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Cosmic Microwave Background Polarization as a Direct Test of Inflation
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We study the autocorrelation function of cosmic microwave background polarization anisotropies and
their cross correlation with temperature fluctuations as a probe of the causal structure of the Universe.
Because polarization is generated at the last scattering surface, models in which fluctuations are causally
produced on subhorizon scales cannot generate correlations on scales larger2thainflationary
models, on the other hand, predict a peak in the correlation functions at these scales: its detection would
be definitive evidence in favor of a period of inflation. This signal could be detected with the next
generation of satellites. [S0031-9007(97)04083-0]
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Temperature anisotropies in the cosmic microwavdlationary pattern of peaks can be constructed [3]. While
background (CMB) are one of the best probes of thehe predicted CMB fluctuations of the current family of
early Universe. CMB measurements are likely to answedefect models differ significantly from inflationary pre-
one of the fundamental questions in cosmology: thelictions [4], it is useful to have model independent tests
origin of the fluctuations that formed the galaxies and theof the causal structure of the early Universe.
large-scale structure. If the fluctuations are consistent Polarization fluctuations are produced by Thomson scat-
with current models of structure formation, then accuratderings during the decoupling of matter and radiation.
measurements of the fluctuations could lead to a precis€hus, unlike temperature fluctuations, they are unaffected
determination of a large number of cosmological parameby the ISW effect. Measurements of the polarization fluc-
ters [1]. tuations are certain to probe the surface of last scatter.

There are two competing sets of theories for strucHence, the detection of correlated polarization fluctuations
ture formation: defect models, where a symmetry breaken superhorizon scales at last scattering are a definitive sig-
ing phase transition generates seeds that form subhorizorature of the existence of superhorizon scale fluctuations,
scale density fluctuations, and inflationary models, wher@ne of the distinctive predictions of inflation. [In this Let-

a period of superluminal expansion turns quantum flucter we will consider the correlation function in real space
tuations into superhorizon density perturbations. A fun<i.e., as a function of the separation angle) rather than the
damental difference between these two mechanisms afsual power spectrum. By doing so, we can easily express
structure formation is that only inflation alters the causathe causality constraint, while it would become a set of in-
structure of the very early Universe and is able to creatéegral constraints that the power spectrum has to satisfy in
correlations on superhorizon scales. the now more usual treatment in terms@fs.]

The COBE satellite observed correlations on angles We will work in the initially unperturbed syn-
much larger than that subtended by the horizon at decowhronous gauge, where the metric is given &y =
pling (#, ~ 1.1°) in the CMB temperature. This does a?(7)[—d7? + (8;; + h;j)dx'dx’]. We will consider
not, however, imply that there were correlations on su-only perturbations produced by scalar modes and will
perhorizon scales at decoupling because a time dependestlve the Einstein equations in the presence of sources
gravitational potential will produce temperature fluctua-(e.g., defects) using the stiff approximation [5]. The
tions at late times, the integrated Sachs Wolfe effect (ISW)sources are characterized by their covariantly conserved
For example, cosmic string or texture models predict thastress energy tens®,,. Before recombination, matter
most of the fluctuations observed by COBE were producednd radiation act as a very tightly coupled fluid, so the
atz < 10. evolution of fluctuations can be described by

Measurements of temperature fluctuations at small a - 5
scales have been suggested as a potential test of inflatigte * - 8¢ = 4wG{ D (1 + 3c})pndy + O + O |,
inflationary models and most noninflationary ones predict N

different locations and relative heights for the acoustic S = 4 Sc — iv VR, (1)
peaks [2]. Unfortunately, causality alone is insufficient 3 3

to distinguish inflationary and noninflationary temperature . 5\ 5

power spectra: causal sources that mimic exactly the in- Ve = —(I = 3cg) 2R Ty csVér,
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where® /3 is the pressurejz andvg describe the energy the Thomson scattering cross section and we have writ-
density and velocity of the photon-baryon fluid, akeis  ten the scattering matrix @&(m,i’) = —3/40(m - i’)?

the energy density of cold dark matter. In synchronousvith m = &; + ié, . In the last step, we integrate over
gauge, the cold dark matter has zero velocity. The sunall directions of the incident photong.

over N is carried out over all species and is the sound As photons decouple from the baryons, their mean free
speed. Temperature and polarization anisotropies seen @ath is growing very rapidly, so a more careful analysis is
the sky today depend a8k andvg at decoupling. needed to get the final polarization [9],

