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Getting around cosmic variance
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Cosmic microwave backgroun@CMB) anisotropies probe the primordial density field at the edge of the
observable Universe. There is a limiting precisioaosmic variance’) with which anisotropies can determine
the amplitude of primordial mass fluctuations. This arises because the surface of las{St&t@robes only
a finite two-dimensional slice of the Universe. Probing other SLS’s observed from different locations in the
Universe would reduce the cosmic variance. In particular, the polarization of CMB photons scattered by the
electron gas in a cluster of galaxies provides a measurement of the CMB quadrupole moment seen by the
cluster. Therefore, CMB polarization measurements toward many clusters would probe the anisotropy on a
variety of SLS’s within the observable Universe, and hence reduce the cosmic-variance uncertainty.
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One of the primary aims of cosmology is recovery of the Therefore, the fractional precision with which we will be
primordial spectrum of density perturbations which producedable to determine this variance in the mass distribution is
the large-scale structure in the Universe today. This spectrur@(N’”Z).
should elucidate whether primordial perturbations were pro- To be more precise, the temperatdi@) as a function of
duced by inflation, topological defects, or some alternativedirectionn= (6, ¢) on the sky can be expanded in terms of
mechanism. Although galaxy surveys probe therentmass ~ Spherical harmonics
distribution, theprimordial spectrum is best probed by the
cosmic microwave backgroun(CMB). Large-angle CMB T(R)=2 aYim(6, ), )
anisotropies from the Cosmic Background Explai@OBE) fm
have already probed the spectrum on large distance Scaleﬁith
Furthermore, future experiments such as NASA’s Micro-
wave Anisotropy ProbéMAP) [1] and ESA’s Planck Sur- o R
veyor [2] should recover the primordial spectrum to much alm:f dnT(n) Y, (n). (2
smaller distance scales with unprecedented precision.

However, there is a fundamental limit to the precisionThese multipole coefficients,,, are distributed with mean
with which the CMB can recover the amplitude of primordial {a,,,)=0 and variance,
fluctuations. Theory predicts that the primordial density field .
was a single realization of some random process. To test the (@) @im)=Ci 01 S » ()

theory, we would want to observe and average over a num-

ber of realizations of the random process. However, we hav_@’he_re the angular brac_kets denote an average over all real-
only one Universe to observe, so there will be a samplézat'ons of the random field. The set of expectation valDes

variance, known as ‘“cosmic variance” in the average we'S the angulgr power spectrum of the CMB, the projection of
construct. the three-dimensional power spectruA{k) on the two-

A given theory provides the three-dimensional poWerdlmensmnal SLS. Roughly speakinG, specifies the vari-

spectrumP (k) as a function of wave numbdt This speci- ance in the mass c_ilstrlbutlon ona distance soefél.
. . . o To measure a given expectation valdg we would con-
fies royghly the variance |n7tlhe mass distribution over &truct the 2+ 1 (for m=—1, ... |) a, coefficients from the
comoving-distance scala~k *. NOV.V Suppose, for ex sky map. The average of the squares of these,
ample, that we want to use CMB anisotropies to determing. ~ _ ) i _
the variance in the mass distribution averaged over spher&_zm=fl|alm| /(21 +1) would provide our best estimate
of comoving diameteh. The CMB probes a spherical sur- for C,. However, thls average is over a sample with a f|n|t_e
face of last scattefSLS) at the edge of the observable Uni- Number (2+1) of independent terms. Therefore, the preci-
verse of comoving radiuR, as illustrated in Fig. 1. There sion with which the estimatorQ,) will recover the expecta-
are onlyN~47(R/\)? such volumes probed by our SLS. tion value C)) is limited. If the distribution of density per-
turbations is Gaussian, thertosmic variance with whick,
can be estimated i$2/(2I+1)]¥°C,. Although different
*Electronic address: kamion@phys.columbia.edu cosmological models make different predictions for @&
TElectronic address: aloeb@cfa.harvard.edu measured by COBHi.e., those forl <15), cosmic variance
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these quadrupole moments would allow us to map the pri-
mordial three-dimensional density field and thereby reduce
the cosmic-variance limit to the amplitude of primordial
mass fluctuations when smoothed over a given distance
scale.
Consider clusters located at the points along-the line
of sight indicated by the heavy dots in Fig. 1. The sphere
centered on each cluster is the SLS observed by it. Clearly,
the SLS’s of many clusters spread throughout the observable
Universe(through many different lines of sightvould span
X the entire volume of the observable Universe. The lines per-
pendicular to the line of sight to each cluster indicate the
plane of the quadrupole anisotropy probed by the polariza-
R tion of the scattered radiation we observe. The filled squares
show the points on each SLS where those quadrupole mo-
ments receive their greatest contribution. Although none of
these squares lies closer thRhv2 from us(and the closest
is for a cluster az=3), the volume accessible to the squares
is still (1—27%?)~65% of the observable volume. Although
Fig. 1 shows hypothetical clusters with> 3, the location of
the squares indicates that the accessible volume is equally

