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Abstract. Measurements of CMB anisotropy and, more recently, p@#dn have
played a very important role in cosmology. Besides precéterdhination of various
parameters of the ‘standard’ cosmological model, obsiemvathave also established
some important basic tenets that underlie models of coggaad structure forma-
tion in the universe — ‘acausally’ correlated, adiabatiimprdial perturbations in a
flat, statistically isotropic universe. These are conristéth the expectation of the
paradigm of inflation and the generic prediction of the sisptealization of inflation-
ary scenario in the early universe. Further, gravitatiomstability is the established
mechanism for structure formation from these initial peoaitions. Primordial per-
turbations observed as the CMB anisotropy and polarizatidghe most compelling
evidence for new, possibly fundamental, physics in theyaariverse. The community
is now looking beyond the parameter estimation of the ‘stadidmnodel, for subtle,
characteristic signatures of early universe physics.
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The ‘standard’ model of cosmology must not only explain tigeaimics of the homogeneous
background universe, but also satisfactorily describepiurbed universe — the generation,
evolution and finally, the formation of large scale struetiin the universe.

The transition to precision cosmology has been spearhebgledeasurements of CMB
anisotropy and, more recently, polarization. Our undeditag of cosmology and structure for-
mation necessarily depends on the rather inaccessiblécghofehe early universe that provides
the stage for scenarios of inflation (or, related altermafiv The CMB anisotropy and polar-
ization contains information about the hypothesized reatfrrandom primordidginitial metric
perturbations — (Gaussian) statistics, (nearly scaleigmwg power spectrum, (largely) adiabatic
vs. iso-curvature and (largely) scalar vs. tensor compbriére ‘default’ settings in brackets are
motivated by inflation.
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Figure 1. The angular power spectrum estimated from the multi-fraqudive and seven year WMAP
data. The result from IPSE a self-contained model free ambrdo foreground removal_[[6] matches that
obtained by the WMAP team. The solid curve showing predictbthe best fit power-law, flat\CDM
model threads the data points closely.[Fig. courtesy: T Gtosh]

The angular power spectrum of the Cosmic Microwave Backgddemperature fluctuations
(C/"have become invaluable observables for constraining ofmgital models. The position
and amplitude of the peaks and dips of @ are sensitive to important cosmological parame-
ters, such as, the relative density of mat€gy, cosmological constan), ; baryon contentQg;
Hubble constant and deviation from flatness (curvature ‘densit{.

The angular spectrum:[TT, has been measured with high precision on up to angularsscale
(¢ ~ 1000) by the WMAP space missian [1], Wh'ﬂgT at even smaller angular scales have been
measured (at somewhat coarse multipole space resoluyogioand and balloon-based CMB
experiments such as ACBAR, QuaD and ACTI[¥, 8]. These datéasgely consistent with a
ACDM model where the Universe is spatially flat and is compasfeddiation, baryons, neu-
trinos and, the exotic, cold dark matter and, at present,umted by the cosmological constant.
Figure[l shows the angular power spectrum of CMB temperd#luctiations obtained from the
5 & 7-year WMAP datal[B]. Most recent estimates of the cosmiolal parameters are available
and best obtained from recent literature, eg. Ref.[1] ardch, is not given in the article.

One of the firm predictions of this working ‘standard’ cosogital model is a linear polar-
ization patternQ andU Stokes parameters) imprinted on the CMB at the last scagfsrirface.
The polarization pattern on the sky can be decomposed imih&ihds,E—(gradient) mode and
B— (curl) mode. For Gaussian CMB sky four power spectra thatadterize the CMB signal :



Cosmology with CMB 3

C]T,C/E,CEFE,CBB. The expected absence of parity violating physics rule 6{%, & CE® in
usual considerations, however, these are potential prafbesotic parity violating phenomena.
The CMB polarization spectra complemé}'}rtT by isolating the &ects at the last scattering sur-
face from that along the line of sight. AI@EE provide an important test on the adiabatic nature
of primordial scalar fluctuations. A clear evidence of adi#binitial conditions for primordial
density fluctuations is that the compression and rarefagt@&aks in the temperature anisotropy
spectrum are ‘out of phase’ with the gradient (velocityydn peaks in thefE.

The first detection OCEE was achieved by the Degree Angular Scale InterferometeS(DA
on (¢ ~ 200- 440) in late 2002([9]. First full sky E-mode maps are from WMHR,[11]. The
best measurements@fF andCEF and upper limits ol€2® come from QUaD and BICEPR][7,1.2].
CEB is clean probe of early universe scenarios and requiredtiséies at tens oK level pose
stiff challenges for ongoing and future experiments.

Besides precise determination of various parameters déthedard’ cosmological model,
observations have also begun to establish (or observéitianeery) some of the important ba-
sic tenets of cosmology and structure formation in the usi&e The recent cosmological ob-
servatio%s have queried and, in some cases, establishddniemtal tenets of cosmology and
structurel.:

o Statistical Isotropy (SI) of the universe: The Cosmological Principle that led to the ide-
alized FRW universe found its strongest support in the disgoof the (nearly) isotropic,
Planckian, Cosmic Microwave Background. The exquisite snemment of the tempera-
ture fluctuations in the CMB provide an excellent test bedefstablishing the statistical
isotropy (SI) in the universe. The observed CMB sky is a singllization of the un-
derlying correlation, hence detection of Sl violation, orrelation patterns, pose a great
observational challenge. The Bipolar harmonic represiemtaf CMB sky is emerging as
method of choice for quantifying Sl violations [3].

e Gravitational instability mechanism for structure format ion: Cosmological perturba-
tions excite acoustic waves in the relativistic plasma ef ¢larly universe. For baryonic
density comparable to that expected from Big Bang nuclethggis, acoustic oscillations
in the baryon-photon plasma will also be observably impgdnonto the late-time power
spectrum of the non-relativistic matter. This has beenbéisteed (coupled to adiabatic-
ity from CMB polarization results) through measurementshef subtle Baryon Acoustic
Oscillations (BAO) in large galaxy surveys [4].

e Origin of primordial perturbations from Inflation: What has been truly remarkable is
the extent to which recent cosmological observations haen lzonsistent with and, in
certain cases, even vindicated the simplest set of assomsptor the initial conditions
for the (perturbed) universe.While the simplest generflaiionary models predict that

1Due to the page limit, these sections are not expanded upbisiarticle, for fuller discussion, seiel[2]. Citations to
work carried out in IUCAA and other important referenceséydwowever, been provided.
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the spectral index varies slowly with scale, specific physica inflationary model can
predict strong scale dependent fluctuations. Search falesigatures in primordial power
spectrum are being hunted as signatures of new physics [5].

The past few years has seen the emergence of a ‘concordamtbtmgical model that is con-
sistent both with observational constraints from the baalgd evolution of the universe, as well
as, that from the formation of large scale structures [18f Tommunity is now looking beyond
the estimation of parameters of a working ‘standard’ modelasmology. There is increasing
effort towards establishing the basic principles and assamptiThe upcoming results from the
Planck space mission will radically improve the CMB polatian measurements. There are
already proposals for the next generation dedicated gatelission in 2026 for CMB polariza-
tion measurements at best achievable sensitivity. Thedepdde would see increasinfiosts
to observationally test fundamental tenets of the cosnicddgnodel and also search for subtle
deviations from the same using the CMB anisotropy and prdtidn measurements and related
LSS observations, such as, galaxy surveys and gravitatemsng.
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