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Isotropy violation : Eg. Dipole anisotropy

Figure: Left: CMB anisotropies as observed by NASA’s COBE
satellite, in Mollweide projection. Right: High−l effects of
exaggerated Doppler boost on CMB (PLANCK2013-XXVII).



Isotropy violation : Eg. Doppler Boost

Figure: Doppler boost signal recovered in PLANCK2013-XXVII,
using high−l correlation from the multipole range l = [500, 2000].



Isotropy violation : Eg. Low−l modulation

Dipole modulation of CMB temperature anisotropies :

∆T (n̂) = ∆Tiso(n̂)(1 + A λ̂ · n̂) .

Figure: Y. Akrami et al., 2014, ApJ, 784, L42



CMB Foreground : spatial extent

(a) CMB (b) Synchrotron

(c) Free-Free (d) Thermal Dust

Figure: Commander estimated CMB and three foreground
components from PLANCK 2015 data release.



CMB Foreground : frequency dependence

Figure: Variation of some of the foreground component levels in
the frequency range in which WMAP and PLANCK made their
observations.



Foreground mask : common/freq. specific

Figure: Contours of foreground level in WMAP data. Masking is
necessary to prevent leakage of/bias due to foreground
contamination in estimating quantities of interest.



BipoSH

T (θ, φ) =
∞∑

l=0

l∑

m=−l

alm Ylm(θ, φ) . (1)

Two-point correlation function :

C (n̂, n̂′) = 〈∆T (n̂) ∆T (n̂′)〉 . (2)

If CMB is isotropic then C (n̂, n̂′)→ C (Θ = n̂ · n̂′), otherwise

C (n̂1, n̂2) = 〈∆T (n̂1)∆T (n̂2)〉 (3)

ALM
l1l2 =

∫
dΩ1dΩ2C (n̂1, n̂2){Yl1(n̂1)⊗ Yl2(n̂2)}∗LM (4)

Bipolar Spherical Harmonic (BipoSH) coefficients :

ALM
l1l2 =

∑

m1m2

al1m1al2m2C
LM
l1m1l2m2

. (5)



Effect of velocity boost on CMB

Doppler boost = dipole + aberration × freq. dep. modulation

∆T (n̂) = T0
~β · n̂ + ∆T ′

(
n̂ −∇(~β · n̂)

)(
1 + bν ~β · n̂

)
, (6)

where
~β = ~v/c ,
∆T = boosted temperature anisotropies,
∆T ′ = unboosted temperature anisotropies,

bν = ν
ν0

coth
(

ν
2ν0

)
− 1 and,

ν0 = kBTcmb/h .

The BipoSH coefficients of Doppler boosted CMB anisotropies
upto O(β) are given by

ALM
l1l1

=
(
ALM
l1l2

)iso. cmb
+ βLMHL

l1l2
. (7)



BipoSH Doppler recovery : Fullsky

Here HL
l1l2

is a function describing Doppler boost effects in
BipoSH space.

For L > 0, one can define a minimum variance estimator as

βLM =
∑

l1l2

wL
l1l2

ALM
l1l2

HL
l1l1

, (8)

with weights (that add upto ‘one’) and reconstruction noise
given by

wL
l1 l2

=
(HL

l1 l2
)2

Cl1Cl2

∑
l1 l2

(HL
l1 l2

)2

Cl1Cl2

−1

, (9)

NL =

∑
l1 l2

(HL
l1 l2

)2

2Cl1Cl2

−1

, (10)



BipoSH Doppler rec. : Fullsky : Results

Figure: Doppler signal recovery from full sky estimator from
simulated full sky Doppler boosted CMB maps generated using
CoNIGS [S. Mukherjee S.& T. Souradeep (2014)] with nominal
PLANCK noise level for 217 GHz.



BipoSH Doppler recovery - Masked sky

Figure: Common analysis mask to exclude regions with significant
foreground contamination used in Planck 2015 data.



BipoSH Doppler rec. - Masked sky (contd.)

Masked sky BipoSH’s in terms of full sky BipoSH :

ÃLM
l1l2

=
∑

l3l4

Πl3Πl4√
4π

∑

l5l6

Πl5Πl6√
4π

C l10
l30l50

C l20
l40l60

×
∑

L′M′JK





L l1 l2
L′ l3 l4
J l5 l6





× ΠL′ΠJA
L′M′

l3l4
W JK

l5l6
C LM
L′M′JK , (11)

This is a generalization of the pseudo−Cl MASTER algorithm
of Hivon et al. (2002) relating masked and full sky Cl :

C̃l =
∑

ll ′

Mll ′Cl ′ (12)

since A00
ll ′ ∝ Clδll ′ .



