwent a phase of standard recombination and got reion-
ized completely at a later epoct) . We will only be con-
(Here, we make the usual assumption that after Fourier trangentrating on the second order polarization perturbations
formation, the evolution equations for temperature and poarising from theS(k,7) term in Eq.(2.9). The S(k,7) con-
larization perturbations depend gronly in the combination  tribution to the right-hand sidé€RHS) of Eq. (2.8) involves a
v-k, wherek is the wave vector; so we define=vy-k/k, convolution in Fourier space, which couples the first order
wherek= k| (cf. Ref.[5]).) temperature(polarizatior) perturbations with the first order
In order to treat inhomogeneities in the electron densityperturbations in the electron density. A very similar situation
we takeny(X,7) =ng(7)[1+ 84(X,7)], Whered, is the frac-  €Xists in the case of Vishniac effect in second order tempera-

tional perturbation of electron density about the space aveiture perturbations. So we expect a Vishniac-type effect in
aged mean. In general we will hade<1. We may note at Second order polarization perturbations as well.

this point that spatial perturbations in the number density of Further, the coupling op, Ap , andAp, with ¢ in S

the electrons is precisely the feature that gives rise to thandR is likely to be much smaller than the coupling 6§
Vishniac effect in second order temperature perturbationsandA+, in S This is because, first the temperature perturba-
We will investigate a similar effect for polarization perturba- tions generically dominate the polarization. Also the quadru-

tions. pole temperature anisotropyr,(k,7) will grow to a larger
It will be convenient to express E@.1) in terms of the  value between the epochs of recombination and reionization,
Fourier modes as follows, due to free streaming of the monopole at recombinatain
1 Ref.[4]). We therefore negled® and retain irSonly theA+,
Ap+ikpAp=n.ora 5[1_ P, () JTI(k, 7) term and neglect the other terms. We then have
1 dp
— 5[1=Pa(w) 1Sk, ) = Ap=R(k,7) |. S(k'T)”JW%(k—p'T)ATz(pJ) (2.10
aw

(2.9

We have retained the same symbols for the Fourier tranggnd we neglecR in comparison toS We will adopt this
formed quantities and defined the mode coupling source terpproximate form for the mode coupling term in what fol-
S(k,7) by lows.

d3p

(2m)°

Stk,7)= _f de(k=p.Dll(p.7), (2.9 IIl. VISHNIAC-TYPE CONTRIBUTION IN REIONIZED

MODELS: ANALYTIC ESTIMATE
3

d b - 1 1 H
R(K,7)= +f 5 F;356(k—p,7-)Ap(p,7). 2.7 The absence of “Gunn-Peterson” dips in the spectra of
o

distant quasars indicates that the universe was probably
reionized at some redshift=z, >5. [6]. The value ofz, is
The formal solution of Eq(2.5) is given by not known observationally, while different theoretical mod-
L els have different predictions for this redshift. In the model
T , , which we consider, the universe underwent standard recom-
Ap(k, )= fo [5[1_ Pa(mw)JII(k,7) =Sk, 7)] bination atr, , and was reionized completely at a later epoch
7, . In this case as shown in R¢#], the visibility function
has two peaks, one aroung and another peak around .
We wish to consider here a Vishniac-type second order con-
tribution toAp . This comes dominantly from the value gf
whereg(7,7") which is called the visibility function is given around the latter peak. It is then convenient to separate the
by integral over7 in Eg. (2.8 in two parts: 6<7' <7, and
T? 7. <7 <719, Wherery is the present conformal time. We
g(7,7)=nu(7)ora(r e I neoral?)d" 5 g write Ap=A3+AB, with

