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Next CMB mission: Why ?

CMB is the oldest and cleanest cosmological probes of the universe 

Planck mission has extracted ~ 100 % information from CMB temperature 

But only a small fraction (10%) of the rich CMB polarization information 

Unsolved problem: Inflation ? ? —> Primordial B-modes in CMB polarization 
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CMB - Bharat in Brief 

European CMB proposal CORE (Cosmic Origins Explorer), a ‘near- ultimate’ CMB 
polarization mission. 
Did not pass the screening by ESA in January 2017. 

   - cost did not fit within ESA’s M-class mission.

ESA encouraged to consider a joint proposal with a major international partner

Consortium submit the proposal of CMB- mission “Exploring  Cosmic History and Origins 
(ECHO )” to ISRO on 16th April, 2018

!4

➢CMB-Bharat: Cross-institutional Indian cosmology consortium was set up formally on 
Jan 9th 2018 at ISRO HQ meet  ~ 90 members  from ~15 institutes 
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CMB-Bharat

A "near-ultimate” CMB polarization survey 
    (1-2µK.arcmin sensitivity, ~20 bands in 28-850 GHz) 
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ECHO 3

local emission. A very subtle shift or rotation of a detector,
or glint of light from out of the field could mimic a spurious
signal. The design of the instruments, the program of map-
ping and observation, the experimental characterization and
calibration of the experiment will all need to be carried out
with an unparalleled level of precision so that the instrumen-
tal systematic e↵ects must be controlled to level well below
the sensitivity of the instrument.
• Removal of foreground contamination: The capability

to distinguish CMB B-mode polarization from contamina-
tion by galactic and extragalactic astrophysical emissions is
determined by multitude of astrophysical signals, frequency
range and number of bands the mission has across the mi-
crowave and sub-millimeter range. The foreground and cos-
mological signals are separable using their spectral signa-
tures. Although CMB is same at all frequency bands (in
thermodynamic unit), the electromagnetic spectrum of the
astrophysical components are di↵erent across frequencies.
The CMB B-mode signal is expected to be very weak and
buried in the astrophysical foregrounds (we discuss this issue
in more detail in Section 2.2). Thus, to characterize astro-
physical foreground emission and e�ciently subtract them
from CMB, we need large frequency coverage.
• Removal of contamination due to lensing: At large angu-

lar scales (` < 150), the B-modes transformed from E-modes
due to gravitational lensing resemble as white noise of ap-
proximately constant amplitude of 5 µK.arcmin (Seljak &
Hirata 2004). The lensing B-modes and primordial B-modes
are comparable at ` = 80 for tensor-to-scalar ration r ⇡ 0.01.
The lensing B-modes has dominant contribution to uncer-
tainties of r measurement if noise level is lower than the
lensing signal of 5 µK.arcmin. Therefore, to reach the target
level of tensor-to-scalar ratio of the order of 10

�3, lensing cor-
rection is necessary. This requires an angular resolution of a
few arcmin at observation frequencies in the 100 � 200GHz
range (and below if possible).

To take these requirements into account, the ECHO satel-
lite will scan the microwave sky in temperature and polar-
ization in 20 frequency bands ranging from few tens of GHz
to THz. The satellite will be placed in orbit around Sun-
Earth second Lagrange (L2) point. The observations will be
carried out for 4 years in the anti-solar direction, pointing
away from contaminating radiation from the Sun, the Earth
and the Moon. The instrument will measure the CMB po-
larization field down to angular scales of a few arcminutes
with a sensitivity of 1-2 µK.arcmin.

Table 1 presents the instrument specification of ECHO.
ECHO is inspired by the COrE concept and borrows many of
its most appealing design aspects (Delabrouille et al. 2018;
de Bernardis et al. 2018). It improves the COrE concept by
extending the frequency coverage at both high and low end
of frequency coverage while also enhancing the sensitivity
roughly by a factor of

p
2. ECHO scanning strategy will cover

the full sky with multiple visits to the same sky location
over a period of 4 years of observations. Fig. 1 compares the
target ECHO noise power spectra polarization with those of
di↵erent generations of space based CMB surveys (existing
or planned).

ECHO is designed to allow for maximum control over fore-
grounds. Fig. 2 shows that three ECHO channels below 50 GHz
are dominated by synchrotron emission while the 14 chan-

Figure 1. Theoretical CMB angular power spectra of tempera-
ture T , E- and B-mode polarization anisotropies as a function of
multipole moments for the best-fit ⇤CDM parameters derived by
Planck (Planck Collaboration VI 2018) with r = 0.06. The instru-
ment noise power spectrum of polarization (dash lines) plotted for
di↵erent generations of space based CMB surveys, viz. Planck,
LiteBIRD and ECHO.

nels above 100 GHz are dominated by dust emission. The
high frequency channels of the instrument, particularly the
frequency channels from 220 to 900 GHz, are designed to re-
move the dust contamination in CMB and measure the Cos-
mic Infrared Background (CIB) anisotropies. On the other
hand the low frequency channels are designed to mitigate
the contamination of CMB polarization measurements by
Galactic synchrotron emission. The channels between 50 and
200 GHz can be thought of as the CMB channels, that are
expected to drive the detection of the primordial B-mode
signal. In essence, ECHO configuration aims to observe the
polarized microwave sky with 10 � 30 times better sensitiv-
ity than Planck and will more than double the frequency
coverage.

