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Primordial CMB B-mode polarisation

16 Oct. 2018 J. Delabrouille - Tenerife 11

Frequency range: 60-600 GHz

Best CMB sensitivity from space around 200 GHz

Mapping speed ≈ 10 times worse at 60 GHz than 200 GHz
Foregrounds ≈ 10 times worse at 200 GHz than at 60 GHz
Beam size ≈ 3 times worse at 60 GHz than 200 GHz

COMPROMISE NEEDED

Planck 2018: Polarized
foregrounds
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24%
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Planck collaboration XI (2018) 

Large-scale primordial CMB B-mode polarization

Signature of primordial gravitational waves of inflation


Energy scale of inflation:


Best CMB sensitive channels from space is around

 200 GHz


      

r = 0.008 x ( E
inflation 

/ 1016 GeV ) 4 
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Future CMB satellites aim to detect r ~ 0.001

LiteBIRD (JAXA - Selected)

  

EPIC PRISM

Future CMB satellites aim at detecting r = 10-3

Kogut et al., 2011

30 – 6000 GHz

6.6 µK.arcmin 
for Δν=30 GHz

PIXIE (NASA?)  CORE (ESA? ISRO?)

Delabrouille et al, 2017

60 – 600 GHz 
1.7 ↵K.arcmin

LiteBIRD (JAXA – Phase A)

Matsumura et al, 2013

40 – 402 GHz 

2.5 µK.arcmin

PICO (NASA?)

S. Hannany, priv. comm.

21 – 800 GHz

1 µK.arcmin

  

EPIC PRISM

Future CMB satellites aim at detecting r = 10-3

Kogut et al., 2011

30 – 6000 GHz

6.6 µK.arcmin 
for Δν=30 GHz

PIXIE (NASA?)  CORE (ESA? ISRO?)

Delabrouille et al, 2017

60 – 600 GHz 
1.7 ↵K.arcmin

LiteBIRD (JAXA – Phase A)

Matsumura et al, 2013

40 – 402 GHz 

2.5 µK.arcmin

PICO (NASA?)

S. Hannany, priv. comm.

21 – 800 GHz

1 µK.arcmin

  

EPIC PRISM

Future CMB satellites aim at detecting r = 10-3

Kogut et al., 2011

30 – 6000 GHz

6.6 µK.arcmin 
for Δν=30 GHz

PIXIE (NASA?)  CORE (ESA? ISRO?)

Delabrouille et al, 2017

60 – 600 GHz 
1.7 ↵K.arcmin

LiteBIRD (JAXA – Phase A)

Matsumura et al, 2013

40 – 402 GHz 

2.5 µK.arcmin

PICO (NASA?)

S. Hannany, priv. comm.

21 – 800 GHz

1 µK.arcmin

CMB -Bharat (ISRO?)

23 - 850 GHz 

  

EPIC PRISM

Future CMB satellites aim at detecting r = 10-3

Kogut et al., 2011

30 – 6000 GHz

6.6 µK.arcmin 
for Δν=30 GHz

PIXIE (NASA?)  CORE (ESA? ISRO?)

Delabrouille et al, 2017

60 – 600 GHz 
1.7 ↵K.arcmin

LiteBIRD (JAXA – Phase A)

Matsumura et al, 2013

40 – 402 GHz 

2.5 µK.arcmin

PICO (NASA?)

S. Hannany, priv. comm.

21 – 800 GHz

1 µK.arcmin



Debabrata Adak Kavli IPMU, Japan, 01/12/2020

 

 

Exploring Cosmic History and Origin  
 
 

A proposal for a next generation space mission for 
near-ultimate measurements of the  

Cosmic Microwave Background (CMB) polarization and  
discovery of global CMB spectral distortions 

 
 

Proposed by  
CMB-Bharat 

An Indian Cosmology Consortium 

 
April 16, 2018 

 
 
 

 

!4

CMB - Bharat in Brief 
European CMB community proposed CORE, ‘near- ultimate’ CMB polarization  

mission. 
Proposed mission concept did not pass the screening by ESA in January 2017. 

   - Main issue is cost within ESA M-class envelope.

ESA encouraged the CORE consortium to consider a joint proposal with a major 
international partner

Indian CMB community submit the proposal of CMB- Bharat (Exploring  Cosmic History 
and Origins, ECHO ) to ISRO on 16th April, 2018
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CMB-Bharat Specifications 2 Rotti et. al

Figure 1. A comparison of the polarization sensitivity and frequency cover-
age for di↵erent instruments. CORE and CMB BHARAT OPTION-I di↵er
only in their high frequency coverage.

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

60.0 17.87 10.6
70.0 15.39 10.0
80.0 13.52 9.6
90.0 12.08 7.3

100.0 10.92 7.1
115.0 9.56 7.0
130.0 8.51 5.5
145.0 7.68 5.1
160.0 7.01 5.2
175.0 6.45 5.1
195.0 5.84 4.9
220.0 5.23 5.4
255.0 4.57 7.9
295.0 3.99 10.5
340.0 3.49 15.7
390.0 3.06 31.1
450.0 2.65 64.9
520.0 2.29 164.8
600.0 1.98 506.7

Table 3. CORE

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

40.0 69.3 39.76
50.0 56.8 25.76
60.0 49.0 20.69
68.0 42.5 12.72
78.0 37.8 10.39
89.0 34.1 8.95

100.0 35.7 6.43
119.0 29.8 4.30
140.0 28.9 4.43
166.0 28.9 4.86
195.0 28.2 5.44
235.0 24.7 9.72
280.0 22.5 12.91
337.0 20.9 19.07
402.0 17.9 43.53

Table 4. LiteBIRD

Analysis: The multi-frequency simulations are cleaned using
the Needlet ILC algorithm. The ILC weights are derived from anal-
ysis on total data. We apply these ILC weights to the total simulated
sky and also to CMB only, foregrounds only and noise only sky
simulations. The respective solutions allow us to asses the level of
instrument noise and the foreground residuals in the cleaned maps.

rmp �r r95 SNR
Experiment Alens

CORE
0.0 1.998 0.470 - 4.251
0.5 1.317 0.713 2.715 1.848
1.0 1.237 0.905 3.013 1.367

CMB BHARAT OPT-I
0.0 0.976 0.359 - 2.719
0.5 0.774 0.562 1.877 1.375
1.0 0.788 0.744 2.246 1.060

CMB BHARAT OPT-II
0.0 0.312 0.147 - 2.129
0.5 0.208 0.344 0.883 0.603
1.0 0.211 0.518 1.226 0.407

LiteBIRD
0.0 2.278 0.592 - 3.847
0.5 2.231 0.874 - 2.553
1.0 2.353 1.109 - 2.122

Table 5. Foreground bias on r (in units of 10�3) for the di↵erent experi-
ments. The 95% upper limit on r is given when the bias is detected at less
than 2�. While Alens = 0 denotes perfect de-lensing and Alens = 1 denotes
no de-lensing.

The MASTER corrected power spectra are estimated from each of
the solutions. We use a combination of the power spectra estimated
from total, foreground only, and noise only analyses to understand
the di↵erent contributions to the total power spectrum estimated
from the cleaned B-mode maps. Finally we estimate the posterior
on the tensor to scalar ratio "r", and this is done for di↵erent val-
ues of Alens. This analysis procedure is repeated on sky simulations
generated for each of the instruments considered in this work.