BipoSH Doppler rec. - Masked sky (contd.)

BipoSH due to Doppler boosted CMB anisotropies from a
masked sky :

ÃLM
l1l2 =

(
ÃLM
l1l2

)iso.cmb
+
∑

L′M′

βL′M′K
L′M′
LMl1l2 . (13)

Further simplifications :

I The modified shape function (MSF), K L′M′

LMll ′ , is diagonal
i.e., M = M ′

I There is no significant leakage from intrinsic Doppler
signal L′ = 1 to L 6= 1

Under these approximations : L = L′ (=1) and M = M ′ we
have

ÃLM
l1l2 =

(
ÃLM
l1l2

)iso.cmb
+ βLMKLM

LMl1l2 . (14)



BipoSH Doppler rec. - Masked sky (contd.)

With these approximations we can define an estimator for
masked sky as

β̂LM =
∑

l1l2

ŵL
l1l2

ÂLM
l1l2

K LM
LM l1 l2

, (15)

where

ŵL
l1 l2

=
1

∑
M

σ̂LM
l1 l2

(KLM
LMl1 l2

)2


∑
l1 l2

1

∑
M

σ̂LM
l1 l2

(KLM
LMl1 l2

)2


−1

, (16)

ÂLM
l1 l2

= ÃLM
l1 l2
− 〈ÃLM

l1 l2
〉iso.cmb , (17)

σ̂
LM
l1 l2

= 〈|ÃLM
l1 l2
|2〉iso.cmb − |〈Ã

LM
l1 l2
〉iso.cmb|

2
. (18)

I One more simplification : BipoSH covariance is diagonal

〈ALM
l1,l2
ALM∗

l′1,l
′
2
〉 →

(
σ̂LM
l1 l2

)2
δl1 l′1

δl2 l′2



BipoSH Doppler rec. - Masked sky (contd.)

Justification - 1 :
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Figure: MSF of the apodized common analysis mask used in
Planck 2015 data.



BipoSH Doppler rec. - Masked sky (contd.)

Justification - 2 :
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Figure: Validating the consistency of the relation
ÃLM
l1 l2
−
(
ÃLM
l1 l2

)iso.cmb
= βLMKLM

LMl1 l2
, between MSF in diagonal approximation

and mask bias corrected anisotropic BipoSH coefficients.



BipoSH Doppler rec. - Masked sky (contd.)

Justification - 3 :

500 1000 1500 2000
Multipole, l

500

1000

1500

2000

M
ul

tip
ol

e,
 l

Re(Rll′(M=0))

1.0

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

500 1000 1500 2000
Multipole, l

500

1000

1500

2000

M
ul

tip
ol

e,
 l

Re(Rll′(M=1))

1.0

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

500 1000 1500 2000
Multipole, l

500

1000

1500

2000

M
ul

tip
ol

e,
 l

Im(Rll′(M=1))

0.100

0.075

0.050

0.025

0.000

0.025

0.050

0.075

0.100

Figure: Validating the diagonal approximation to the covariance of

bias corrected BipoSH coefficients : 〈ALM
l1,l2
ALM∗

l′1,l
′
2
〉 →

(
σ̂LM
l1 l2

)2
δl1 l′1

δl2 l′2
.

Normalized BipoSH covariance matrix is defined as,

Rll′ =
Cll′√
|Cll ||Cl′ l′ |

(19)

Cll′ = 〈A1M
ll+1A

1M∗
l′ l′+1〉 (20)



Paper describing the methodology

Figure: arXiv:1506.00550



Results
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Figure: Doppler signal estimated from masked simulated Doppler
boosted CMB skies, from different mutlipole bin windows.



Application to data : PLANCK 2015 I&S

Figure: Planck 2015 results. XVI. Isotropy and statistics of the
CMB - arXiv:1506.07135



Application to PLANCK 2015 data (contd.)

(a) Low−l dipole
modulation

(b) Doppler boost



Application to PLANCK 2015 data (contd.)

(c) Low−l dipole modulation (d) Doppler boost
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