—R(k,T)]g(T, r)eku™ =g, (2.9

063002-2



VISHNIAC-TYPE CONTRIBUTION TO THE . .. PHYSICAL REVIEW D 58 063002

el considered in detail by Zaldarriagd]. So here we concen-
ARk, 7)= fo F[1=Pa(u)] trate on purely the second order Vishniac-type effect, due to
S, which we caIIA\F’,. This can be written as
X[I(k,7') = S(k,7")]g(r, 7 )k~ 7d7’, L
o i f— ' ’ '
31  Ap=- E[l_Pz(M)]J exg 7' " 7g( o, 7')S(k,7')d ",
ol (3.9
AB(k,7)= f ~[1-P . : :
p(k.7) - 2[ 2(w)] where retaining only th& , term the mode coupling term is
o given by Eq.(2.10. In evaluating the integral in Eq.(3.4)
X[TI(k,7")=S(k,7")]g(7,7")e* ™ ~Id7'. we assume the visibility function to be given by the trun-
3.2 cated exponential form of E¢3.3).
' Let us look at the mode coupling ter8(k,7), given by
The first contribution in Eq.(3.1) is simply A3 Eqg. (2.10, in a little more detail. This term involves a cou-
=exp(—«,)ANR. HereAMR is the polarization that would be pling of the quadrupqle temperature perturbationratr,
xR P and the electron density perturbation at the same epoch. Note

measured if there was no reionization anlis the optical that the temperature quadrupole at late times can have a sig-
depth to Thomson scattering between now and recombina- P 4 P 9

tion. This contribution is reduced by the fact that only a”gﬁ“&?gﬁg&”ﬂgn iguae fﬁgttgii\f/reegesgf?ar\?megeorfc}SehmvS:\?e;-
fraction expt«,) of the photons that arrive at the observer P2°¢: ample, 9 gh wave
. o : .~ lengths the first order quadrupole temperature perturbation is
come directly from recombination without further scatterlng.related to the temperature perturbations at recombination b
[Also the second order contributions from tiSeterm are P P y

much smaller than the first order term because the electrow]’
i i inati —10-4—-10-3 )
oy thorolovank e o naton(z) =10 A0 Ara(p, 1) =[ A1, (P, 7) + (P, ]Il P(7= 7)1, (35)

In order to calculate the second contribution, one has to here . is th d ord herical B | functi d
determine the form of the visibility function after the stan- WNeréj, 1S the second oraer spherical Bessel function an

dard recombination epoch, that g(r,7') for 7' >r, . Us- p=|p|. (Here we have assumed thais small enough that

ing the exact form fog(7o,7'), to solve for theAp is not the doppler velocity term makes little contribution to the

analytically tractable. So we resort to an approximation forfree-streamed quadrapole, cf. R¢T). We have also as-

g(7o,7') in this work which, while preserving its main fea- sumed that the integrated Sachs-Wolfe effect makes a negli-

tures, also allows analytical results to be derived. We WiIIgible contripution to the free streamed_quadrapole at the new
return to a full numerical treatment of the problem eIse-IaSt scaftering surfageThe mode coupling term can then be

where. In particular, we choose the form of the visibility written as

function after standard recombination to be a truncated ex- 3

tial given b d°p
ponential given by 1 S(k,r):fWée(k—p,r)[ATo(p,Tr)Jr¢(p,rr)]
g(ro. 7 )=N—e " Wlg(r — 7). (33 Xjolp(r—10)]. (3.6

The spherical Bessel functign(¢) is well approximated by
a Gaussian peaked §t-3.345 and with a spread of1.4.
"Thereforej,[p(7—7,)] is peaked at wave numbers around

Here the Heavysidé(x) function, is zero fox<0 and 1 for
x>0. It takes account of the fact that before reionization

ne=0. FurtherN is a normalization constant andgives the p=po~3.345/(-— r.). Note that for the small scale polar-

spread of the exponential. By appropriately choosingve .~ . : . . )
can set the width of the reionized last scattering surface. Alsc')Zatlon anisotropy which we wish to calculates- k|2 py;

) . ) " - ~in general we will havek~(10 Mpc) ! to (1 Mpc) %,
note thatg(7,7’) has the interpretation of probability so its — ] 1
integral over7 from 7 =0 to 7’ = 7, should be normalized where aspo~(300 Mpc) = to (1000 Mpc) ™~ for 77,

to unity. This determines the normalization factér For a (cf. Ref.[4] and see below So in the mode coupling inte-

sufficiently early epoch of reionization, we generally have%r?é'kf_o r)a ]f')f,ea?i';? ﬁg’ |ithiE| el\,?,ﬁgor;ndtﬁgsgn pee rct,lfjprbfg;mn
(79— 74 )/ 02>1. In this case, the condition that the integral ¢ P).7 ghgioly P 9