Equations (1) imply that the photon-baryon fluid N AN i
propagates information at the speed of sound and thus (Q +iU) () ~ 017An.m'm’9;v)l. (3)
cannot generate correlations on scales larger than thehere Ar. is the width of the last scattering surface
sound horizon. Causality, on the other hand, im-and gives a measure of the distance photons can travel
plies that the unequal time correlators of the sourcebetween their last two scatterings. The appearance of
(04, (r,7)0,,(0,7')) vanish if r > 7 + 7/. In the ab- m in Eq. (3) assures thdp + iU) transforms correctly
sence of initial correlations, these two conditions togetheunder rotations ofé;, &,). Equation (3) shows that the
imply that (X|. (A;)X|, (fy)) =0 if 0, > 20, ~ 2°, observed polarization depends only on the state of the
whereX = &g, vg, d;vg andr. is the conformal time of fluid at the last scattering surface. No correlations can
decoupling. be present in the polarization for separations larger than

In the thin scattering surface approximation, Egs. (1)~2° in noninflationary models.
are solved up to recombination and then the photons free Polarization can be decomposed into two distinct

stream to the observer. The final temperature anisotropyarts [7]: E and B with ag, = —(axm + a2m)/2 and
in directionii on the sky is agym = —(azm — azm)/2i . Only four power spectra
s are needed to describe the full radiation field, three auto-
T@) = — |, — A - vgl, — f drhia'a/ . (2)  correlationsCx; = [1/(21 + 1)]3,{ax imaxim) for X =
4 T,E,B and the cross correlation betwedn and T,

The first two terms are evaluated at the last scatteringc; = [1/(21 + 1)13.,4a7.im@E im)-
surface, and the third term is an integral along the line Density perturbations contribute only # [7,8].
of sight, the ISW effect. In noninflationary models, the can illustrate this point using Eq. (3), and for convenience
first two terms cannot correlate temperature fluctuations athoosingii = Z and m = % + iy. In the small scale
separations larger tha®, ~ 2°, but because anisotropies limit, we haveV?B = (a§ — 92U + 29,9,0 [7] [where
can be created later through the ISW effect these model® = (92 + 92) is the 2D Laplacian]. This give8’B =
can have temperature correlations on larger angular scalesy2{z - (V x vg)} and is zero because the velocity field
Polarization is produced by Thomson scattering ofproduced by density perturbations is irrotational.
radiation with a nonzero quadrupole moment at the last The correlation functions aP andU can be defined in
scattering surface. The photons that scattered off @ way which makes them independent of the coordinate
given electron came from places where the fluid hadystem [8], given two directions in the sky we first rotate
velocity vg, and thus because of the tight coupling the(g,, ¢,) in each direction so that bo# are aligned with
photon distribution function had a dipolf; = i - vr.  the great circle connecting the two points. We then use
Furthermore, gradients in the velocity field across thghe Q and U as measured in this system to compute the
mean free path of the photons,() created a quadrupole correlation functions which depend only @nthe angle

T, = A,n'n’d;vg; in the photon distribution “seen” by petween the two directions. They are given by
each electron This quadrupole generates polarization

through Thomson scattering. CcQV)(g) = Z 20+ 1 [C(EB Fl(6) - (BE F2(0)],
Linear polarization is described by X 2 traceless 1
tensor fully specified by the) and U Stokes parame- 4)

ters [6]. These parameters depend on the direction OJvhere
observationii and on the orientation of the coordinate

system perpendicular th, (é;,é,) used to define them. Y20, ) =421 + 1)/da

Two independent combinations with spi2 provide a 1 2 .
more convenient description) + iU. Under rotation X LF(0) = Fi(6)]exp2i).
of the (é;,é,) basis by an angley, this combination Both correlation functions receive contributions from the
transforms as(Q’ = iU’) = exp(¥2i)(Q * iU), and E and B channels. TheE channel contains all the
can be expanded in spin2 harmonics,(Q =+ iU)(fi)) =  cosmological signal if there are no tensor or vector modes.
S imas2im +2Y["(0) [7]. An equivalent expansion us- We computed bothC‘@¥)(g) for the model proposed
ing tensors on a sphere can be found in [8]. The scatey Turok which has a clever choice of source stress
tered radiation field is given b§Q + iU) = —3/407 X  energy tensor that is able to reproduce the pattern of peaks
[dQ' /47 (m - A)Ty(R') « A,m'm/d;v;|,., wherear is  of inflationary standard CDM (sCDM) [3]. The results
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are shown in Fig. 1. We see that the inflationary model isvhich gives the following variances for the correlation
able to produce correlations on angular scales larger thamnctions:

~2°, while the other model cannot. On a smaller angular 2] + 1\2

scale than shown in Fig. 1, the two correlation functions [AC@V = Z( 2 )

coincide. The difference between the two models is a ! &

result of the causal constraints and is insensitive to source X {Cov[C(ZE’B),] [F}(6)F

evolution. Itis also worth pointing out that in inflationary 2 2N
models the large scale polarization is suppressed relative + CovCip ey LFI(0)]}. (6)
to the small scale signal, so we are after a small effect. Figure 1 shows the noise in each correlation, in the limit

