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Journey so far 
COBE in 1992 By WMAP in 2003 

By Planck in 2013 
LCDM Model is the Best fit Cosmological Model  

arXiv: 1303.5076 
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Recent Measurement of  
B modes 

By WMAP in 2003 

Detection of primordial gravitational wave with 
tensor to scalar ratio (r) of 0.2 

arXiv:1403.3985 
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Possible origin from dust 
 (Planck arXiv: 1409.5738, (2014)) 
or 
Something else ??(This talk)  

?? 
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At large angular scales signature of 
isotropy violated CMB field   

More 
fluctuations 

Less 
fluctuations 
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Signature observed in  
WMAP and Planck 

Beyond the 
Isotropic 
Cosmological 
Models 

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 

Under the assumption 
of Statistical Isotropy 

�T (n̂) =
X

lm

almYlm(n̂).

Q(n̂)± iU(n̂) =
1X

l=2

+lX

m=�l

(Elm ± iBlm)±2Ylm(n̂)
Under the assumption 
of Statistical Isotropy 
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CXX0
(n̂1, n̂2) =

X

JNl1l2

AJN
l1l2|XX0{Yl1(n̂1)⌦ Yl2(n̂2)}JN

Bipolar Spherical Harmonics (BipoSH) coefficients 

Hajian and Souradeep  
Astrophys. J. 597, L5, (2003). 



Isotropic Universe 
BipoSH coefficents are zero 

Under the assumption 
of Statistical Isotropy 

Under the assumption of 
Statistical Isotropy 

⌧
a⇤lmal0m0

�
= CTT

l �ll0�mm0 ,

⌧
E⇤

lmEl0m0

�
= CEE

l �ll0�mm0 ,

⌧
B⇤

lmBl0m0

�
= CBB

l �ll0�mm0 ,

⌧
E⇤

l0m0alm

�
= CTE

l �ll0�mm0 .
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⌧
Xl1m1X

0⇤
l2m2

�
=

X

LM

ALM
l1l2|XX0(�1)m2CLM

l1m1l2�m2
, X = E,B, T

Bipolar Spherical Harmonics (BipoSH) coefficients 

Isotropy violated Universe, 
BipoSH coefficents are non-zero 
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⌦
Xlm1X

0⇤
l+1m2

↵
=

X

N

A1N
ll+1|XX0(�1)�m2C1N

lm1l+1�m2

Dipolar 
Asymmetry 

Isotropy violated Universe, 
BipoSH coefficents are non-zero 
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⌦
Xlm1X

0⇤
l+1m2

↵
=

X

N

A1N
ll+1|XX0(�1)�m2C1N

lm1l+1�m2

Dipolar 
Asymmetry 

Signal in Planck ?? 



Results from Planck-2013 

T̃ (n̂) = [1 +M(n̂)]T (n̂)

T̃ (n̂) = [1 +
X

LM

mLMYLM (n̂)]T (n̂)

Souradeep et al. 
Planck XXIII 
A&A 571, A23, 2014   

Only Dipolar (L=1) 

No signal at  
small scale 

(l = 217.5�, b = �20.2�)
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Salient Features of isotropy 
violation 

• Dipolar in nature. All higher L terms are 
consistent with zero. 

•  Scale dependent feature. Signal decays  
beyond (l>60)  

No Known model yet to explain these two 
features  

29 Jan 2015 15 Cosmology at the Interface, SINP 



Salient Features of isotropy 
violation 

• Dipolar in nature. All higher L terms are 
consistent with zero. 

•  Scale dependent feature. Signal decays  
beyond (l>60)  

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

X̃(n̂) = [1 + (1� ↵)Ms(n̂)]X
s(n̂) + [1 + ↵Mt(n̂)]X

t(n̂)

Unequal contribution from 
scalar and tensor 

Solves the scale 
dependent problem. 

