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The Isotropic Universe

Cosmic Microwave Background

obel prize
1978

Serendipitous discovery of the dominant Radiation content of the
universe as an extremely isotropic, Black-body bath at temperature

T,=2.725 (+/-0.002)K .

“Clinching support for Hot Big Bang model”



Relative size of the universe

‘Standard’ cosmological model:
Geometry, Expansion & Matter
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Cosmic “Super—IMAX” theater
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CMB Anlsotropy & Polarlzatlon
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Statistics of CMB

CMB Anisotropy SKky map => Spherical Harmonic decomposition
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Statistical 1sotropic & Gaussian CMB anisotropy 1s
completely specified by the

angular power spectrum
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The Angular power spectrum n M
of CMB anisotropy depends C : , :
sensitively on Cosmological /

h
parameters _ _ 11 .
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Hence, a powerful tool for
constraining cosmological

0.020.025 A5 2096 parameters.
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Q, h* -
Multi-parameter Joint likelihood (MCMC)




Music of the
Cosmic
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Cosmic “Super-IMAX” theater

& Now
(14 Gyr)

Transparent universe




Perturbed universe: superposition of
random ‘pings’

(Fig: Einsentein )



Ping the ‘Cosmic drum’

More technically,

(Fig: Einsentein ) the Green function



Dissected CMB Angular power spectrum

Low multipole :
Sachs-Wolfe plateau

Damping Env.

* Moderate multipole :
Acoustic “Doppler” peaks

Potential Env.
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COBE, Post-COBE Ground & Balloon Experiments

COBE
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Highlights of CMB Anisotropy Measurements (1992- 2002)
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The Cosmic Microwave Background as seen by Planck and WMAP

Planck



WMAP: Angular power spectrum

Independent self contained analys1s of WMAP multi-frequency maps
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Pre-Planck Angular power spectrum
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Image Credit: NASA / WMAP Science Team
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Dark Matter 22.7% Dark Matter

ey /2.8% Dark Energy

Before Planck After Planck
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Revised Hubble constant
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Planck+lensing+WP+highLL Planck+WP+highL+BAO
Parameter Best fit 68% limits Best fit 68% limits
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Planck Collaboration: The Planck mission
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CMB Maps at Planck Frequencies

Planck all-sky foreground maps ase 2011

consortia

HFI 353 GHz HFI 545 GHz HFI 857 GHz



Fringe benefit: First CO map of the full sky 't 10

100 GHz

Location of cold molecular clouds in our galaxy
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Bootes 2

Signature of star formation in the universe
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Planck Focal Plane
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Credit: ESA, HFI & LFI consortia



Gravitational Instability

Mildly Perturbed universe Present universe at z=()
at z=1100

CMB Map

(credit: Virgo simulations)



Planck polarization not
used 2013 results:
' lae) Teaser for

ikihisd Polarization results in
2014
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Gravitational Instability
Time =

2=3 z=1

Q, =03

Cosmological
constant + ACDM

cold dark
matter

Standard
cold dark

SCDM (RN o
matter T s v

(quarter size ) (half size) ( now )

(fig: Virgo simulations) expansion =»



Weak lensing: Light detlects due to gravity
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Fig. 18. Fiducial lensing power spectrum estimates based on the 100,
143, and 217 GHz frequency reconstructions, as well as the minimum-
variance reconstruction that forms the basis for the Planck lensing like-

lihood......
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Stacked weak lensing field |
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Simple... yet, an exotic universe

* 95% of the energy of the universe is in some exotic form

« Dark Matter: we cannot see it directly, only via its
gravitational affect.

« Dark Energy: smooth form of energy which acts
repulsively under gravity.

4 _ )
« Some new Ultra-high energy (possibly, fundamental)

physics for generating primordial perturbations.




Early Universe

tiny fraction =
of a second

The Cosmic screen

years

13.7
billion

years
Present Universe




Early Universe in CMB

The Background universe / )
® Homogeneous & 1sotropic space: Cesmological principle o
® Flat (Euclidean) Geometry ‘{U; g/oba/ fapolagy?

The nature of initial/primordial perturbations /

® Power spectrum : ‘Nearly’ Scale invariant /scale free form

but are there features ?