4 RESULTS

The main results are summarized in Table 5 and Fig. 2 and Fig. 3.
Here we summarize the salient features of the results:

• LiteBIRD is always biased at more than 2� due to foreground
residuals at the level of r ⇠ 2 ⇥ 10�3.
• CORE sensitivity is comparable to LiteBIRD, but has a much

better angular resolution and a better high frequency coverage but
a stunted low frequency coverage. For less than perfect de-lensing
the foreground bias in CORE is less than 2� significant, though
only marginally.
• CMB BHARAT OPTION-I has a sensitivity identical to

CORE, but improves its high frequency coverage. This helps im-
prove its robustness to foregrounds a little, reducing the bias by up
to a factor of 2.
• CMB BHARAT OPTION-II improves over CORE by not only

extending the low and high frequency coverage, but also improv-
ing the sensitivity by a factor of

p
2. In e↵ect is the best instru-

ment among all the configurations studied here. 50% de-lensing
and worse leads to a foreground bias which is less than 1� and
could year a near 3� detection of r ⇠ 10�3. Perfect de-lensing
would result in a statistically significant foreground induced bias
on measurement of r. Can potentially yield a statistically signifi-
cant detection of primordial B-modes with r=10�3.

5 PERSPECTIVES

It is important to bear in mind that the results presented here are
specific to "d1s1" simulations generated from PySM. Other studies
I have also studied that there can be significant variation in forecasts
depending on the assumed foreground model, however for brevity

MNRAS 000, 1–4 (2020)

OPT - I: Same sensitivity as CORE With three more channels in high frequency.


OPT-II: Extension of bands both low and  high frequencies with enhanced sensitivity by 
factor of 
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ABSTRACT
In this report we forecast the B-mode capabilities of CMB Bharat considering the two di↵ernet
instrument configurations included in the proposal to ISRO. We compare the forecasts to
CORE and LiteBIRD.

Key words: cosmology – cosmic microwave background – b-modes

1 INTRODUCTION

CMB Bharat is a satellite proposed to ISRO. The instrument plane
for this proposed experiment is derived from the CORE concept.
OPTION-I extends the CORE focal plane to cover three more high
frequency channels. OPTION-II extends the core concept by ex-
tending the frequency coverage at both high and low end while
also enhancing the sensitivity by roughly a factor of

p
2. While

CMB Bharat has multiple science targets, one of its primary targets
is a robust measurement of the primordial B-modes. LiteBIRD is
a approved Japanese space mission with a primary focus of mea-
surement of primordial B-modes. We compare the capabilities of
these di↵erent instruments in robust measurement of primordial B-
modes by primarily assessing the level of contimation in the tensor
to scalar ratio due to residual foregrounds in the cleaned B-mode
maps.

2 POLARIZATION SENSITIVITY OF THE
INSTRUMENTS

The instrument configuration for CMB BHARAT OPTION-I , CMB
BHARAT OPTION-II, CORE and LiteBIRD are summarized in Ta-
ble 1, Table 2, Table 3 and Table 4 respectively. A visual compar-
ison for the sensitivities for the di↵erent experiments are depicted
in Fig. 1.

3 SIMULATIONS AND ANALYSIS

Simulations: We use the instrument characteristics given in the
Sec. 2 to simulate sky maps for each of the instruments. All sim-
ulations are generated using the Python Sky Model (PySM) and
assume the "d1s1" model for foregrounds. Dust and synchrotron
emission are the only known polarized foregrounds. The simulated
polarized CMB sky includes lensing B-mode and primordial B-
modes corresponding to a tensor to scalar ratio of r = 10�3.

? aditya.rotti@manchester.ac.uk

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

60.0 14.30 10.6
70.0 12.31 10.0
80.0 10.82 9.6
90.0 9.66 7.3
100.0 8.73 7.1
115.0 7.65 7.0
130.0 6.81 5.5
145.0 6.15 5.1
160.0 5.61 5.2
175.0 5.16 5.1
195.0 4.67 4.9
220.0 4.18 5.4
255.0 3.65 7.9
295.0 3.19 10.5
340.0 2.79 15.7
390.0 2.45 31.1
450.0 2.12 64.8
520.0 1.84 164.6
600.0 1.59 506.0
700.0 1.36 2166.6
800.0 1.18 9632.8
900.0 1.05 44020.3

Table 1. CMB BHARAT OPTION-I

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

28.0 39.90 16.5
35.0 31.90 13.3
45.0 24.80 11.9
65.0 17.10 8.9
75.0 14.90 5.1
95.0 11.70 4.6
115.0 9.72 3.1
130.0 8.59 3.1
145.0 7.70 2.4
165.0 6.77 2.5
190.0 5.88 2.8
220.0 5.08 3.3
275.0 4.06 6.3
340.0 3.28 11.4
390.0 2.86 21.9
450.0 2.48 43.4
520.0 2.14 102.0
600.0 1.86 288.0
700.0 1.59 1122.0
850.0 1.31 9550.0

Table 2. CMB BHARAT OPTION-II

c� 2020 The Authors
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Map Based Analysis

Working on map based cleaning.


11 different full sky model, consistent with Planck results, with r ranging from 

0 to 0.001,  delensing level (84%).


Two component separation approaches

• Commander1(Debabrata)

• NILC (Aparajita Sen)
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Analysis Pipeline
Stokes Q, U sky maps using PSM V2.0.2 Credit: J. Delabrouille

NILCCOMMANDER1
Split into E, BWork in Q, U

Nside = 512, variable beam size 
Nside =256, 


beam = 60 arcmin

Split into two half mission maps 

Split into E, B maps 

Before applying mask

Apply mask

Compute cross power spectra

Likelihood analysis of r estimation
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Map based models6 Adak et al.

Table 2. Summary of the components and their parametric model used in simulations.

Component Emission law Nomenclature Additional information/Templates

CMB

Blackbody with scaling,

a⌫ = dB
⌫

(T )
dT

|T
CMB

;
TCMB = 2.725K

- r = 0

Thermal dust MBB GNILC� dust
Planck GNILC maps at 353 GHz from
Planck Collaboration XLVIII (2016)

TD� dust

Hi based dust polarization model at
high galactic latitude developed in

Ghosh et al. (2017) and Adak et al. (2020)

Gines� dust
Multi-layer dust model from dust extinction

maps developed in Mart́ınez-Solaeche et al. (2018)

Synchrotron
Power-law, spatially varying

spectral index with h�si = -3.00
Power� law SMICA Q, U synchrotron maps from Planck

Collaboration IV (2018) at 30 GHz

frequency dependent spectral
index; �s = �3.11 + Clog( ⌫

23 )
with curvature, C = -0.3

at 23GHz

Curved � power �
law

Template maps are same as for Power� law

GALPROP scaling; ( ⌫
30 )

2 f
s

( ⌫

↵

)

f
s

( 30
↵

)

with constant ↵ > 0 and fs(⌫) is
taken from external template
generated from GALPROP code

GALPROP Template maps are same as for Power� law

Spinning dust
CNM emission law with 1% polarization

fraction and dust polarization angle

Planck thermal dust intensity at 353GHz
(Planck Collaboration XLVIII 2016) scaled

at 23GHz with correlation coe�cient of 0.91 K/ K

Point-sources

Sources from radio surveys
extrapolated with power laws;

IRAS survey modelled with
modified blackbody emission laws.

-

Radio sources have median polarization fraction of
2.7% and 4.8% for two class of power-laws;

IR sources are taken from IRIS data and
having mean polarization fraction of 1.5%

Table 3. Set of simulations used in this analysis.

Sim.ID Pipeline Dust Synchrotron Spinning
dust

point-
sources

delensing

SET1a NILC, COMMANDER GNILC� dust GALPROP 7 7 7
SET1b NILC, COMMANDER GNILC� dust GALPROP 3 7 7
SET1c NILC, COMMANDER GNILC� dust GALPROP 3 3 7
SET1d NILC, COMMANDER GNILC� dust GALPROP 3 3 3(84 %)

SET2a NILC Gines� dust GALPROP 3 3 7
SET2b NILC Gines� dust Power� law 3 3 7
SET2c NILC Gines� dust Curved� power� law 3 3 7

SET3a COMMANDER TD� dust GALPROP 3 3 7

SET3a
0

COMMANDER TD� dust GALPROP 3 3 7

SET1d
0

NILC,COMMANDER GNILC� dust Power� law 3 3 7

SET1d
00

NILC,COMMANDER GNILC� dust Curved� power� law 3 3 7

MNRAS 000, 1–?? (2020)
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Set of the simulations

6 Adak et al.

Table 2. Summary of the components and their parametric model used in simulations.

