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Uroš Seljak,1,* Ue-Li Pen,2,† and Neil Turok3,‡

1Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 0
12Harvard College Observatory, 60 Garden Street, Cambridge, Massachusetts 02138

3DAMTP, Silver Street, Cambridge, CB3 9EW, United Kingdom
(Received 24 April 1997)

We compute the polarization power spectra for global strings, monopoles, textures, and nontop
cal textures, and compare them to inflationary models. We find that topological defect models pre
significant (,1 mK) contribution to magnetic type polarization on degree angular scales, which is
duced by the large vector component of the defect source. We also investigate the effect of decoh
on polarization. It leads to a smoothing of acoustic oscillations both in temperature and polariz
power spectra and strongly suppresses the cross correlation between temperature and polarizat
tive to inflationary models. Both effects should be testable with the next generation of CMB sate
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Fluctuations in the cosmic microwave backgrou
(CMB) have the promise to become the most power
testing ground of cosmological models today. Th
main advantage is that they test the universe in its e
stages of evolution, when it was much simpler than
is today. The physics that determines the fluctuatio
is well understood and the small amplitude of pert
bations allows one to use linear perturbation theory
perform the calculations to almost arbitrary accura
Moreover, theoretical predictions are very sensitive
various cosmological parameters, holding the promise
their determination to a high precision. It has long be
recognized [1] that polarization in the microwave bac
ground shares these same advantages, but is sensiti
somewhat different physical processes and as such w
provide a valuable complementary information to t
temperature measurements. Although the amplitude
polarization is typically less than 10% of temperature a
has not yet been observed so far, the sensitivity of fut
experiments such as MAP and Planck satellites sho
allow one to map polarization with a high accuracy ov
a large fraction of the sky. In particular, the temperatu
polarization cross correlation offers particular promise
a clean observational signature well within reach of
next generation of CMB satellite measurements [2,3].
addition, it was recently shown that polarization Stok
parametersQ andU can be decomposed into electricsEd
and magnetic (B) components [4,5], which have opposi
parities allowing one to make a model independent ide
fication of nonscalar (i.e., vector or tensor) perturbation

Most previous work on polarization has concerned
predictions of inflationary models, where power spec
are easy to compute with a high accuracy, allowing one
propose several high precision tests of cosmological m
els. In contrast, the competing theories of cosmic str
ture formation, based on symmetry breaking and ph
ordering, have been plagued by calculational difficult
0031-9007y97y79(9)y1615(4)$10.00
d
ul
ir
rly
it
ns
r-
to
y.
to
of
n
-
e to
uld
e
of
d
re

uld
r

e-
as
e

In
s

e
ti-

s.
e

ra
to
d-
c-
se
s

preventing firm conclusions from being drawn. Thes
theories involve a stiff causal source comprising the o
dering fields and/or defects, which continually perturb th
Universe on ever larger scales. Both the nonlinear ev
lution of the source and a full linear response theory fo
the linearized EinsteinyfluidyBoltzmann equations are re-
quired to compute power spectra in such models. R
cently, the first accurate calculations of power spectra
global defect models covering all observational scales
interest have been presented [6], employing a new tw
stage calculational method. First, an accurate numeric
code for field evolution is used to measure the unequ
time correlator of the defect source stress energy tens
Qmn . This quantity uses all the information present in th
simulations, incorporates the powerful property of sca
ing evolution, and preserves enough information need
to compute all power spectra of interest. In the secon
part of the calculation, the unequal time correlator is de
composed into a sum of coherent sources, each of wh
can be fed into the linearized EinsteinyfluidyBoltzmann
equations, which are evolved using a modifiedCMBFAST

code [7] from the early epoch until today. Contribution
from individual coherent sources are then added togeth
incoherently to obtain the total power spectrum of inte
est. Several independent tests all give consistent resu
to within about 10%.

The results of this calculation indicate that in symme
try breaking theories a significant component of CMB
anisotropies on large scales is contributed by vector an
to a lesser extent, tensor modes, in addition to the usu
scalar modes. The shallow peak in the power spectru
typically around l , 100, is determined by the vector
modes that are only weakly dependent on cosmologic
parameters. In addition, the defect stress-energy tens
whose evolution is nonlinear, is continuously sourcing th
metric perturbations, which in turn are sourcing the flu
ids. This leads to a decoherence: even though fluids a
© 1997 The American Physical Society 1615
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oscillating in different regions of the universe, these o
cillations may be out of phase with each other and do
show up when averaged over the whole sky. Calculati
indicate that decoherence leads to a partial or comp
destruction of acoustic oscillations. As a consequence
these two features, varying cosmological parameters h
smaller effect on the temperature spectrum than in in
tionary models.