® Spin characteristics: (Scalar) Density perturbatio
.. cosmic (Tensor) Gravjty waves 2

® Type of scalar perturbation: Adiabatic UKentropy fluctuations

® Underlying statistics: Gaussian/



Pre Planck status of CMB Spectra
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CMB Polarization spectra @3

HFi PLANCI

' A . I

40 | A Planck 143+217

Planck polarization not
used 2013 results:
Teaser for

Polarization results In
2014




G Status of Inflationary models - |l

planck- LAEEEST BN TT EEwW T WIE YIS W EE WSS LE & == H Il /ITES i § 1§ 7T EaE W E L S epE 1 AW & _ 1 s

Table 10. Separable template-fitting estimates of primordial fyy for

~ — local, equilateral, orthogonal shapes, as obtained from SMICA fore-

< ground cleaned maps, after marginalizing over the Poissonian point- |

- source bispectrum contribution and subtracting the ISW-lensing bias. |
.t Uncertainties are 1o 0
w O ( !
s |3
e .
§ | fa )
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= Spectral index of perturbations r=.p Nc
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Statistics of CMB

CMB Anisotropy SKky map => Spherical Harmonic decomposition

‘;;*_«\:;“‘- i AR et A e i
Sy B v s R S TS AR
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=10.06 I—— ST +11.11

Gaussian CMB anisotropy completely specified by the
angular power spectrum 1F

Statistical i

=>Correlation function C(n,n’ )=<AT(n) AT(n’ )>

is Rotationally Invariant
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Hemispherical asymmetry & Lﬁ/

Full-Sky Map

Anomalies
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= BipoSH : Natural generalization of C,

szolar Spherlcal Harmonic representation
Amir Hajian & Souradeep 2003

C(n *n,))= 22“_1 B(n *n,) C€ — <CL€mCLZm>

0, (m) Y, (1)1

ipolar spherical harmonics.

C(ﬁl ) ﬁz) - 2 All
LTV

BipoSH A =E<azma,2m+M> c"

Coefficients hmibmy. M
m

Linear combination of off-diagonal elements
BipoSH provide complete representation of SH space correlation matrix

Tarun Souradeep 46
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4 &= BipoSH : Natural generalization of C, F

Blpolar Spherlcal Harmonic repres%pggﬂan & Souradeep 2003

A complete representation of two-point correlation
» Modulation of CMB sky AT(7) = [1 + M (7)]ATS(7)

» non-uniform variance (e.g., inhomo. noise, anomaly in XXIII)

. . . II;, 11
(AT (7)?) = R(h) = ZRLMYLM(n> Rrim = ZAZII% \/iﬂb Ci\01,0
LM iz

» Weak lensing
(H)LM I
— Scalar & Tensor lens A%/ = ¢LM [CﬁGw + (0 < f/)}

Books, Kamionkowski, TS 2012 A = Qp [CoGly — (€ )]
— Weak lensing of non-SI map affects C
> Beam non-circularity AL, =2 _Cr ) BBy (-1 th
Joshi, Das, Rotti, Mitra, TS 2012 l’ L1l
VELFDCE D (y 2 1)
» Cosmic topology, Magnetic fields , Lorentz violation...

- & - v a5 - w - v — —

Tarun Souradeep: BipoSH representation
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Gzs) BlpoSH Power spectrum of reconstructed & |

planc

modulation maps.
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SHICA

~ Confirms ML search on low
resolution Planck maps
(also seen WMAP)
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Significance of L(L +1)m; /27

Significance of Modulation Power.
Planck 2013 results. XXIII. Isotropy and

" statistics of the CMB — = R
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Fig. 33. The CMB multipole dependence of the BipoSH (modulation)



Scale dependent dipole modulation.
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BIPOLAR measurements by WMAP-7 team
(Bennet et al. 2010)

400 ; - - -
Non-zero Bipolar coeffs.!!!

300 F9-0 Detections !! Sys. effect : beam distortion ? -
o uradeep & Ratra 2000, Mitra etal 2004, 2009
— Hanson et al. 2010, Joshi, Mitra, TS 2012)
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Image Credit: NASA / WMAP Science Team



Non-circular Beam Systematics

ATObS (ﬁ) _ dQAT(ﬁ/)B(n/, n) TS&Ratra 2000, Mitra, Sengupta, TS 2004,....

B(n',n) = B(n-n')
, . (obs __ 2
Our estimates.2004 Cl _ Bl Cl

laid on WMAP 3 AN N Y
_fr‘;ifs?;r f?lrrllction plo’zlr — B(n ,Tl) _;,L B(n n )

(Hinshaw et al. - 2007) - O =35, A2,Cp

.

200 400 600 800 1000 1200 1400

]

* Non-circular beam induces off-diagonal correlations in the
covariance matrix.
* BipoSH allows WMAP beam non-circularity to be

detected at 9-o0 !!!
(Nidhi Joshi, Santanu Das, Aditya Rotti, Sanjit Mitra, TS : arXiv:1210.7318 )
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Quadrupolar BipoSH anomaly in WMAP-7
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