FIG. 1. Thex;=0 slice of the observable Universe in comoving Well probed by a sample of clusters withe3. In principle,
coordinates. We are at the origin and thedirection is out of the ~ OUr approach could be applied to other objects, such as ga-
page. The heavy circle is our surface of last sca®S) located a  lactic halos which exist at higher redshifts.
comoving distanceR from our position at the origin. Clusters at ~ Crudely speaking, each polarization signal measures dif-
redshiftsz=0.5, 3, 10, and 45 are located at the comoving positionderences in the primordial density at points indicated by the
indicated by the heavy dots along thex, line of sight(assuming a  squares in Fig. 1. Therefore, by mapping the polarization of
critical-density universe The circle centered on each cluster is the clusters throughout the Universe, we can reconstruct the pri-
SLS seen by it. The filled squares show the primary plane of thenordial three-dimensional density field through most of the
quadrupole moment which polarizes the radiation scattered to us.volume of the observable Universe in much the same way as

COBE maps the temperature on the sky from measured tem-
restricts our ability to discriminate between these differentoerature differences. Therefore, polarization measurements
models with COBE measurements. of the CMB through a number of distant clusters would al-

If we could send observers to numerous distant location#ow us to probe a larger volume of the observable Universe
in the Universe and have them report back to us on the CMBhan that accessible just from our SLS.
anisotropies measured at each of these locations, then we The variance in the mass distribution on a comoving-
would have additional independent multipole coefficientslength scalex can be measured with onlM~4m(R/\)?
and therefore be able to overcome the cosmic-variance limiindependent regions of size on our SLS. However, the
Although this is not practical, wean probe the anisotropy Vvolume of the Universe contains roughlfR/\)* indepen-
seen by distant observers. dent regions of sizé. Therefore, if we can map the primor-

If one looks at the CMB through a cluster of galaxies, adial density field from cluster polarizations, then the cosmic
fraction of the photons have been scattered by the electrovariance in the determination of the primordial amplitude of
gas in the clustdmiving rise to the Sunyaev-Zel'dovidi$2) density fluctuations could be reduced by upa¢/\/R).
effect[3]]. If the radiation incident on the cluster has a quad- In addition to reducing the cosmic variance to the ampli-
rupole anisotropy in the plane normal to the line of sight totude of primordial inhomogeneities, the measured signals
the cluster, the scattered radiation will be linearly polarizedcould provide information complementary to that obtained
[4,5]. Moreover, the polarization vector will be determined from CMB anisotropy experiments. First, the SLS’s for clus-
by the amplitude and orientation of the quadrupole anisotters at high redshift will be smaller than ours, so their quad-
ropy of the incident radiation. By determining the linear po-rupole moments probe smaller scales, comparable to those
larization of the CMB through a distant cluster, we are meaprobed by our higheF-moments. Therefore, by observing
suring two components of the quadrupole moment of thehe redshift dependence of the mean cluster polarization, we
cluster's SLS. obtain an independent measure of the shape of the power

