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Journey so far
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Journey so far

Planck Collaboration: Cosmological parameters

COBE in arXiv: 1303.5076

Tl Planck+WP Planck+WP+highL Planck+lensing+WP-+highL Planck+WP+highL+BAO
W Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits
Qh?. 0.022032 0.02205+0.00028  0.022069 0.02207 +0.00027  0.022199 0.02218 £0.00026  0.022161 0.02214 + 0.00024
L QR 0.12038  0.1199  0.0027 0.12025  0.1198 +0.0026 0.11847 0.1186+0.0022  0.11889 0.1187 +0.0017
| +ARCHE 1000pc « o vovn e 104119 1.04131£0.00063  1.04130 1.04132+0.00063  1.04146 1.04144 £0.00061  1.04148 1.04147 £ 0.00056
T 0.0925 0.089+0912 0.0927 0.091+901 0.0943 0.090+9913 0.0952  0.092+0.013
Be o 0.9619  0.9603  0.0073 09582 0.9585 +0.0070 09624  0.9614 +0.0063 0.9611  0.9608 + 0.0054
In(10"4,) . . ... .. 3.0980 3.0891002 3.0959  3.090 +0.025 3.0947  3.087 £0.024 3.0973  3.091+0.025
AV 152 171 £ 60 209 212£50 204 213 £50 204 212£50
A 633 5410 726 73+8 722 728 718 724 £8.0
AR 117.0 107+3% 59.5 59£10 60.2 58+ 10 59.4 5910
Ay 0.0 <107 3.57 324 £0.83 3.25 3.24£083 3.30 3254083
AGY 272 29*5 53.9 49.6 £5.0 523 50.0 £4.9 53.0 49.7£5.0
AL 6.80 e 5.17 2,541 4.64 251%3 4.86 2,543
Prpary + e 0.916 > 0.850 0.825 0.823*50% 0.814  0.825+0.071 0.824  0.823+0.070
K iy e 0.406 042£022 1.0000 > 0.930 1.0000 >0.928 1.0000 > 0.930

By Planct
LCDM Model is the Best fit Cosmological Model_

Qr et 0.6817 0.685*001% 0.6830 0.685'0017 0.6939  0.693£0.013 0.6914  0.692+0.010
O e 0.8347  0.829+0.012 0.8322  0.828 +0.012 0.8271  0.8233 +0.0097 0.8288  0.826+0.012
T s 1137 1.1+ 1.1 1138 11111 11.42 1L1£1.1 11.52 11311
Hyoooviiinnn. 67.04 673+ 1.2 67.15 67312 67.94 67.9+1.0 67.77 67.80 £ 0.77
Age/Gyr . ...... 13.8242  13.817+0.048 138170 13.813 £ 0.047 137914 13794 £0.044 13.7965  13.798 =+ 0.037
1000, . ........ 1.04136 1.04147 £0.00062  1.04146 1.04148+0.00062  1.04161 1.04159 +0.00060  1.04163 1.04162 + 0.00056
Tirag « o v oo 14736 147.49 +0.59 14735 147.47+0.59 147.68  147.67+0.50 147.611  147.68 =045

Table 5. Best-fit values and 68% confidence limits for the base ACDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highl’” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).
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Recent Measurement of

8 modes

BICEP2 B-mode signal
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At large angular scales signature of
isotropy violated CMB field
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Signature observed Iin
WMAP and Planck
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F. K. Hansen, A. J. Banday and K. M. Gorski,
M. N. R. A. S. 354, 641, (2004).

H. K. Eriksen et al., Astrophys. J., 605,14,
(2004).

Y. Akrami et al., Astrophys. J., 784, L42,
(2014)
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Language to quantify isotropy violation :
BipoSH coefficients

Hajian and Souradeep
Astrophys. J. 597, L5, (2003).
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Bipolar Spherical Harmanics, (BjpoSH) coefficients




Under the assumption of
Statistical Isotropy
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Results from Planck-2013

_ Souradeep et al.
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* Dipolar in nature. All higher L terms are
consistent with zero.

« Scale dependent feature. Signal decays
beyond (I>60)

No Known model yet to explain these two
features
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* Dipolar in nature. All higher L terms are
consistent with zero.

« Scale dependent feature. Signal decays
beyond (I>60)

Physical Mechanisms which decays at large
angular scale.
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Mixed Modulation Model

10*
10 ] Mukherjee,
el | arXiv:1412.2491
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10 — Tensor Contribution to ¢/T
10* 10°
CMB Multipole, 1

X () =[1+ (1 — )M, (n)]X5(R) + [1 + &M ()] X ()
Unequal contribution from Solves the scale
scalar and tensor dependent problem.
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Determining the value of M, (A)

Mukherjee,
arXiv:1412.2491
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Mixed Modulation Model

Mukherjee,
arXiv:1412.2491

X(h) =14+ (1 — )M, (R)]X*(R) + [1 4+ aM (7)) X (n)

Implication:
Direction dependent tensor to scalar ratio

r(R) =ry [1+ aAp.n]’

A=15,/"2
(r(n)) = ro(1+ (ad)?/3) \C
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Determining the value of o and rg

Mukherjee,
arXiv:1412.2491
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Prediction of Mixed Modulation model:
Measurable Sl violated B modes

Mukherjee,
arXiv:1412.2491
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Prediction of Mixed Modulation model:
Measurable Sl violated B modes

Mukherjee,
arXiv:1412.2491
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Comparison of Mixed modulation
maps and scale dependent
temperature modulation map

« We developed a numerical algorithm CoNIGs (Code for
Non |sotropic Gaussian sky) to produce Sl violated
Gaussian realization of CMB

Mukherjee and Souradeep Phys. Rev. D 89 063013 (2014)

Scale dependent
Mixed Modulation model
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Comparison of Mixed modulation
maps and scale dependent
temperature modulation map

« We developed a numerical algorithm CoNIGs (Code for
Non |sotropic Gaussian sky) to produce Sl violated
Gaussian realization of CMB

Mukherjee and Souradeep Phys. Rev. D 89 063013 (2014)

Scale dependent _ .
temperature modulation Mixed Modulation model
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* Dipolar in nature. All higher L terms are
consistent with zero.

* Scale dependent feature. Signal decays
beyond (I1>60)

* Physical Mechanisms which decays at
large angular scale: Stochastic
Gravitational Wave Background
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Possible Origin from inflation

Mukherjee and Souradeep [in preparation]

H

X == 1
H<<
H,

H
_ L. Dai, et al. Phys. Rev. D, 87, 123005, (2013).
By(k) =Py(k)[1 + (4X — Y)p.d]

~

Py(k) =P,(k)[1 + 2Xp.2]
fis — 1= (ns — D[1+ (Y — 2X)p.2].

A. A.Abolhasani, et al. Phys. Rev. D 89, 063511, (2014).



Possible Origin from inflation

Mukherjee and Souradeep [in preparation]

Can be zero
H
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Signature of direction dependent

cosmological parameters in Planck

M. Axelsson et al.
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Signature of direction dependent

cosmological parameters in Planck
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M. Axelsson et al.
Apd, 773, L3, (2013)
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Conclusions

A signature of isotropy violated CMB temperature field is observed in both
WMAP and Planck.

Signature is present only at large angular scales (I<60).

This can be model by isotropy violated Stochastic Gravitational Wave
Background.

Implies direction dependent tensor to scalar ratio and is measurable from
Planck and BICEP-2.

Observable dipolar BipoSH spectra for B mode polarization are measurable
from Planck and PRISM. As a result MM model can be falsified.

These signatures can be related to the anisotropic Hubble parameter and its
derivative.
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