of g(o.7') over 7 should be unity implied+ e~ *x=1 or which the Bessel function makes a significant contribution.
N=gl—o,e‘ “x. SoON measures the)|/3robpability of at least one Therefore, we can evaluafg atp=po and pull it out of the
scattering between, and 7, , due to the reionization. An- p integral. Also sincek>po, one can approximatek(-po)

other feature to note is that in our approximatiepdoes not ~|k The mode coupling integral for large>p, then sim-
S . . ifies to the uncoupled form

appear at all. This is because for the models we will consideP

the major contribution to the scattering optical depth comes

d3
from epochs much before. k.7 =8.(k f P A =5.(k
In Eq. (3.2 for A2, the first order contribution to the Stk )= 2e(k.7) (2)3 12(P. )= 26k, 7)Qa(7),
polarization due to a reionized universe has already been (3.7
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where we have used E(B.5) to rewrite the resulting expres- 20 1 252 1
sions in terms ofA_ again and defined for later convenience Flkuw)=1+4+——"—"7"—+— —«—.
7280 () 7 (I=ikpo) 22 (1-ikpo)?
d®p (3.1
=] ——A \ 7). 3.8 .
Qz(7) f (2m)3 r2(P.7) @9 [We have also assumeq /7 is small enough tha€(r,)
~11]
We now evaluate\) using Egs.(3.4) and (3.3). Let us We are now in a position to compute the Vishniac-type

assume that the reionization epoch is late enough, and th§pntribution to the polarization power spectrum. We define
the electron density perturbation trace the perturbations ifiS Simply by analogy to the temperature power spectrum
total matter density. Then, in a flat universe, the electroriCf. Ref.[10]). Recall that for temperature perturbations one

density perturbations grow @ )« 72. For an open model first expands in spherical harmonics, with
or one involving a cosmological constaft the growth law

is gi AT
s given as T =A%) =2 AnYin(y). (312
stk | 2V sk oy 2EDN 3.9
e(k,7)= o e(K, 7o) f(Qy (3.9 Then the mean square temperature perturbation is
Here, 7, is present conformal time and the functidnakes AT\? _S (21+1) Co= " dk 3.1
into account the reduced growth in the open or Nanhodels T/ 4 A n= | Qxl )?’ (313

at late times, compared to a flat dark matter dominated
model. In a flat univers€)(z) =Q,=1, f(1)=1, and we re- \ynere
cover thed,= 72 growth law. The expressions foand()(z)
for A dominated and the open models can be found in Refs. K2dk
[8] and[9], respectivelyfin these papers, od((}) is called CTI:<|aIm|2>:47TJ ——(|Ank, )2 (3.19
0(Q)]. For z=1, or 7/79<1 andf[Q(2)]—1. So the ap- 272
proximation Se(k, 7) = (7/70) ?8s(K, 7o) f “1(Q0) works very
well for these other models as well at sufficiently early times.and

Further, as displayed explicitly in Ref7], the power in
the CMB monopole, per unit logarithmic interval pfspace K3 1 (+1
p°[Ar (P, 7)+¢(p,7)] is roughly constant on scales Q+(k =—2§f {|A{]®)d. (3.15
<(100 Mpc) L. (This reflects the fact that perturbations on 2 £t
scales larger than the Hubble radius at recombination hav
not evolved and are laid out with constant power for a scal
invariant initial power spectrumRecall that the presence of
the j, term in the integral ovep picks out dominantly con-
tributions fromp~p,<(300 Mpc) %, at any timer>r, .
Now in any realization, one does expect some variation o
the monopole ap is varied. Nevertheless, because of the
constancy of monopole power withfor p~p, one expects
the integral termQ,(7) in Eq. (3.7) to vary much slower 5
with 7 than the electron density perturbatiég(k,7) or the Vi) = ko Ef“ AY[2g 31
visibility function. This will especially be so if the visibility Qr(k)= 2m22) 1 (14pl%dp. (3.16
function is sufficiently peaked around the reionization red-

shift (for o small enough So when evaluatingp, we will -\ calculateQp below. For this, first take the ensemble
assume thaQ,(7) can be evaluated at some effectivg

ote that, as before, we have taken the normalization vol-
ume, over which periodic boundary conditions are assumed
to beV=1.) Q(k) gives the power in temperature pertur-
bations in any logarithmic interval d€

£ We define, therefore, a corresponding Vishniac-type con-
tribution to the polarization power spectru@p(k) given by