Component Emission law Nomenclature Additional information/Templates

CMB

Blackbody with scaling,

a⌫ = dB
⌫

(T )
dT

|T
CMB

;
TCMB = 2.725K

- r = 0

Thermal dust MBB GNILC� dust
Planck GNILC maps at 353 GHz from
Planck Collaboration XLVIII (2016)

TD� dust

Hi based dust polarization model at
high galactic latitude developed in

Ghosh et al. (2017) and Adak et al. (2020)

Gines� dust
Multi-layer dust model from dust extinction

maps developed in Mart́ınez-Solaeche et al. (2018)

Synchrotron
Power-law, spatially varying

spectral index with h�si = -3.00
Power� law SMICA Q, U synchrotron maps from Planck

Collaboration IV (2018) at 30 GHz

frequency dependent spectral
index; �s = �3.11 + Clog( ⌫

23 )
with curvature, C = -0.3

at 23GHz

Curved � power �
law

Template maps are same as for Power� law

GALPROP scaling; ( ⌫
30 )

2 f
s

( ⌫

↵

)

f
s

( 30
↵

)

with constant ↵ > 0 and fs(⌫) is
taken from external template
generated from GALPROP code

GALPROP Template maps are same as for Power� law

Spinning dust
CNM emission law with 1% polarization

fraction and dust polarization angle

Planck thermal dust intensity at 353GHz
(Planck Collaboration XLVIII 2016) scaled

at 23GHz with correlation coe�cient of 0.91 K/ K

Point-sources

Sources from radio surveys
extrapolated with power laws;

IRAS survey modelled with
modified blackbody emission laws.

-

Radio sources have median polarization fraction of
2.7% and 4.8% for two class of power-laws;

IR sources are taken from IRIS data and
having mean polarization fraction of 1.5%

Table 3. Set of simulations used in this analysis.

Sim.ID Pipeline Dust Synchrotron Spinning
dust

point-
sources

delensing

SET1a NILC, COMMANDER GNILC� dust GALPROP 7 7 7
SET1b NILC, COMMANDER GNILC� dust GALPROP 3 7 7
SET1c NILC, COMMANDER GNILC� dust GALPROP 3 3 7
SET1d NILC, COMMANDER GNILC� dust GALPROP 3 3 3(84 %)

SET2a NILC Gines� dust GALPROP 3 3 7
SET2b NILC Gines� dust Power� law 3 3 7
SET2c NILC Gines� dust Curved� power� law 3 3 7

SET3a COMMANDER TD� dust GALPROP 3 3 7

SET3a
0

COMMANDER TD� dust GALPROP 3 3 7

SET1d
0

NILC,COMMANDER GNILC� dust Power� law 3 3 7

SET1d
00

NILC,COMMANDER GNILC� dust Curved� power� law 3 3 7

MNRAS 000, 1–?? (2020)
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Results (Analysis on different masks) 
10 Adak et al.

Figure 5. Series of galactic mask used in likelihood analysis of
COMMANDER recovered maps for simulation of SET1c. The region
shown in dark brown is rejected in order to retain 70% sky frac-
tion. The regions shown in increasingly fainter brown colors are
incrementally rejected sky regions, corresponding in turn to retain
60%, 50%, 40% and 38% sky regions respectively.

2� - 6� of the CMB polarization intensity at 75 GHz. The
dust polarization intensity thresholds is determined in simi-
lar fashion by using 850GHz polarization intensity map and
extrapolating it into 75GHz using MBB with dust temper-
ature, Td = 19.4 K and spectral index, �d = -1.6.

Similarly, we prepare the foreground mask for two
thresholds for SET3a-a0. Later we combine them with the
mask prepared in Adak et al. (2020) and Ghosh et al. (2017)
where the modelling framework works. The final mask has
been displayed in Figure. 6. The total sky fraction it retains
is 23.46 %. Particularly for this simulation the galactic mask
does not reduce the sky fraction much for di↵erent threshold
compared to original initial mask in Adak et al. (2020) and
Ghosh et al. (2017). Only few fraction gets reduced for the
galactic spurs.

Next we describe the method applied to prepare the
masks for NILC. The NILC confidence masks are derived from
the residual foregrounds in the recovered CMB maps. The
residual foreground B-mode maps can be accurately deter-
mined by propagating the NILC weights to the sky simula-
tions for the foregrounds. The intensity of the residual B-
mode maps are then squared and smoothed with a 9� beam.
The smoothed maps are threshold-ed with appropriate in-
tensity limits to produce masks with the desired fraction
of sky coverage. NILC masks for di↵erent sky fractions have
been depicted in Figure 7. Figure 6.2 shows the variation in
the bias in recovered r with respect to di↵erent sky fractions
for SET1c. We find that a sky coverage of 30-50% gives us
the least amount of bias for various set of foreground models.
The error bars in our analysis steadily increase as we reduce
the sky coverage. For the rest of our analysis on NILC re-
covered maps we have chosen to use 40% of the sky.

6.2 Map based results

To derive the foreground residual bias on tensor-to-scalar ra-
tio from BB power for r = 0 using foreground-cleaned maps,
we sample the samples of free parameter r in likelihood of
Eq.9. As discussed in Sect.5, we construct the C` covari-
ance matrix using map estimated auto- and cross- power
spectrum. Before noting the final foreground bias and un-
certainties on r estimation, we explore the possibility of us-

Figure 6. Galactic mask comprising 23.46% sky fraction at
Nside= 128 used in analysis for SET3a-a0 simulations. The re-
gion shown in dark brown color is masked.

Figure 7. NILC confidence masks for SET1c configuration. The
region shown in darkest brown masks 20% of the sky. The regions
in fainter brown colors incrementally depict masking of 40%, 50%,
60% and 80% the sky.

ing the optimum galactic mask. In this regard, we use our
most complex simulation in SET1c. In Figure. 6.2, we show
the posterior distribution of the tensor-to-scalar ratio for
di↵erent sky fractions for simulation in SET1c. Other fore-
ground models also exhibit a similar trend. We investigate
that mask with 40% (33 % for NILC) sky fraction gives least
bias. As a robustness test, we also estimate the posterior
distribution with changing the range of multipoles and find
the consistent results, compatible with input r = 0. This as-
sessment is done in Appendix. C. However for the results in
the main text, we use the full range of ` values ( 26 ` 6 200
for COMMANDER and 26 ` 6 600 for NILC).

In Table. 4, we summarize the results of the analysis
for all the simulations adopted displayed in Table. 1. We
note the maximum probable foreground bias rmp, uncer-
tainty �(r) and 95% confidence upper limit (CL UL) for
input r = 0 for both the blind and parametric component
separation method. We start with our simplest fiducial sim-
ulation in SET1a, with a single thermal dust component and
GALPROP synchrotron model. We find the recovered �(r) =
1.73⇥10�3 and 0.5⇥10�3 for parametric and blind compo-
nent separation respectively for input r = 0. From SET1a to
SET1c, we keep increasing the number of foreground compo-
nents. In SET1b, we add one more extra component, AME
with 1% polarization along with dust and synchrotron. We
find introduce of the AME does not have significant e↵ect
since AME response sharply decreased at the frequencies >

MNRAS 000, 1–?? (2020)
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Figure 5. Series of galactic mask used in likelihood analysis of
COMMANDER recovered maps for simulation of SET1c. The region
shown in dark brown is rejected in order to retain 70% sky frac-
tion. The regions shown in increasingly fainter brown colors are
incrementally rejected sky regions, corresponding in turn to retain
60%, 50%, 40% and 38% sky regions respectively.