Need to determine  

Mukherjee,  
arXiv:1412.2491 
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Mukherjee,  
arXiv:1412.2491 

Determining the value of  Mt (A) 
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tA1N
ll+1|TT = M1N

t
⇧ll+1

⇧1

⇥
tCTT

l + tCTT
l+1

⇤
p
4⇡

C10
l0l+1 0

⇧l1l2..ln =
p
(2l1 + 1)(2l2 + 1)..(2ln + 1)



Mixed Modulation Model 

X̃(n̂) = [1 + (1� ↵)Ms(n̂)]X
s(n̂) + [1 + ↵Mt(n̂)]X

t(n̂)

Implication:  
Direction dependent tensor to scalar ratio 

Mukherjee,  
arXiv:1412.2491 

r(n̂) = r
o

[1 + ↵A p̂.n̂]2

hr(n̂)i = r
o

(1 + (↵A)2/3)
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A = 1.5

r
m1

⇡



Mukherjee,  
arXiv:1412.2491 

Determining the value of ↵ and r0

↵ r0

Different values of tensor to scalar ratio from 
Planck and BICEP 
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Prediction of Mixed Modulation model:  
Measurable SI violated B modes 

Mukherjee,  
arXiv:1412.2491 
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tA1N
ll+1|BB = ↵M1N

t
⇧ll+1

⇧1

⇥
tCBB

l + tCBB
l+1

⇤
p
4⇡

C10
l 2 l+1�2



Prediction of Mixed Modulation model:  
Measurable SI violated B modes 

Mukherjee,  
arXiv:1412.2491 

tA1
ll+1|BB =

⇧ll+1

⇧1

⇥
tCBB

l + tCBB
l+1

⇤
p
4⇡

C10
l2l+1�2
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Comparison of Mixed modulation 
maps and scale dependent 

temperature modulation map 
•  We developed a numerical algorithm CoNIGs (Code for 

Non Isotropic Gaussian sky) to produce SI violated 
Gaussian realization of CMB  
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Mukherjee and Souradeep Phys. Rev. D 89 063013 (2014)       

Scale dependent 
temperature modulation Mixed Modulation model 



Comparison of Mixed modulation 
maps and scale dependent 

temperature modulation map 
•  We developed a numerical algorithm CoNIGs (Code for 

Non Isotropic Gaussian sky) to produce SI violated 
Gaussian realization of CMB  

29 Jan 2015 Cosmology at the Interface, SINP 24 

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

Scale dependent 
temperature modulation Mixed Modulation model 

Effect looks similar at map level 



Salient Features of isotropy 
violation 

• Dipolar in nature. All higher L terms are 
consistent with zero. 

•  Scale dependent feature. Signal decays  
beyond (l>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] 

X =
Ha

H
<< 1

Y =
Ḣa

Ḣ
<< 1

P̃s(k) =Ps(k)[1 + (4X � Y )p̂.x̂]

P̃t(k) =Pt(k)[1 + 2Xp̂.x̂]

ñs � 1 = (ns � 1)[1 + (Y � 2X)p̂.x̂].

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

L. Dai, et al. Phys. Rev. D, 87, 123005, (2013). 
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Possible Origin from inflation 
Mukherjee and Souradeep [in preparation] 

X =
Ha

H
<< 1

Y =
Ḣa

Ḣ
<< 1

P̃s(k) =Ps(k)[1 + (4X � Y )p̂.x̂]

P̃t(k) =Pt(k)[1 + 2Xp̂.x̂]

ñs � 1 = (ns � 1)[1 + (Y � 2X)p̂.x̂].

Can be zero 

↵Mt
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ñs � 1 = (ns � 1)[1 + (Y � 2X)p̂.x̂].

M. Axelsson et al. 
ApJ, 773, L3, (2013) 

Signature of direction dependent 
cosmological parameters in Planck 
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Mukherjee and Souradeep [in preparation] 

M. Axelsson et al. 
ApJ, 773, L3, (2013) 

4X � Y > 2X

Signature of direction dependent 
cosmological parameters in Planck 



Conclusions 
•  A signature of isotropy violated CMB temperature field is observed in both 

WMAP and Planck. 

•  Signature is present only at large angular scales (l<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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