(cf. Ref.[3])

average ofAp|%. We get
~ 7, and pulled out of the integral over conformal time ge of Al g
The remaining integral, which can be done analytically, oe=l2
then gives (84D = T Pa P k7, )
P4 [1+K2u20?] &
1 _
AV=_—Z1r1-p exp ku(r= 1) 1/AT\2
p= " 5[1=Pa(n)]exp =] (r)]. (3.17
5| T o
NF(k, ) 5.k (3.10
(1-ikuo) (ki 7)Qal7e), ' In the above we have assumed that theand A, are un-

correlated with each other, defined the power spectrum of
where we have takenr§— 7, )/ 0> 1, as before, and defined electron density fluctuation a®.(k,7,)={(|8e(k,7¢)|?),
the factorF (k, u) and also defined
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AT\2 5Co(, ) d3p IV. NUMERICAL ESTIMATES IN DIFFERENT MODELS
—| (rg=—"T"= (|Ara(p, 7))
T /g T T, (2m)3 2(P: Te) ") A. CDM and variants
(3.18 Consider first the case of a standard CDM model

(SCDM), with matter density equal to critical densit$)
Here, (AT/T)q(7e) is the quadrupole temperature anisotropy=1), a baryonic contributio),,=0.05, and a Hubble con-

as seen by an observer at the conformal tirge stanth=(Hy/100 km s Mpc 1)=0.5. The optical depth
Now turn to the integral of|A¥|?) over u. The factor 1 to Thomson scattering in a fully ionized matter dominated
— P, can be expressed as a sum of even poweys: in flat universe is given by(z)=0.0418)gh[(1+2)%?—1].

In general, for a universe with matter dendity and assum-

9 ing z, >1, an optical depthc, is obtained at a redshift
=PI ==(1+u"—2u°). .
[1-P,)%=—(1+u*—2u?) (3.19
4 Q=h —-2/3
. 21313 °°B
Z*~97.]K* QO (WZSJ . (41)

We are generally interested in the behavior of the power
spectrum for large values &for small angular scales. In this
case the dominant contribution to the integral ouein de-  Therefore, to havec, =1, in standard CDM, we need,
termining Qp will come from the vicinity of u=0. It then ~~97.1 andk, =0.2 needsz, ~33.2. Also in a flat matter
suffices to retain only the first term in the above expressioflominated universe, the conformal time is related to
for (1—P,)2. The integral ovel can be done analytically the redshift by 7=7,/(1+2)¥2 where 7,=2Hg"

to give the remarkably simple expression =600th~! Mpc. (Note we adopt units with<1.) So given

z,, this fixes 7,; for «,=1, we have 7,

97N2 [ o \[AX(k,7,)][AT)? ~605.6h"* Mpc, while for «,=0.2, we have 7,
Q\F’,(k,ro)=WG(T—) T (?) (7). ~1025.8 1 Mpc.

* Q In order to estimate the parameteiin the model visibil-

(320 ity function (3.3, we proceed as follows. Let,= 7, + 0.

) . ) From Eq. (3.3 at epochs after reionization we have
In doing the integral we have assumed that-1 is large (7, 7,)/g(7y,7n)=€. For the exact visibility func-

enough that tan'(ko)~ /2, and defined the factdB(y)  tion the same ratio is given byg(7o,7,)/9(70.7m)

=1+ 2y+ 3y?+5y3/2+ 35y*/32, wherey= o/, . Further, =[a2(7,)/a%(r, ) ]expln—k, ), where k= (7). Equat-
ing these two expressions gives an estimate.dh particu-

5 KPe(k,7y) 7\ 4 f[Q(Z,)])? lar, using xoc(1+2)%? valid for largez>1 andac 72« (1
Ag(k, 7, )= TZAe(k,To) EYARETON +2z)"! we have the implicit equation forr,/7,, 1

(3.21 =4In(rm/7,)— ke [1— (7, I7)%]. For k, =1, this gives
' 0~0.54r, =321 Mpc, while for x, =0.2, one getsr
. . o . =0.32r, =328.5"! Mpc.
I(flétr:]ter o?qo(\;v:rzspi)ter uerxllljrlggt?élrt]r;rrz;ltct;]r;teévzl(;%hTspace of the It remains to fixA, and the temperature quadrupole. We
y b b * take theA.(k,7p)=A(k), the matter power spectrufilhis