2� - 6� of the CMB polarization intensity at 75 GHz. The
dust polarization intensity thresholds is determined in simi-
lar fashion by using 850GHz polarization intensity map and
extrapolating it into 75GHz using MBB with dust temper-
ature, Td = 19.4 K and spectral index, �d = -1.6.

Similarly, we prepare the foreground mask for two
thresholds for SET3a-a0. Later we combine them with the
mask prepared in Adak et al. (2020) and Ghosh et al. (2017)
where the modelling framework works. The final mask has
been displayed in Figure. 6. The total sky fraction it retains
is 23.46 %. Particularly for this simulation the galactic mask
does not reduce the sky fraction much for di↵erent threshold
compared to original initial mask in Adak et al. (2020) and
Ghosh et al. (2017). Only few fraction gets reduced for the
galactic spurs.

Next we describe the method applied to prepare the
masks for NILC. The NILC confidence masks are derived from
the residual foregrounds in the recovered CMB maps. The
residual foreground B-mode maps can be accurately deter-
mined by propagating the NILC weights to the sky simula-
tions for the foregrounds. The intensity of the residual B-
mode maps are then squared and smoothed with a 9� beam.
The smoothed maps are threshold-ed with appropriate in-
tensity limits to produce masks with the desired fraction
of sky coverage. NILC masks for di↵erent sky fractions have
been depicted in Figure 7. Figure 6.2 shows the variation in
the bias in recovered r with respect to di↵erent sky fractions
for SET1c. We find that a sky coverage of 30-50% gives us
the least amount of bias for various set of foreground models.
The error bars in our analysis steadily increase as we reduce
the sky coverage. For the rest of our analysis on NILC re-
covered maps we have chosen to use 40% of the sky.

6.2 Map based results

To derive the foreground residual bias on tensor-to-scalar ra-
tio from BB power for r = 0 using foreground-cleaned maps,
we sample the samples of free parameter r in likelihood of
Eq.9. As discussed in Sect.5, we construct the C` covari-
ance matrix using map estimated auto- and cross- power
spectrum. Before noting the final foreground bias and un-
certainties on r estimation, we explore the possibility of us-

Figure 6. Galactic mask comprising 23.46% sky fraction at
Nside= 128 used in analysis for SET3a-a0 simulations. The re-
gion shown in dark brown color is masked.

Figure 7. NILC confidence masks for SET1c configuration. The
region shown in darkest brown masks 20% of the sky. The regions
in fainter brown colors incrementally depict masking of 40%, 50%,
60% and 80% the sky.

ing the optimum galactic mask. In this regard, we use our
most complex simulation in SET1c. In Figure. 6.2, we show
the posterior distribution of the tensor-to-scalar ratio for
di↵erent sky fractions for simulation in SET1c. Other fore-
ground models also exhibit a similar trend. We investigate
that mask with 40% (33 % for NILC) sky fraction gives least
bias. As a robustness test, we also estimate the posterior
distribution with changing the range of multipoles and find
the consistent results, compatible with input r = 0. This as-
sessment is done in Appendix. C. However for the results in
the main text, we use the full range of ` values ( 26 ` 6 200
for COMMANDER and 26 ` 6 600 for NILC).

In Table. 4, we summarize the results of the analysis
for all the simulations adopted displayed in Table. 1. We
note the maximum probable foreground bias rmp, uncer-
tainty �(r) and 95% confidence upper limit (CL UL) for
input r = 0 for both the blind and parametric component
separation method. We start with our simplest fiducial sim-
ulation in SET1a, with a single thermal dust component and
GALPROP synchrotron model. We find the recovered �(r) =
1.73⇥10�3 and 0.5⇥10�3 for parametric and blind compo-
nent separation respectively for input r = 0. From SET1a to
SET1c, we keep increasing the number of foreground compo-
nents. In SET1b, we add one more extra component, AME
with 1% polarization along with dust and synchrotron. We
find introduce of the AME does not have significant e↵ect
since AME response sharply decreased at the frequencies >
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Figure 9. The variation in r recovery from COMMANDER (left panel) and NILC (right panel) for di↵erent sky fractions. The figure depicts
the results for foreground configuration of SET1c.

Table 4. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for di↵erent simulations
using COMMANDER and NILC for OPTION-II. The values are given in the unit of 10�3.

Experiment inpur r Sim.ID COMMANDER NILC
rmp �(rmp) r95 rmp �(rmp) r95

SET1a 1.80 5.74 12.71 -1.34 0.94 0.50
SET1b 2.33 6.02 13.77 -0.81 0.91 0.98
SET1c 2.55 5.73 13.44 0.79 0.95 2.66
SET1d 4.61 1.77 4.64 2.04 0.96 3.92

SET1d
0

0.96 5.55 11.50 1.33 1.21 3.71

SET1d
00

4.78 4.02 12.41 1.17 1.13 3.38

OPTION-II r = 0.0 SET2a 81.73 2.70 86.86 1.62 1.33 4.22
SET2b - - - 1.98 1.41 4.74
SET2c - - - 2.18 1.36 4.85

SET3a 1.35 0.69 2.66 - - -

Table 5. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for simulation SET3d
for OPTION-II when we consider one and three components of dust have been considered in COMMANDER. Two Alens values of 1 has been
considered. The values are given in the unit of 10�3.

MBB components inpur r Sim.ID Alens = 1
rmp �(rmp) r95

one MBB r = 0 SET1a
0

188.41 5.93 -

three MBB 33.47 1.88 -

ing pipelines comprising of a Bayesian component separa-
tion (Eriksen et al. 2008) and a blind component separation
(Basak & Delabrouille 2012) followed by a power-spectrum
based likelihood analysis. Thus we subject to the data anal-
ysis similar to the realistic sky setting, which allow us to
fully propagate the foreground residuals into r estimation
and identify the impact of incorrect modelling framework.
This also ensures us to confidently trace the impact of the
current experimental design and end-to-end e↵ects of the
changes in design or assumptions, and to iterate over the

framework once the more sophisticated sky and instrument
models are available.

We use di↵erent complex maps based simulations in
Sect. 3. Our simplest simulation shows that the the bias
in recovered r less than 1�. As we introduce more and more
polarized components (AME and point sources) with dust
+ synhrotron, the bias gets increased. This highlights the
necessity of low frequency observation to reduce the bias
and uncertainty of recovered r from the impact of polarized
AME. However, we note that the foreground remains a se-
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Figure 9. The variation in r recovery from COMMANDER (left panel) and NILC (right panel) for di↵erent sky fractions. The figure depicts
the results for foreground configuration of SET1c.

Table 4. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for di↵erent simulations
using COMMANDER and NILC for OPTION-II. The values are given in the unit of 10�3.
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Table 5. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for simulation SET3d
for OPTION-II when we consider one and three components of dust have been considered in COMMANDER. Two Alens values of 1 has been
considered. The values are given in the unit of 10�3.

MBB components inpur r Sim.ID Alens = 1
rmp �(rmp) r95

one MBB r = 0 SET1a
0

188.41 5.93 -

three MBB 33.47 1.88 -

ing pipelines comprising of a Bayesian component separa-
tion (Eriksen et al. 2008) and a blind component separation
(Basak & Delabrouille 2012) followed by a power-spectrum
based likelihood analysis. Thus we subject to the data anal-
ysis similar to the realistic sky setting, which allow us to
fully propagate the foreground residuals into r estimation
and identify the impact of incorrect modelling framework.
This also ensures us to confidently trace the impact of the
current experimental design and end-to-end e↵ects of the
changes in design or assumptions, and to iterate over the

framework once the more sophisticated sky and instrument
models are available.