The significant amount of power seen in degree sc
experiments compared to COBE already poses proble
for this class of models [6], although given the difficul
of these measurements one would require further con
mation with the future observations before completely r
ing them out. Moreover, it is possible that a modifie
version of symmetry-breaking models that satisfies
current observational constraints will be found, and so
is important to investigate other properties of this class
models. In this Letter we concentrate on polarization
CMB and show that it has several characteristic prop
ties that enable one to distinguish the defect models fr
inflationary models.

Electric and magnetic polarization.—Polarization in
the microwave background is created by Thomson sc
tering of photons on electrons. However, if the phot
distribution function has zero quadrupole moment in t
electron rest frame, then no polarization can be gen
ated. Before electron-proton recombination the pho
mean free path is very short and the system forms a per
fluid, whose phase space density has only monopole
dipole moments nonzero. After recombination the ph
tons start to free stream, which generates the quadru
and higher moments of the distribution function. At th
same time the probability for Thomson scattering rapid
decreases, so polarization can only be generated durin
combination. Its amplitude will in general be smaller th
the amplitude of temperature fluctuations. These proce
are generic, and one expects some amount of polar
tion to be present irrespective of the specific cosmologi
model. However, symmetry-breaking models differ fro
inflationary models in several aspects, of which the t
most important are the relative contributions from scal
vector, and tensor modes and decoherence. We will sh
below that both lead to a very distinctive signature
polarization.

Temperature and polarization spectra for various sy
metry breaking models are shown in Fig. 1. Both ele
tric sEd and magnetic (B) components of polarization ar
shown. We also plot for comparison the correspon
ing spectra in a typical inflationary model, which w
have taken to be the standard cold dark matter (CD
model (h ­ 0.5, V ­ 1, Vb ­ 0.05) with equal amount
of scalars and tensorssTyS ­ 1d—the latter model has
about as large aB component as is possible in inflationar
models. In all the models we assumed no reionizati
The most interesting feature of the symmetry-break
models is the large magnetic mode (B) polarization, with
1616
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FIG. 1. Power spectra of temperaturesT d, electric type po-
larization sEd, and magnetic type polarization (B) for global
strings, monopoles, textures, and nontopological textures.
comparison we also show the corresponding spectra in a s
dard CDM model with TyS ­ 1 (which maximizes the B
component present). Defect models all predict a much larg
component ofB polarization on small angular scales.

a typical amplitude of 1mK on degree scales. For multi-
poles belowl , 100, the contributions fromE andB are
roughly equal. This differs strongly from the inflationar
model predictions, whereB is much smaller thanE on
these scales even for the extreme case ofTyS , 1. The
reason for this difference is a combination of differen
relative contributions from scalar, vector, and tens
modes in the two classes of models and their corr
sponding contributions to electric and magnetic types
polarization. Relative contributions from each type o
perturbations toT, E andB are shown explicitly in Fig. 2
for the global string model. Inflationary models genera
only scalar and tensor modes, while symmetry-breaki
models also have a significant contribution from vect
modes. Scalar modes only generateE, vector modes pre-
dominantly generateB, while for tensor modesE and B
are comparable withB being somewhat smaller [4,8]. To-
gether this implies thatB can be significantly larger in
symmetry-breaking models than in inflationary models.

The amplitudes ofE andB polarization as a function of
scale can be understood qualitatively from the evolutio
of scalar, vector, and tensor modes. The latter two dec
away on subhorizon scales, so on small angular scales o
scalar modes are important, hence onlyE will contribute
there in inflationary models. In such modelsB is typically
much smaller thanE on degree scales, with the tota
amplitude less than 0.3mK in the absence of reionization
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FIG. 2. The breakdown of the contributions to the total pow
by the scalar, vector, and tensor components for a global st
model. Scalars and vectors dominateE and B polarization,
respectively. Other defect models give qualitatively simi
results.

[9], while the amplitude ofE can be severalmK on
subdegree angular scales. In symmetry-breaking mo
most of theE component is still generated by scalar mod
However, nowB will not be negligible compared toE,
because it is dominated by vectors, which are an impor
component in the defect source, but do not contrib
significantly to E. Moreover, defects are sourcing flui
perturbations even after horizon crossing, so vectors
tensors are important also on subdegree scales.