We see that the contribution to polarization anisotropy ;
due to the second order Vishniac-type effect for reionized oo U Mes that, is small enough that baryortand electrons

models is basically proportional to the product of the tem-° Ionger feel gsignificant drag due to the CMB photons and
perature quadrupole and the power in electron density pe|$-O thh'”?['r derytsr:ty flugtuaknonstt onﬂ thte rte_:leva}?t Iscales have
turbations at last scattering. For small angular scales or Iargt autgth up with any dar n:at er #C ua |on.h_ haso assun;]ez
k, Qp is suppressed because of the finite thickness of the Iaﬁtla ere are no nongravitational forces which have pushe
scattpering surfacéo) by a factorko. We note that this sup- e baryondand electronsrelative to 'ghe_ dark mgtter com-
pression is much milder than estimated in R&], essen- ponent] The matter power spectrum is in turn given by

tially because in that paper, the first order temperature quad-

rupole contribution due to free streaming of the monopole at ) k3P(k) 4 5 )

recombination was not included. The power spectrum of A (k)zz—ﬂzz H_o Su(k)T=(k) (4.2)
electron density perturbations, of course, depends on the

model for structure formation. Also the parametets, ,N

depend on the reionization history. However the power in thavith the transfer functio (k) in the form given by Bardeen
temperature quadrupole at~ r, is likely to be of the order €t al.[11]

of the observed quadrupole; for a large enoughand if it

arises due to the free streaming of the monopole at recombifq)

nation. This is again because of the slow variatiorQg({ 7)

mentioned previously. We now use E®.20 to make nu- In(1+2.34y)

merical estimates of the polarization due to Vishniac-type — 2 3 211/4°
effect in cold dark mattefCDM) and other models of struc- 2.34[1+3.8+(16.10)"+ (5.649)°+(6.710)"]
ture formation. (4.3
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where g=k/(hI") (cf. Refs.[12,13). The parametel is =1.2, the best fit slope determined by the cosmic Back-
referred to as the shape parameter, and is given in[R8f. ground Explore(COBE) [15], (keeping all other parameters

(Egs. D28 and E12 It is of order 0.48 for standard CDM. 4 scpM samg then also one has a larger valt /@\é(kc)
The four-year COBE normalization give®(k=Hg)=1.94  _4 o« 102 uK.

X10°° (cf. Ref. [14]), for a scale invariant initial power Suppose we adopt A+CDM type model, as discussed
spectrum(with n=1). For such initial conditions, the COBE ¢4, example in Ref.[16], with Q,=0.35, Q,=0.65, h
data also give the AT/T)q(70)=18+1.6 uK [15] -The =0.7, n=1, ,=0.04. Then we get, ~63 for k, = 1. As-
value of 7, >1000 Mpc that we generally obtain is likely to gyming thatr, is early enough that can be estimated as for

be large enough so that\{T/T)q(7e) ~(AT/T)q(70) With  the flat universe, we have
reasonable accuracy. So we will scale the quadrupole, at

with the present day observed value. From the above consid- -1
. o o 600th™~ Mpc/| 7,
erations and normalizing all quantities to a valuekafk, o= —p—— 5 1] 4.5
=1h Mpci, we get Q5 1+2z,) Y2\ 7
. , AZ(k)/k \ 2 (AT/T)o( 7o) Therefore, for the A+CDM model, we get o
= B ~ -1 i -1 ~
Qp(k)=2.2X10"“ uK A2 (koK ( 18 uK ) 687.9h* Mpc. For this model f~*(Qy)~1.24 and

adopting a normalization of the power spectrum as in Refs.

[8,14] we then get\ (k. ,z, )~ 3.56/(1+z, ), which leads to

VQE~1.9x10 2 uK[(AT/T)o(7e)/18 uK]. Note that in

(In the above equation and in what follows, we give thethis model the integrated Sachs-Wolfe effect, which makes a

numerical value of\/—V'n temperature units by multinlvin contr!but!on to the p_resent day quadrgpole, will make little
umericaf vaid Qpi perature units by mullilying - -, niripution at redshifts-z* . In fact using Eq(10) of Ref.