We use di↵erent complex maps based simulations in
Sect. 3. Our simplest simulation shows that the the bias
in recovered r less than 1�. As we introduce more and more
polarized components (AME and point sources) with dust
+ synhrotron, the bias gets increased. This highlights the
necessity of low frequency observation to reduce the bias
and uncertainty of recovered r from the impact of polarized
AME. However, we note that the foreground remains a se-
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Figure 9. The variation in r recovery from COMMANDER (left panel) and NILC (right panel) for di↵erent sky fractions. The figure depicts
the results for foreground configuration of SET1c.

Table 4. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for di↵erent simulations
using COMMANDER and NILC for OPTION-II. The values are given in the unit of 10�3.

Experiment inpur r Sim.ID COMMANDER NILC
rmp �(rmp) r95 rmp �(rmp) r95

SET1a 1.80 5.74 12.71 -1.34 0.94 0.50
SET1b 2.33 6.02 13.77 -0.81 0.91 0.98
SET1c 2.55 5.73 13.44 0.79 0.95 2.66
SET1d 4.61 1.77 4.64 2.04 0.96 3.92

SET1d
0

0.96 5.55 11.50 1.33 1.21 3.71

SET1d
00

4.78 4.02 12.41 1.17 1.13 3.38

OPTION-II r = 0.0 SET2a 81.73 2.70 86.86 1.62 1.33 4.22
SET2b - - - 1.98 1.41 4.74
SET2c - - - 2.18 1.36 4.85

SET3a 1.35 0.69 2.66 - - -

Table 5. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for simulation SET3d
for OPTION-II when we consider one and three components of dust have been considered in COMMANDER. Two Alens values of 1 has been
considered. The values are given in the unit of 10�3.

MBB components inpur r Sim.ID Alens = 1
rmp �(rmp) r95

one MBB r = 0 SET1a
0

188.41 5.93 -

three MBB 33.47 1.88 -

ing pipelines comprising of a Bayesian component separa-
tion (Eriksen et al. 2008) and a blind component separation
(Basak & Delabrouille 2012) followed by a power-spectrum
based likelihood analysis. Thus we subject to the data anal-
ysis similar to the realistic sky setting, which allow us to
fully propagate the foreground residuals into r estimation
and identify the impact of incorrect modelling framework.
This also ensures us to confidently trace the impact of the
current experimental design and end-to-end e↵ects of the
changes in design or assumptions, and to iterate over the

framework once the more sophisticated sky and instrument
models are available.

We use di↵erent complex maps based simulations in
Sect. 3. Our simplest simulation shows that the the bias
in recovered r less than 1�. As we introduce more and more
polarized components (AME and point sources) with dust
+ synhrotron, the bias gets increased. This highlights the
necessity of low frequency observation to reduce the bias
and uncertainty of recovered r from the impact of polarized
AME. However, we note that the foreground remains a se-
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Figure 1. A comparison of the polarization sensitivity and frequency cover-
age for di↵erent instruments. CORE and CMB BHARAT OPTION-I di↵er
only in their high frequency coverage.

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

60.0 17.87 10.6
70.0 15.39 10.0
80.0 13.52 9.6
90.0 12.08 7.3

100.0 10.92 7.1
115.0 9.56 7.0
130.0 8.51 5.5
145.0 7.68 5.1
160.0 7.01 5.2
175.0 6.45 5.1
195.0 5.84 4.9
220.0 5.23 5.4
255.0 4.57 7.9
295.0 3.99 10.5
340.0 3.49 15.7
390.0 3.06 31.1
450.0 2.65 64.9
520.0 2.29 164.8
600.0 1.98 506.7

Table 3. CORE

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

40.0 69.3 39.76
50.0 56.8 25.76
60.0 49.0 20.69
68.0 42.5 12.72
78.0 37.8 10.39
89.0 34.1 8.95

100.0 35.7 6.43
119.0 29.8 4.30
140.0 28.9 4.43
166.0 28.9 4.86
195.0 28.2 5.44
235.0 24.7 9.72
280.0 22.5 12.91
337.0 20.9 19.07
402.0 17.9 43.53

Table 4. LiteBIRD

Analysis: The multi-frequency simulations are cleaned using
the Needlet ILC algorithm. The ILC weights are derived from anal-
ysis on total data. We apply these ILC weights to the total simulated
sky and also to CMB only, foregrounds only and noise only sky
simulations. The respective solutions allow us to asses the level of
instrument noise and the foreground residuals in the cleaned maps.

rmp �r r95 SNR
Experiment Alens

CORE
0.0 1.998 0.470 - 4.251
0.5 1.317 0.713 2.715 1.848
1.0 1.237 0.905 3.013 1.367

CMB BHARAT OPT-I
0.0 0.976 0.359 - 2.719
0.5 0.774 0.562 1.877 1.375
1.0 0.788 0.744 2.246 1.060

CMB BHARAT OPT-II
0.0 0.312 0.147 - 2.129
0.5 0.208 0.344 0.883 0.603
1.0 0.211 0.518 1.226 0.407

LiteBIRD
0.0 2.278 0.592 - 3.847
0.5 2.231 0.874 - 2.553
1.0 2.353 1.109 - 2.122

Table 5. Foreground bias on r (in units of 10�3) for the di↵erent experi-
ments. The 95% upper limit on r is given when the bias is detected at less
than 2�. While Alens = 0 denotes perfect de-lensing and Alens = 1 denotes
no de-lensing.

The MASTER corrected power spectra are estimated from each of
the solutions. We use a combination of the power spectra estimated
from total, foreground only, and noise only analyses to understand
the di↵erent contributions to the total power spectrum estimated
from the cleaned B-mode maps. Finally we estimate the posterior
on the tensor to scalar ratio "r", and this is done for di↵erent val-
ues of Alens. This analysis procedure is repeated on sky simulations
generated for each of the instruments considered in this work.

4 RESULTS

The main results are summarized in Table 5 and Fig. 2 and Fig. 3.
Here we summarize the salient features of the results:

• LiteBIRD is always biased at more than 2� due to foreground
residuals at the level of r ⇠ 2 ⇥ 10�3.
• CORE sensitivity is comparable to LiteBIRD, but has a much

better angular resolution and a better high frequency coverage but
a stunted low frequency coverage. For less than perfect de-lensing
the foreground bias in CORE is less than 2� significant, though
only marginally.
• CMB BHARAT OPTION-I has a sensitivity identical to

CORE, but improves its high frequency coverage. This helps im-
prove its robustness to foregrounds a little, reducing the bias by up
to a factor of 2.
• CMB BHARAT OPTION-II improves over CORE by not only

extending the low and high frequency coverage, but also improv-
ing the sensitivity by a factor of

p
2. In e↵ect is the best instru-

ment among all the configurations studied here. 50% de-lensing
and worse leads to a foreground bias which is less than 1� and
could year a near 3� detection of r ⇠ 10�3. Perfect de-lensing
would result in a statistically significant foreground induced bias
on measurement of r. Can potentially yield a statistically signifi-
cant detection of primordial B-modes with r=10�3.

5 PERSPECTIVES

It is important to bear in mind that the results presented here are
specific to "d1s1" simulations generated from PySM. Other studies
I have also studied that there can be significant variation in forecasts
depending on the assumed foreground model, however for brevity
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ECHO 7

Figure 1. Top: The filter function hl for 11 needlet bands. Cen-

ter: Distribution of NILC weights with respect to ECHO fre-
quency channels. SET1a sky simulations have been used as in-
put. Bottom: NILC weight distribution for SET2a sky simula-
tions. Both SET1a and SET2b consists of the lensed CMB, AME,
faint point sources ans GALPROP synchrotron models. SET2a
has more complex thermal dust model.

minimize the noise as this is the dominant contaminant in
smaller scales.