The quadrupole moments we probe in this way are thosspectrum. Furthermore, if the Universe does not have a criti-
measured at earlier times when the Hubble radius is smallaral density, additional anisotropies will be produced along
than the current Hubble radius. Depending on the cosmolthe line of sight[6]. Therefore, by comparing the redshift
ogy, the expectation value of the quadrupole moment magependence of the cluster polarization signal with the CMB
evolve with time, and it depends on the size of the Hubbleanisotropy measurements, one could separate the line-of-
radius. Therefore, these quadrupole moments cannot be corsight contribution from the anisotropy produced at the SLS.
pared directly with our quadrupole moment, and the cosmic- The signal imprinted by reionization on the CMB
variance limit to our quadrupole moment cannot be reducedanisotropies could also probe the density distribution over an
However, as we discuss below, measurement of many afxtended volume in the Universe. However, the reionization
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signal is integrated over a range of redshifts and cannot prggractically zero on the~1' scale of a cluster core. One
vide local information of the type obtained from individual could therefore search for the special polarization pattern be-
clusters: inference of the three-dimensional density distribuhind the cluster associated with the scattered quadrupdle
tion from two-dimensional power spectra requires model-A peculiar velocityv, of the cluster transverse to the line of
dependent assumptions about the ionization history. It isight induces effects of order 0ul(/c)?r or 0.025¢, /c) 2
quite plausible that even before such polarized SZ measuré¢8], both of which are much smaller than the quadrupole
ments can be carried out, the three-dimensional mass distrignal for the characteristic value of /c~10 2. Comple-
bution in the Universe may be mapped over most of thementary measurements of radial peculiar velocities, using
observable Universe with distant galaxies, quasars, x ray§the much strongerkinematic SZ effect, can be combined
HI, etc. However, these will probe the presdot recent  with the assumption of statistical isotropy to subtract the
power spectrum, whereas SZ polarizations will mapghe  transverse-velocity contribution to the polarization in a sta-
mordial mass distribution. Our polarization decomposition oftistical way. The small polarization signals induced by a sec-
the line-of-sight and SLS anisotropies could independentl@nd scattering of photons from the thermal SZ effect, by
confirm results from studies of matter/CMB correlatig@s  Scattering of radiation from internal radio sour¢é$ or by
Finally, we consider the detectability of the signal. Thedravitational effect49], have different frequency or spatial
polarization amplitudéin units of the CMB temperatuyés distributions and could be separated from the quadrupole sig-
expected to be 0D, wherer is the optical depth of the Nal- _ o _
cluster (as inferred from x-ray observationand Q is the _ In conclu5|_on, although <_:Iuster polgrlzanon is |nacce55|ble
CMB quadrupole momen#,5]. AdoptingQ~7x10 ¢ and Wlth current instruments, its future implementation should
a typical value ofr~10~2 for a rich cluster, we get a polar- g||ve lf(S a v;/lgy to I?ccesi cr)]ther_SLgltﬁer t?e MAP and
ization signal~108. Is this detectable? With current tech- Planck sateliites tell us all there Is to learn from ours.

nology, no. However, the rate of progress in CMB measure- We thank U.-L. Pen and U. Seljak for useful comments.
ments is phenomenal. A one-year dedicated experiment witithis work was supported at Columbia University by U.S.
a uK /sec sensitivity could, in principle, measure the aboveDOE Contract No. DEFG02-92-ER 40699, NASA ATP
signal for ~10° clusters. Grant No. NAG5-3091, and the Alfred P. Sloan Foundation,

The quadrupole signal dominates over competing sourceand at Harvard University by NASA ATP Grant No. NAG5-
of polarization. The intrinsic CMB polarization fluctuation is 3085 and the Harvard Milton fund.
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