Next, we estimate the expected uncertainties in meawhere the variances are dominated by receiver noise
suring C‘2-Y)(9). Since receiver noise is likely to be the (AC?)? = (ACY)? and agree perfectly with our previous
dominant source of variance, we can make a simple esstimates. If either the cosmic variance is important or
timate of the total noise: it is proportional to the numberthe power spectra of andB differ, then the approximate
of independent pairs of pixel&/, at a given separation estimate of the previous paragraph is not accurate, and the
6. For an experiment with a full width at half maximum full calculation should be used to estimate the noise.
of Opwum, N, = 1/2 X (47 /0kwum) X 270/ 0pwam).- The nqise in the c_orrelf_;ltion functions can _be reduced
If oy is the noise in the polarization measurementdy focusing on thet-like piece of the polarization. The
per resolution element, then the noise in the cross corrgloise in %(i:)t(ﬁé rec(;eg/es C(:nt“guilgns from :_he \l;aftlr-]

P V) — v 2~ —1 ances in bo and B spectra, but by computing bo
lation is given byAC A 12/ Ny (ZT(Q’U) 2wp X contributions separately we can show that the variance in
V0.2°/0pwimy/2°/60 wherew, ' = o(0.0)QLpix/47. E(B) makes the dominant contribution 5oC2(ACY). If

We can make a more accurate determination of th@e filter the maps to pull out only th& component, then
noise using the covariance matrix of the different powefye remove not only the8 signal but also some of the
spectra [7]: noise, ACY goes down almost by a factor ef4. The

n 2 . L Por assumption that most of the signal is in theehannel can
Cov[Cz gyl = 71 [Cesy + wp e ], (5)  pe checked within the data as bdthand B contributions
can be measured separately from the maps.

For the MAP satellite, without filtering the noise,
ACY) = 036//0uK?, so it will not be sensitive
enough to detect this signal, even if we combine all

T o03fe) Tl ggm 3 of the three highest frequencies. However, if we filter
S 02 B - T the map to extract th& channel signal, then the noise
s % :[—\ = A in the MAP experiment drops taCY ~ 0.1/+/0 uK?,
© onElL ' 3 and theC? signal should be detectable. The PLANCK
2 4 6 8 . . N -
P satellite, with its very sensitive bolometers, should be able
to achieveAC@-Y) = 0.003/+/6 wK? and should easily
T 0'(1) e o T T T T be able to detect boti? andC2. As cosmic variance is
o1l T T ——% 3 not the dominant contribution to the noise, an experiment
e :g~§ -—- zgg.P E observing a small patch of the sky could also potentially
© Toa B L L, e detect this signal.
2 e 6 8 The temperature-polarization cross correlation [10] is
another potential test of the origin of fluctuations: al-
T 2 o)’ though ISW effects produce temperature fluctuations after
2 o decoupling, we still do not expect correlations between
% -2 temperature and polarization on large angular scales for

defect models. The correlations between temperature and
polarization fluctuation direction®, andi, are

T0 .
FIG. 1. Correlation functions folQ (a) and U (b) Stokes AT (R5)) = (OF T — lf SN Y
parameters for sCDM and the causal seed model discusseéQ(nl) (B2)) <Q1 2> 2 ) drn1n1< ”(T)Q1>’

in the text. The noise in their determination is shown for 7
both MAP and Planck. Panel (b) shows the expected noise (7)
for MAP if the CMB maps are filtered to include only the  7* stands for the first two terms in Eq. (2) agd is given
channel signal. Panel (c) shows the cross correlation betwquy Eq. (3)

temperature and polarization and the noise for MAP; the ) ) o .
expected variance for Planck is even smaller. Each resolution !N the polarization temperature cross correlation, only
element in the correlation function should be considered aghe term involving the line of sight integration could
being independent. produce correlations on large angular scales. This would
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require correlations between the late time variations otonstraints that could distinguish inflation from noninfla-
the metric and the velocity at last scattering. For this taionary models: this signal is much larger and will be well
occur in defect models, they must be moving very fasabove the noise for MAP. The next generation of satellites
and remain coherent as they evolve from recombinatioor even polarization measurements from the ground could
to very late times. As Fig. 1(c) shows, even Turok'sprovide a definitive test of the inflationary paradigm in the
causal seed model, which mimics inflation remarkablyrelatively near future.
well in the temperature correlation, does not predict any We thank Richard Battye, Diego Harari, Wayne Hu,
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