The overall reconstruction of BB spectrum through
NILC is quite good. Though bias from the input theory spec-
trum is slightly more for lower multipoles (l 6 50) they are
well within the 3� limit. We find that the power in the resid-
ual foreground is largely dominated by thermal dust and
synchrotron at lower multipoles and faint point sources at
higher multipoles. This can be seen in top panel of Figure

Figure 2. The plots show the di↵erence in recovered BB spectra
for di↵rent models of foreground.Top:)Residual foreground level
increases on addition of faint point sources (magenta and green

lines. Bottom: Noise and foreground residual levels increase at
lower multipoles with the complexity of thermal dust maps.

2, the residual foreground from SET1c (green dots) coin-
cide with the residual point sources (cyan dots) at higher
multipoles. We also find that complex thermal dust mod-
els impacts the performance of NILC significantly. As shown
in bottom panel of Figure 2, complex dust models leaves
higher levels of residual foreground and noise at large angu-
lar scales and as a result the error bars for recovered BB
spectrum are also larger in this case. We do not find any
significant changes in the NILC results by adding the AME
component.

5 LIKELIHOOD ANALYSIS

After applying cleaning algorithm on simulated maps, we
are left with the cleaned CMB maps of polarization with
fully propagated foreground residuals. We estimate tensor-
to-scalar ratio r from cross power spectra estimated from
cleaned half mission maps and its uncertainty using power
spectrum based likelihood analysis,
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significant changes in the NILC results by adding the AME
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5 LIKELIHOOD ANALYSIS

After applying cleaning algorithm on simulated maps, we
are left with the cleaned CMB maps of polarization with
fully propagated foreground residuals. We estimate tensor-
to-scalar ratio r from cross power spectra estimated from
cleaned half mission maps and its uncertainty using power
spectrum based likelihood analysis,
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Figure 9. The variation in r recovery from COMMANDER (left panel) and NILC (right panel) for di↵erent sky fractions. The figure depicts
the results for foreground configuration of SET1c.

Table 4. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for di↵erent simulations
using COMMANDER and NILC for OPTION-II. The values are given in the unit of 10�3.

Experiment inpur r Sim.ID COMMANDER NILC
rmp �(rmp) r95 rmp �(rmp) r95

SET1a 1.80 5.74 12.71 -1.34 0.94 0.50
SET1b 2.33 6.02 13.77 -0.81 0.91 0.98
SET1c 2.55 5.73 13.44 0.79 0.95 2.66
SET1d 4.61 1.77 4.64 2.04 0.96 3.92

SET1d
0

0.96 5.55 11.50 1.33 1.21 3.71

SET1d
00

4.78 4.02 12.41 1.17 1.13 3.38

OPTION-II r = 0.0 SET2a 81.73 2.70 86.86 1.62 1.33 4.22
SET2b - - - 1.98 1.41 4.74
SET2c - - - 2.18 1.36 4.85

SET3a 1.35 0.69 2.66 - - -

Table 5. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for simulation SET3d
for OPTION-II when we consider one and three components of dust have been considered in COMMANDER. Two Alens values of 1 has been
considered. The values are given in the unit of 10�3.

MBB components inpur r Sim.ID Alens = 1
rmp �(rmp) r95

one MBB r = 0 SET1a
0

188.41 5.93 -

three MBB 33.47 1.88 -

ing pipelines comprising of a Bayesian component separa-
tion (Eriksen et al. 2008) and a blind component separation
(Basak & Delabrouille 2012) followed by a power-spectrum
based likelihood analysis. Thus we subject to the data anal-
ysis similar to the realistic sky setting, which allow us to
fully propagate the foreground residuals into r estimation
and identify the impact of incorrect modelling framework.
This also ensures us to confidently trace the impact of the
current experimental design and end-to-end e↵ects of the
changes in design or assumptions, and to iterate over the

framework once the more sophisticated sky and instrument
models are available.

We use di↵erent complex maps based simulations in
Sect. 3. Our simplest simulation shows that the the bias
in recovered r less than 1�. As we introduce more and more
polarized components (AME and point sources) with dust
+ synhrotron, the bias gets increased. This highlights the
necessity of low frequency observation to reduce the bias
and uncertainty of recovered r from the impact of polarized
AME. However, we note that the foreground remains a se-
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Figure 9. The variation in r recovery from COMMANDER (left panel) and NILC (right panel) for di↵erent sky fractions. The figure depicts
the results for foreground configuration of SET1c.

Table 4. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for di↵erent simulations
using COMMANDER and NILC for OPTION-II. The values are given in the unit of 10�3.

Experiment inpur r Sim.ID COMMANDER NILC
rmp �(rmp) r95 rmp �(rmp) r95

SET1a 1.80 5.74 12.71 -1.34 0.94 0.50
SET1b 2.33 6.02 13.77 -0.81 0.91 0.98
SET1c 2.55 5.73 13.44 0.79 0.95 2.66
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SET2b - - - 1.98 1.41 4.74
SET2c - - - 2.18 1.36 4.85
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Table 5. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for simulation SET3d
for OPTION-II when we consider one and three components of dust have been considered in COMMANDER. Two Alens values of 1 has been
considered. The values are given in the unit of 10�3.

MBB components inpur r Sim.ID Alens = 1
rmp �(rmp) r95

one MBB r = 0 SET3a
0

188.41 5.93 -

three MBB 33.47 1.88 -

ing pipelines comprising of a Bayesian component separa-
tion (Eriksen et al. 2008) and a blind component separation
(Basak & Delabrouille 2012) followed by a power-spectrum
based likelihood analysis. Thus we subject to the data anal-
ysis similar to the realistic sky setting, which allow us to
fully propagate the foreground residuals into r estimation
and identify the impact of incorrect modelling framework.
This also ensures us to confidently trace the impact of the
current experimental design and end-to-end e↵ects of the
changes in design or assumptions, and to iterate over the

framework once the more sophisticated sky and instrument
models are available.

We use di↵erent complex maps based simulations in
Sect. 3. Our simplest simulation shows that the the bias
in recovered r less than 1�. As we introduce more and more
polarized components (AME and point sources) with dust
+ synhrotron, the bias gets increased. This highlights the
necessity of low frequency observation to reduce the bias
and uncertainty of recovered r from the impact of polarized
AME. However, we note that the foreground remains a se-
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Figure 9. The variation in r recovery from COMMANDER (left panel) and NILC (right panel) for di↵erent sky fractions. The figure depicts
the results for foreground configuration of SET1c.

Table 4. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for di↵erent simulations
using COMMANDER and NILC for OPTION-II. The values are given in the unit of 10�3.

Experiment inpur r Sim.ID COMMANDER NILC
rmp �(rmp) r95 rmp �(rmp) r95

SET1a 1.80 5.74 12.71 -1.34 0.94 0.50
SET1b 2.33 6.02 13.77 -0.81 0.91 0.98
SET1c 2.55 5.73 13.44 0.79 0.95 2.66
SET1d 4.61 1.77 4.64 2.04 0.96 3.92

SET1d
0

0.96 5.55 11.50 1.33 1.21 3.71

SET1d
00

4.78 4.02 12.41 1.17 1.13 3.38

OPTION-II r = 0.0 SET2a 81.73 2.70 86.86 1.62 1.33 4.22
SET2b - - - 1.98 1.41 4.74
SET2c - - - 2.18 1.36 4.85

SET3a 1.35 0.69 2.66 - - -

Table 5. Maximum likelihood estimation of tensor to scalar ratio and 95% confidence upper limit (CL UL) r95 for simulation SET3d
for OPTION-II when we consider one and three components of dust have been considered in COMMANDER. Two Alens values of 1 has been
considered. The values are given in the unit of 10�3.

