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Image : WMAP/NASA




Expanding Universe




Basic facts about CMB (Origin)
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Basic facts about CMB (Prediction and Discovery)

Predicted Temperature : 5-10 °K

Measured Temperature : 3.5 °K

Arnow Penzias | | Robert Wilson Nobel Prize 1978




round Explorer (COBE) satellite mission

DMR 53 GHz Maps

Intensity [MJy/sr]

Wavelength [mm]
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FIRAS data with 400G errorbars
2.725 K Blackbody
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List CMB experiments in last 25 years (after COBE satellite mission)

Ground-based :
= ACBAR, ACME, ACT, AMI, AMiBA, APACHE, ATCA, BEAST, BICEP, BIMA,

CAPMAP, CAT, CBI, CG, COSMOMAS, DASI, KUPID, MAT, POLAR, Python, QUaD,
SK, SPT, Tenerife, VSA.

Balloon-born :

= Archeops, ARGO, BAM, BEAST, BOOMERANG, FIRS, MAXIMA, MSAM, PIQUE,
QMAP, TopHat.

Satellite :
= WMAP, Planck.




Basic facts about CMB (Linear Polarization)
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Motivation of our work

CMB power spectra
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Multi-frequency observations from WMAP

Wilkinson Microwave Anisotropy Probe (WMAP)

K band
(23 GHz)

Ka band
(33 GHz)

WMAP Satellite Delta Il space shuttle

Q band
(41 GHz)

Launch date : June 30, 2001

Duration of Observation : 9 Years
Pixelization : HEALPix (Nside = 512)

Number of Pixels : 12 x (Nside)?= 3145728

Data : 10 sky (difference assembly) maps per year
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Multi-frequency observations from WMAP
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Internal linear combination (ILC) in spherical wavelet domain

Tegmark, de Oliveira-Costa, & Hamilton 2003; Eriksen et al. 2004; Saha, Jain &
Souradeep 2006; Souradeep, Saha & Jain 2006; Saha, Prunet, Jain &
Souradeep 2008; Samal et al. 2010; Saha 2011; Souradeep 2011.
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Delabrouille et al. 2008, Basak & Delabrouille 2011, Basak & Delabrouille 2013




Needlet Coefficients of sky maps

Needlet Internal linear combination (NILC)
NILC

‘| Input sky maps Output CMB map
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Implementation of NILC on WMAP 9-year data:

yrl:
yr2:
yr3:
yrd :
yr5:
yré :
yr7 :
yr8:
yro:

K1
K1
K1
K1
K1
K1
K1
K1
K1

WMAP sky (DA) maps

Kal Q1 Q2 W1 w2
Kal Q1 Q2 W1l w2
Kal Q1 Q2 W1l w2
Kal Q1 Q2 W1l w2
Kal Q1 Q2 W1 w2
Kal Q1 Q2 W1 w2
Kal Q1 Q2 W1l w2
Kal Q1 Q2 W1l w2
Kal Q1 Q2 W1l w2

w3
w3
w3
w3
w3
w3
w3
w3
w3

w4
w4
w4
w4
w4
w4
w4
w4
w4

WMAP sky (co-addded) maps

9yr: K Ka Q w

Average over all
difference assemblies

for each year and for
each frequency

Average over all

years of observation
for each frequency

N
—

Foreground template maps

* DUST at 100 micron of Schlegel et al. (1998)
* HASLAM at 408 MHz of Haslam et al. (1981)
* HALPHA at 94 GHz of Finkbeiner (2003)

NILC-CMB map
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NILC estimate of CMB (FWHM : 13.2 arcmin NSIDE : 512 )
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NILC estimate CMB (FWHM : 60 arcmin )
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Implementation of NILC on WMAP 9-year data:
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NILC-CMB map

* DUST at 100 micron of Schlegel et al. (1998)
* HASLAM at 408 MHz of Haslam et al. (1981)
* HALPHA at 94 GHz of Finkbeiner (2003)
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Implementation of NILC on WMAP 9-year data :
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Foreground template maps

* DUST at 100 micron Schlegel et al. (1998)

* HASLAM at 408 MHz of Haslam et al. (1981)
* HALPHA 23 GHz Finkbeiner et al. (2003)
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NILC estimate angular power spectrum (C*Y) of CMB

NILC-CMB maps

. Residual .
Residual —  Galactic + Residual
Foreground Foreground Point Sources

Temperature
mask

Master analysis -

to correct for the

mask.
Hivon et al. 2002 Polarization
mask

All possible
Power spectrum = z NILCyr{l} X NILCyr{J} cross-year

EX correlations
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NILC estimate angular power spectrum (TT) of CMB
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I(1+1)CF7(27) in MK,

NILC estimate angular power spectrum (EE) of CMB
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year spectrum
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NILC estimate angular power spectrum (BB) of CMB
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= No detection of B-mode of CMB polarization.

= WMAP 9-year measurement shows extra power at large angular scales.




NILC estimate angular power spectrum (TE) of CMB
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NILC estimate angular power spectrum (TB) of CMB

1x10° - WMAP9yr m .
V NILCOyr ® | |
N | )
- i _
S ]
g 0 95508 ud = v § 3 ;7
S ]
9 i
:E_ -5x10" |- -
1x10° F .
200 400 600 800
Multipoles(l)
1x10° - | WMAPSyr m |-
i NILC9yr @ | |
a i
E 7 7
. . . ' 5x107 - ]
= Compatible with zero as predicted € B ; ]
— | |
by theory T . ‘ ; 1l TN
= T 1 " !QS
Iy : ]
* 5x107 .
1x10° -

10 100
Multipoles(l)



(1+1)C1(27) in mKZ,,,

NILC estimate angular power spectrum (EB) of CMB
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SUMMARY

Context :
= Cosmic microwave background (CMB) anisotropies provide a snapshot of what the Universe looked
like at the moment of recombination.

= Precisely measured CMB angular power spectra is considered as goldmine for understanding and
describing our Universe .

Aim :
= Estimation CMB map and angular power spectrum from WMAP 9-year data by removing foreground
emissions and instrumental noise.

Method :

= We have used Internal Linear Combination of WMAP sky maps on a frame of spherical wavelets
(Needlets) to estimate the CMB.

= Needlets allow localized filtering both in pixel and harmonic domain due to their unique localization
property.

Results :
=  We have obtained low-foreground CMB map and angular power spectrum.

= Our measurement of angular power spectrum agrees remarkably well with the theoretical predictions.

= |In case of EE and BB spectrum, our measurement agrees better with theory than the measurements of
WMAP collaborations.
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