\@ by Ty, the present day CMBR temperatyrén the  [17], we estimate that this will cause only a 10% reduction in

case wherec, =0.2, one has to replace the numerical valuethe above value. For an open CDM mod&CDM), with

in Eq. (4.4) by QX(kc)~1-5>< 1072 uK. Lower values of A=0, but all other parameters as for the above CDM

k, <1 may already be implied by the observed tentative risenodel,z, is the same and (k) is of the same order, using

in the CMB anisotropy on degree scales. Note that decreashe power spectrum as determined by Ref. However, the

ing k, , means a decrease in the fraction of photons lasfluadrupole at last scattering is likely to be smaller because

scattered from the reionized epochs and so a decrea}é.in the integrated Sachs-Wolfe effect contributes a larger part of

But at the same time since, is decreased, the electron present day quadrupole. So the predict@}’,(kc) is likely

density perturbations at last scattering are larger than th#® be smaller than that for the above models.

k., =1 case, which is partially compensated for by increas-

ing Qp . If the power spectrum can be approximated locally B. Isocurvature type models

as a power land (k) <k3", thenQp(k)<k?>™". Recall that

on galactic scales witk~k., n~—2, while for k<k., n

~—1 and fork>k., n— — 3. So the polarization anisotropy

Q\Fﬁ(k)ock““ will increase withk at k<k. and decrease for

for x,=1. (4.9

Finally, consider as an alternative to the standard models,
the isocurvature model recently discussed by Pedll8k
where density perturbations are provided by CDM that is the
. ) ) remnant of a massive scalar field frozen from quantum fluc-
k>k, attaining a maximum &~k.. This was one of the  yations during inflation. The novel feature of such a picture,
reasons for normalizing our estimateke k.. as pointed out in Ref/18], is that the primeval CDM mass

For small angular scales, one can also set up an approXyistripution is proportional to the square of a random Gauss-
mate correspondence between the wave nurkbend the 55 process; so prominent upward fluctuations are much
angular multipole number usingl =kR, . HereR, trans- |grger(py factorF~3) than for a Gaussian process with the
lates comoving distance at the surface of last scattering, e rms. The merits of such a picture has been discussed by
(roughly the epoch when=17,) to angle on the sky and for peepjeg18]. We consider two representative models. Model

a flat model is given by, = 7o— 7, . In cases/7o<1, this 1 jiscussed in Ref[18] adopts Q,=0.3, A=0.7, O,
approximation will be reasonable, but for a thick last scatter—_q g5 h=0.7. and a matter power spectrum, which on rel-

ing surface the above correspondence is less accurate. IntQe, .+ sl scales can be approximated Ag(k)
model discussed above, wherg =1, a wave numbek = (k/kg)®* ™, with m=—1.8, ky=0.1h Mpc 1. For model
=ke=1h Mpc, corresponds td~5394, and an angular 902001 A=0.9 szo'oé h=07 andm=—1.4

SCE\i}\?N;/.INﬂO'S.‘l arc mtlr? dicted I | | Note that in these models, due to early structure forma-
lari € brietly 'SCUSSV ef predicted small angu arhscae PO%ion, reionization is expected to occur at large redshifts. The
arization anisotropyQp, for some variations on the stan- optical depth to electron scattering, measured from the

dard CDM (SCDM) model, by using the same method of hregent epoch could then rise to values larger than unity.
calculation as above. For example, increasing the baryofy,yever, the possible ionization history in these models is
density t0Q),=0.1, leads to a smaller redshift of last scat-|5rgely unexplored. In order to get a preliminary estimate of
tering with a givenx, but also a smallef. Forx, =1, one e anisotropies in polarization that could be generated, we
gets a slightly larger valu Q\F’,(kc)~2.9>< 10 2 uK, than simply use Eq(3.20 (implicitly making the simplifying as-
in SCDM. Also if the primordial spectrum is tilted to sumptions which went into its derivationSo the universe
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after standard recombination is assumed to be largely newever, these models may already be ruled out by the fact that

tral, and then reionized after an epoeckr 7, . Again atr  they result in spectral distortions, larger than the limit im-

~ 7, , a quadrupole would arise from the free streaming ofplied by the COBE observatio22].