MBB components inpur r Sim.ID Alens = 1
rmp �(rmp) r95

one MBB r = 0 SET1a
0

188.41 5.93 -

three MBB 33.47 1.88 -

ing pipelines comprising of a Bayesian component separa-
tion (Eriksen et al. 2008) and a blind component separation
(Basak & Delabrouille 2012) followed by a power-spectrum
based likelihood analysis. Thus we subject to the data anal-
ysis similar to the realistic sky setting, which allow us to
fully propagate the foreground residuals into r estimation
and identify the impact of incorrect modelling framework.
This also ensures us to confidently trace the impact of the
current experimental design and end-to-end e↵ects of the
changes in design or assumptions, and to iterate over the

framework once the more sophisticated sky and instrument
models are available.

We use di↵erent complex maps based simulations in
Sect. 3. Our simplest simulation shows that the the bias
in recovered r less than 1�. As we introduce more and more
polarized components (AME and point sources) with dust
+ synhrotron, the bias gets increased. This highlights the
necessity of low frequency observation to reduce the bias
and uncertainty of recovered r from the impact of polarized
AME. However, we note that the foreground remains a se-
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84% delensing
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Results(Detection significance)
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Discovery space of CMB-Bharat
Design driver: Details CMB polarization study


- lensing map with S/N > 15 at all scale.

- Constrain the          or extension more precisely

ECHO 3

Table 1. ECHO instrument specification, Option-II, as proposed
in CMB-Bharat proposal.

frequency Beam FWHM Q & U noise RMS
(GHz) (arcmin) (µKCMB-arcmin)

28 39.9 16.5
35 31.9 13.3
45 24.8 11.9
65 17.1 8.9
75 14.91 5.1
95 11.7 4.6
115 9.72 3.1
130 8.59 3.1
145 7.70 2.4
165 6.77 2.5
190 5.88 2.8
220 5.08 3.3
275 4.06 6.3
340 3.28 11.4
390 2.86 21.9
450 2.48 43.4
520 2.14 102.0
600 1.86 288.0
700 1.59 1122.0
850 1.31 9550.0

in the latest version of Planck Sky Model1 (PSM version
2.0.2, Delabrouille, J. et al. (2013)). We also make use of
two ancillary dust simulated maps generated from templates
modelled in Mart́ınez-Solaeche et al. (2018), Adak et al.
(2020) and Ghosh et al. (2017). All simulated maps are
projected on HEALPix grid (Górski et al. 2005) at Nside =
512 and Nside = 256 for analysis using NILC and COMMANDER
respectively. CMB and foreground maps Nside = 512 are
smoothed at respective beam resolution mentioned in Ta-
ble. 1 for the frequency maps below 65 GHz and FWHM
= 200 for rest of the frequencies. However we smooth all
Nside = 256 maps at FWHM = 600 since the version of the
COMMANDER we are using in this analysis is unable to take into
account variable beam width across the frequencies. For one
set of foreground model (SET3a-a

0
in Table. 3), we use 600

smoothed maps at Nside = 128. We generate the two half
mission Gaussian white noise realizations at each frequen-
cies for

p
2 times the RMS noise level listed in Table. 1. Noise

maps are smoothed at e↵ective beam FWHM2 for each of
the frequencies. We consider delta band pass profile in the
simulated maps. Finally, we coadd CMB, foreground and
noise realization maps at each frequencies to produce the
two half mission mock data of the observed sky at respec-
tive frequencies. Di↵erent dust and synchroton models are
shu✏ed to generate di↵erent sets of observed sky.

3.1 CMB

We generate the realizations of CMB maps using PSM code
from theoretical power spectra obtained using CLASS (Les-
gourgues 2011) code. The ⇤CDM model parameters are mo-

1 http://www.apc.univ-paris7.fr/~delabrou/PSM/psm.html
2 E↵ective FWHM=

p
(FWHMf � FWHMi), where FWHMi

and FWHMf are initial and final beam FWHM respectively.

tivated from Planck latest results (Planck Collaboration VI
2018) with a input tensor-to-scalar ratio r = 0. CMB lensed
B-mode power is a problem for primordial B-mode detection,
since lensed power lifts the amplitude of total B-mode and
consequently the cosmic-variance contributed to the statis-
tical uncertainties. Therefore, we consider the both lensed
and delensed (84%) cases. In order to generate the delensed
CMB maps, we first simulate the unlensed and lensed CMB
maps using LensPix3 (Hamimeche & Lewis 2008) from given
lensed potential obtained from CAMB4 code. A noted above,
the same ⇤CDM parameters have been used in CAMB code.
Later, we add5 them for unlensed and lensed contribution
of 84% and 16 % respectively.

Since the main focus of this work is to study B-mode at
large scale, we do not include the secondary anisotropies
e.g. Sunyaev-Zel’dovich e↵ect, patchy reionization e↵ect
(Mukherjee et al. 2019; Smith & Ferraro 2017) and any ex-
tragalactic di↵use emission e.g. cosmic infrared background
(CIB) anisotropies (Planck Collaboration XLVIII 2016).

3.2 Foregrounds

The main foreground contributions in the quest for B-mode
polarization comes from galactic dust and synchrotron emis-
sions. In simulations, we include dust and synchrotron ra-
diations generated from di↵erent models. In a few simula-
tions, for specific purposes, we add polarized emissions from
spinning dust and faint point sources. In next section, we
describe the simulations of each of the components used in
our analysis. We summarize those components in Table. ??.

3.2.1 Thermal dust

In this study we use three dust polarization model with dif-
ferent complexities in order to test the robustness of clean-
ing algorithm. First, we generate one set of dust maps (here-
after GNILC�dust for nomenclature) from PSM. This model
uses Planck dust intensity maps at 353 GHz IGNILC353 dis-
entangled from CIB using Generalized Nidlet-ILC (GNILC)
pipeline (Planck Collaboration XLVIII 2016) and translates
in Stokes Q, U using,

Qd
⌫ = fdgdI

GNILC
353 cos(2�d) (1)

Ud
⌫ = fdgdI

GNILC
353 sin(2�d) (2)

Where the dust polarization angle, �d is due to magnetic
field configuration (Miville-Deschênes et al. 2008). The dust
polarization fraction is set to fd = 0.15, which gets reduced
to observed polarization fraction fdgd = 0.05 on average over
the sky after modulation by depolarization factor, gd. The
template Stokes Q, U maps are translated to other frequen-
cies using modified blackbody spectrum (MBB),

I⌫ = IGNILC353 (
⌫
353

)�d

B⌫(Td)
B353(Td)

(3)

3 http://cosmologist.info/lenspix/
4 http://camb.info
5 delensed CMB = ↵⇥ lensed CMB + (1-↵) ⇥ unlensed CMB;
where ↵ =

p
Alens, particularly in this case Alens = 0.16 (84%

delensed)

MNRAS 000, 1–?? (2020)

Comes ‘for free’ but having rich scientific interest 
- map of SZ effect. 
- Extragalactic sources/CIB 
-  Galactic foregrounds 
- Magnetic field 
- Reionization 
- Neutrino mass 
- Statistical anisotropy and non- Gaussianity
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One-minute Summary
ECHO is the instrument with combination of full sky coverage, high resolution and sensitivity, 
large frequency coverage in a single platform.


Huge discovery space: Inflation, particle physics, galactic and extragalactic astronomy 

      - particularly designed to detect : r ~ 0.001.


We consider 11 set of simulations, 84% delensing, decorrelation effect.  


In this forecast study, we do not consider non-white noise, systematics.


We are hopeful to see ISRO to support CMB Bharat (ECHO).