Decoherence.—Another interesting question is how
coherent are polarization spectra in symmetry-break
models relative to their inflationary counterparts or to t
temperature spectra. In general, one expects some de
of decoherence in any symmetry-breaking model [6,1
and this leads to a smearing of characteristic acou
peaks in the spectrum. Appearance of such peaks is
key requirement for the accurate determination of cosm
logical parameters, because their amplitude and posi
depend sensitively on parameters such as baryon and
ter density, Hubble constant, curvature, etc. Tempera
spectra in the symmetry-breaking model show little
no evidence of acoustic oscillations (Fig. 1 and Ref. [6
Both velocity and density contribute to temperature a
are out of phase in the tightly coupled regime [11], whi
leads to partial cancellation of the peaks even bef
decoherence. On the other hand, polarization rece
contribution only from velocity of photon-baryon plasm
during recombination [11], so for a coherent source
peaks in polarization will be narrower than in temper
r
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ture. Note that acoustic oscillations are expected only
scalar modes and hence forE polarization. The spectra
in Fig. 1 confirm this expectation, and acoustic peaks a
indeed somewhat more visible inE polarization than in
temperature spectra. However, decoherence still plays
important role, leading to a suppression of peaks, be
progressively more important for lowerN (whereN is the
dimension of the field). In the case of strings (Fig. 2
acoustic oscillations are completely washed out
temperature and almost nearly so in polarization pow
spectra.

Decoherence has an even more dramatic effect on
cross correlation between temperature andE polarization.
Here the spectrum can be either positive or negative,
decoherence may actually destroy the cross correlat
[12]. In addition, causality requires the correlation t
vanish on scales larger than the horizon in defect mod
[13]. Figure 3(a) shows the cross-correlation pow
spectra for the defect models studied here, together w
the CDM model for comparison. As expected, cro
correlation is strongly suppressed in the defect mod
relative to the inflationary model, having 5–10 time
less power. Part of this suppression is simply due to
smaller amplitude of both temperature and polarizati
in symmetry-breaking models. To correct for that w
show in Fig. 3(b) the correlation coefficientCorr l ­
CClysCTlCEld1y2. On intermediate scales (l , 400) cross
correlation in coherent models oscillates roughly arou
zero. Here decoherence can destroy any correlations

FIG. 3. The cross-correlation power spectrum (a) and t
correlation coefficient (b) for the same defect models as
Fig. 1, as well as for the standard CDM model. Defe
models predict significantly less power in cross correlation th
inflationary models.
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practice decoherence is not perfect and some correlati
remain, but the correlation coefficient is very sma
compared to inflationary models. On smaller scales t
cross correlation becomes predominantly negative w
the more incoherent model (strings) tracing the broadba
average of the more coherent ones. The cross correla
in the defect theories is phase shifted by,180± relative
to that in the inflationary model, a result of the we
known ,90± phase shift in isocurvature perturbatio
modes relative to adiabatic ones. Note also the sign
the cross correlation at smalll: positive for scalar and
vector perturbations and negative for tensors [8,14].

To address the question of whether the polarizati
signal discussed in this Letter is detectable with the futu
CMB missions we will use a simple signal to nois
estimator [15]

SyN ­
X

l

s2l 1 1dfskyC2
l

2fCl 1 w21elsl11ds2
b g

, (1)

wherefsky is the sky coverage,sb is the Gaussian beam
size of the instrument in question, and the instrument no
is characterized withw21 ­ 4ps2yN . Here N is the
number of pixels ands is the receiver noise in each pixel
Typical values for MAP ares0.1 mKd2 and s0.15 mKd2

for temperature and polarization, respectively, while f
Planck they are a factor of,100 smaller. The expres-
sion above includes both noise and cosmic variance an
valid for T , E, andB power spectra, while it is somewha
more complicated for the cross correlation [4,5]. Using t
typical numbers for MAP we find that it will reachSyN
of order unity on bothE andB polarization in symmetry-
breaking models. For an unambiguous detection of p
larization, one would therefore require either several ye
of MAP observations or the Planck mission. In the latt
caseSyN will be above 20 in all the models, making pos
sible a clear detection of magnetic polarization. In co
trast, in inflationary modelsSyN , 3 in B polarization
even ifTyS ­ 1.

The prospects of detecting cross correlation betwe
temperature and polarization are even better. The am
tude of cross correlation in inflationary models is qui
large and should be detected by the MAP satellite ov
a range of scales up tol , 500 [3]. Even for symmetry-
breaking models the detection of cross correlation sho
be marginally achievable at the MAP sensitivity level
with typical SyN , 5. This would therefore allow a de-
tailed comparison between the model predictions in the t
competing theories. As discussed above, MAP detect
of a large signal in cross correlation would not favor th
symmetry-breaking models such as the ones studied h

In conclusion, symmetry-breaking models predict
large magnetic type polarization on small angular sca
1618
ns
l
e

th
nd
ion

of

n
re

se

r

is

e

o-
rs
r

-

n
li-

er

ld
,

o
n

e
re.
a
s

and a small cross correlation between temperature a
polarization relative to inflationary models. These pre
dictions are quite robust: detection of magnetic polariz
tion on subdegree scales would demonstrate a prese
of nonscalar perturbations, which should be negligible
inflationary models, while absence of significant cros
correlation on degree scales would indicate causality a
decoherence. Both predictions should be accessible to
perimental verification in the near future.
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