the large scale entropy perturbation at recombinatibe

isocurvature effect, cf19]). Further, in Eq(3.3) we assume V. CONCLUSIONS

7, to be the epoch witlx, =1, but takeN~ 1 (to reflect the

fact that little of the small angular scale anisotropy is due to |n this paper we have explored the possibility of a

conventional last scattering at around the recombination epyjshniac-type contribution to the polarization anisotropy at

och). We hope to return to a better treatment of these modelgmall angular scales. It is well known that nonlinear effects

in future work. can make significant contribution to temperature anisotropy
For model 1 of Peeblefl8], one then getg, ~52, and  on small angular scales through the Vishniac effect, espe-

from Eq. (4.5, 0=821h"* Mpc. Also forz,>1, we have ially in reionized models. This arises due to the mode cou-

f[Q(z,)]—1, while for Q,=0.3, A=0.7, f"*(Q¢)~1.3.  pling of large angular scale first-order velocity perturbations

Putting in all the numerical values, we then get with small angular scale electron density perturbations. We
01 have considered here whether a similar effect contributes to
(AT/T)Q(Te)/ k the polarization anisotropy by studying the coupling of large

Vo) ~ -2
Qp(k)~2./F X107 uK 10 uK \1h Mpc~?! ' angular scale first-order temperature anisotr@padrupole

(4.6)  with small angular scale electron density perturbation in
reionized models.

Here we have scaled\(T/T)o(7,) by a smaller value of 10 We find that in cold dark matter models and its variants,
uK, since these isocurvature models predict a somewhdhe Vishniac-type effect leads to a fairly small polarization
smaller quadrupole than SCDM modéls. Fig 1. of Ref.  anisotropy, withQp~0.02—0.04 uK, on scales withk
[18]). We have also incorporated a facterto remind our-  ~1h Mpc (or angular scales of arc min or smajleHow-
selves that the non-Gaussian statistics of the density fielgver in isocurvature type models the Vishniac-type contribu-
may lead toF times larger prominent upward fluctuations. If tion can result in much larger signals. For the models of Ref.
we wish to converk to | in this model, we again usR,  [18], the anisotropy on small angular scales is non-Gaussian,
=10~ Ty , With 70~2.17/(Q3?H)~11,862.h~ % Mpc (cf.  with prominent upward fluctuations of order 0.1—QuK,

Eq. (20) of Ref. [20]). Also 7,~1520.h"! and sok  assumingF~3. This reflects basically the fact that, the
=1h Mpc corresponds td~10,342, or an angular scale isocurvature type models have much more power on small

~0.33 arc min. scales and so produce much larger electron density fluctua-
A similar analysis for model 2 givesz, ~36, ¢ tions. We note in passing that the suppression factor due to
~171h~! Mpc and a larger polarization signal, with the finite thickness of the last scattering surface on the small
scale polarization anisotropy is much milder than that ob-
(AT/T)g( Te)/ Kk 0.3 tained in Ref[3]. This is because, as mentioned earlier, the
\/Q\F{(k)~5.7F>< 1072 uK - - first order temperature quadrupole contribution arising due to
10 uK \ 1h Mpc the free streaming of the monopole at recombination was not

(47 included in their analysis.
) It is clear that the polarization signals on arc min scales
Note that Peebles adopts a cosmological constant for conedicted by CDM-type models will be difficult to detect, but
venience of analysis. If we were to con3|d¢r open versions Ofygse predicted by isocurvature-type models will be much
these models, ando are nearly the samisincez, >1, but  eagjer. If small scale polarization anisotropy is eventually
the power in electron density perturbation at last scattering IBetected, it will open up the novel prospect of studying di-
much larger, because of a much larger'(Qo). The nu-  rectly both the quadrupole anisotropy and small scale elec-
merical value in Eqs(4.6) and (4.7) atk=1h Mpc™* gets  tron density fluctuations at high redshifts. As pointed out in
increased to\Qp(k,)~4.6Fx10°2 uK (model ) and Ref.[23], in a different context, one can then also reduce the
/Q\,é(kc)~0.17F uK (model 2. Thek dependence remains cosmic variance of the quadrupqle significantly. In .this paper
the same. In the open models, the density on scalds of we have madg sgveral _approxmatlons to analytically esti-
—k, are already going nonlinear aj, and so the above mate the polarlzatlor) qnlsotropy. We plan to return to a bet-
numbers provide only a crude estimate. We see in generdf’ Numerical analysis in the near future.
that these isocurvature models predict much larger polariza-
tion signals compared to the SCDM-type models. First, the ACKNOWLEDGMENTS
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