Thank you
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Extra slides
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Indian contribution

Capabilities achieved within India

• Service module  

• Design, fabrication, assembly, testing 

• Launch to L2 

• Tracking & control 

• Orbit maintenance 

• Science data downlink 

• Data products and analysis 

• Mission planning and operation 

5

Indian	technical	contribuBon	
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Indian contributionIndian	technical	contribuBon	
Capabilities achieved with modest planned investments

• Telescope and Optics 

• Design, fabrication, assembly, testing 

• Reflectors, baffling 

• Reimaging optics, filters 

• Science Payload 

• Design, assembly, testing

6
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Indian	technical	contribuBon	

Capabilities achieved with long-term planned investments

• Broadband photon-noise-limited sensors & readout for 
CMB frequency bands 

• Cryogenic coolers at 100mK in space

7

Indian contribution
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Working GroupCMB-Bharat	Working	groups	
Cluster	Physics	from	CMB:		
Lead:	Subhabrata	Majumdar		(TIFR)	
Members:	 Suvodip	Mukherjee,	Dhiraj	Hazra,	 K.P.	 Singh,	 Siddharth	 Savyasachi	Malu,	 Abhirup	
DaIa,	Priyanka	Singh	
	
Foregrounds	and	CIB:		
Lead:	Tuhin	Ghosh	(NISER)	
Members:	Rajib	Saha,	Soumen	Basak,	Pavan	K.	Aluri,	Moumita	Aich,	Ranajoy	Banerji,	Aditya	
RoN,	Abhirup	DaIa,	PravabaO	Chingangbam,	Sandeep	Rana	(List	Here)	
	
Instrument	science:		
Lead:	Zeeshan	Ahmed	(Stanford	Univ)	
Members:	Aafaque	R	Khan,	Rahul	DaIa,	Mayuri	S.Rao,	Ritoban	Thakur	
	
Infla;on:	
Lead:		L.	Sriramkumar	(IIT	Madras)	
Members:	Dhiraj	Hazra,	 Anshuman	Maharana,	Urjit	 Yajnik,	 Raghu	Rangarajan,	 SupraOk	 Pal,	
Anjan	 Ananda	 Sen,	 Subodh	 PaOl,	 Rajeev	 Kumar	 Jain,	 Gaurav	 Goswami,	 V.	 Sreenath,	 Debika	
Chowdhury,	PravabaO	Chingangbam,	Moumita	Aich	(List	here)	

And 8 more
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8 Adak et al.

Figure 3. Left panel: Power spectrum of recovered maps from COMMANDER (upper panel) and NILC (lower panel) for SET1c simulation
(yellow circles). 75% mask and binning of �` = 9 have been applied in power spectrum estimation. 1� errorbars are quadratic sum of
cosmic variance and variance from residual noise and foregrounds. Right panel: Posterior distribution of tensor-to-scalar ratio estimated
from power spectrum of left panel. The dashed dotted line is input r = 0.0 and the yellow dashed dotted line is the maximum probable
value of r from likelihood estimation.

Figure 4. The histogram of COMMANDER estimation of the foreground parameters (olive) and input parameters (brown). Left panel:

histogram of synchrotron spectral index, �s, Middle panel: histogram of dust spectral index, �d and Right panel: histogram of dust
temperature, Td. The blue vertical lines are the corresponding values of the Gaussian mean of the prior adopted.

MNRAS 000, 1–?? (2020)

Spectral parameters
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Maps
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2 Rotti et. al

Figure 1. A comparison of the polarization sensitivity and frequency cover-
age for di↵erent instruments. CORE and CMB BHARAT OPTION-I di↵er
only in their high frequency coverage.

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

60.0 17.87 10.6
70.0 15.39 10.0
80.0 13.52 9.6
90.0 12.08 7.3

100.0 10.92 7.1
115.0 9.56 7.0
130.0 8.51 5.5
145.0 7.68 5.1
160.0 7.01 5.2
175.0 6.45 5.1
195.0 5.84 4.9
220.0 5.23 5.4
255.0 4.57 7.9
295.0 3.99 10.5
340.0 3.49 15.7
390.0 3.06 31.1
450.0 2.65 64.9
520.0 2.29 164.8
600.0 1.98 506.7

Table 3. CORE

Channels (Ghz) fwhm (arcmin) Pol. depth (µKCMB � arcmin)

40.0 69.3 39.76
50.0 56.8 25.76
60.0 49.0 20.69
68.0 42.5 12.72
78.0 37.8 10.39
89.0 34.1 8.95

100.0 35.7 6.43
119.0 29.8 4.30
140.0 28.9 4.43
166.0 28.9 4.86
195.0 28.2 5.44
235.0 24.7 9.72
280.0 22.5 12.91
337.0 20.9 19.07
402.0 17.9 43.53

Table 4. LiteBIRD

Analysis: The multi-frequency simulations are cleaned using
the Needlet ILC algorithm. The ILC weights are derived from anal-
ysis on total data. We apply these ILC weights to the total simulated
sky and also to CMB only, foregrounds only and noise only sky
simulations. The respective solutions allow us to asses the level of
instrument noise and the foreground residuals in the cleaned maps.

rmp �r r95 SNR
Experiment Alens

CORE
0.0 1.998 0.470 - 4.251
0.5 1.317 0.713 2.715 1.848
1.0 1.237 0.905 3.013 1.367

CMB BHARAT OPT-I
0.0 0.976 0.359 - 2.719
0.5 0.774 0.562 1.877 1.375
1.0 0.788 0.744 2.246 1.060

CMB BHARAT OPT-II
0.0 0.312 0.147 - 2.129
0.5 0.208 0.344 0.883 0.603
1.0 0.211 0.518 1.226 0.407

LiteBIRD
0.0 2.278 0.592 - 3.847
0.5 2.231 0.874 - 2.553
1.0 2.353 1.109 - 2.122

Table 5. Foreground bias on r (in units of 10�3) for the di↵erent experi-
ments. The 95% upper limit on r is given when the bias is detected at less
than 2�. While Alens = 0 denotes perfect de-lensing and Alens = 1 denotes
no de-lensing.

The MASTER corrected power spectra are estimated from each of
the solutions. We use a combination of the power spectra estimated
from total, foreground only, and noise only analyses to understand
the di↵erent contributions to the total power spectrum estimated
from the cleaned B-mode maps. Finally we estimate the posterior
on the tensor to scalar ratio "r", and this is done for di↵erent val-
ues of Alens. This analysis procedure is repeated on sky simulations
generated for each of the instruments considered in this work.

4 RESULTS

The main results are summarized in Table 5 and Fig. 2 and Fig. 3.
Here we summarize the salient features of the results:

• LiteBIRD is always biased at more than 2� due to foreground
residuals at the level of r ⇠ 2 ⇥ 10�3.
• CORE sensitivity is comparable to LiteBIRD, but has a much

better angular resolution and a better high frequency coverage but
a stunted low frequency coverage. For less than perfect de-lensing
the foreground bias in CORE is less than 2� significant, though
only marginally.
• CMB BHARAT OPTION-I has a sensitivity identical to

CORE, but improves its high frequency coverage. This helps im-
prove its robustness to foregrounds a little, reducing the bias by up
to a factor of 2.
• CMB BHARAT OPTION-II improves over CORE by not only

extending the low and high frequency coverage, but also improv-
ing the sensitivity by a factor of

p
2. In e↵ect is the best instru-

ment among all the configurations studied here. 50% de-lensing
and worse leads to a foreground bias which is less than 1� and
could year a near 3� detection of r ⇠ 10�3. Perfect de-lensing
would result in a statistically significant foreground induced bias
on measurement of r. Can potentially yield a statistically signifi-
cant detection of primordial B-modes with r=10�3.

5 PERSPECTIVES

It is important to bear in mind that the results presented here are
specific to "d1s1" simulations generated from PySM. Other studies
I have also studied that there can be significant variation in forecasts
depending on the assumed foreground model, however for brevity
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