2.2 The foreground issue

The weakness of the CMB polarization signal makes it heav-
ily contaminated by foreground emission from both the
galactic and extragalactic sources. The extragalactic fore-
grounds such as point sources are approximately white noise,
whereas the galactic synchrotron and dust emission are ex-
pected to have a significant polarization at large angular
scales. The minimum polarized foreground contamination is
roughly corresponding to r

FG

= 0.06 to 1.0 in the frequency
range 60�100 GHz (Krachmalnico↵, N. et al. 2016). In fact,
depending on the amplitude of r and scaling of foreground
components, the signal could be buried nearly two orders
of magnitude below the foreground contamination as shown
in Fig. 2. Given the current upper limits on r, there is no
regions of the sky which are dominated by the primordial
B-mode signal. Therefore a robust measurement of primor-
dial B-modes will require foreground removal to anticipated
levels. In order to achieve the target of ECHO, residual in the
recovered CMB maps should be controlled below 10

�5µK2.

c� 0000 RAS, MNRAS 000, 000–000
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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

71%

24%

71%

24%
105

104103

104
105

Foreground contamination

Spinning dust/AME can be 1- 2% (Dickinson et al. 2011 ) polarized 
Point sources can be 1.5-4.8% (Ricci, R. et al. (2004) ) polarized.

Planck collaboration XI (2018) 
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Key target

Delensing is important to reduce uncertainty of r measurement

Lensed B-modes 
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CMB-Bharat research – ‘r’ recovery

Adak et al (arXiv:2110.12362)

- To detect r ~ 10-3 at 3     significance 

- Full-sky maps 

- 20 frequency bands between 28 and 
850 GHz 

- CMB polarization sensitivity: 
      1-2 uK.arcmin 

- Few arcmin resolution allows for  
     delensing
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Summary of the foreground components

modified black body 
spectrum

No dust 
decorrelation

Includes dust 
decorrelation

Includes dust 
decorrelation

Adak et al (arXiv:2110.12362)!9
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Set of sky simulations

emission law
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sky simulations 

Likelihood 
analysis / r 
estimation

14 Adak et al.

Figure 10. BB cross power spectrum (green circles) estimated from two half-mission recovered maps using Commander (upper left panel)
and NILC (lower left panel) for SET1a simulation. Black solid line is the theoretical lensed BB power spectrum, grey-shaded region is
theoretical tensor CMB power spectrum for range of r 2 [10

�3, 10

�4

]. Total foreground + noise residual leakage to two half mission maps
(HM1, HM2) recovered by Commander are shown in orange and maroon triangles. For NILC, the residual foreground (cyan diamonds)
and residual noise power spectra for two half-missions (HM1 in maroon and HM2 in orange) are displayed. The 50% Galactic mask and
binning of �` = 9 have been applied in power spectrum estimation. 1� error bars are the quadratic sum of cosmic variance of CMB C`

and uncertainty introduced by residual noise and foregrounds as estimated by NaMaster. Right panel: Posterior distribution of r estimated
from power spectrum based likelihood. The black dotted line is input r = 0, and the green dash-dotted line is the maximum probable
value of r.

and dust temperature, T

d

(right panel) used in simulation
in SET1d

0
. We also plot the distribution of amplitude of Q,

U maps recovered by Commander and that of input maps for
CMB, dust and synchrotron in Appendix. A. We find that
the Commander fits thermal dust spectral parameters T

d

and
�

d

as well as amplitudes of all components with desired accu-
racy. However, lack of frequency channels < 28 GHz prevents
Commander to fit synchrotron spectral index. This incorrect
fitting to the data at low frequency results in incorrect fore-
ground subtraction and subsequently a biased estimation of
r. We argue that additional data from low-frequency survey,
e.g., C-BASS (Irfan et al. 2015) and 23 GHz channel data
from WMAP may help in better fitting of synchrotron spec-
tral index and reduce the bias on r. However, this possibility
has not been further explored in current paper.

Impact of decorrelation - The frequency-frequency

decorrelation of thermal dust may play a crucial role in pro-
ducing larger bias on r especially for parametric component
separation. To investigate that, we use three sky configura-
tions - SET2a-c where one multi-layer dust model (Gines �
dust) is used that introduces decorrelation across the fre-
quencies. Three di↵erent synchrotron scaling is adopted in
these three sets. The forecast results are presented in third
block of Table. 6, showing a strong departure of r bias and
uncertainties from corresponding baseline values for SET1c.
The results from the parametric component separation de-
pend on whether the decorrelation across the ECHO frequen-
cies in the dust model is properly parameterized, whereas
NILC is not amenable to any assumption about decorrela-
tion.

The power spectra of residual foreground and noise in
the NILC recovered CMB maps for SET1c and SET2a are

c� 0000 RAS, MNRAS 000, 000–000
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- 70% sky fraction. The left panel of Figure 6, demonstrate
the set of Galactic mask used for SET1a retaining 30 - 70%
sky fraction. The regions shown in brown colors of di↵erent
shades are masked out to retain di↵erent sky fraction.

Similarly, we prepare the Galactic mask at N

side

= 128
for simulation in SET3a-b with 3� threshold in reference
to CMB polarization intensity at 75 GHz. We combine this
Galactic mask with initial binary mask for these sets. The
final analysis mask has been displayed in middle panel of
Figure 6 that retains 24% of the sky.

The NILC confidence masks are derived from the residual
foregrounds in the recovered B-mode CMB maps. The resid-
ual foreground B-mode maps are prepared by propagating
the NILC weights to the sky simulations of the foregrounds.
The square of the residual maps are then smoothed to 9�.
Following this, we mask the pixels that have values beyond
a suitable threshold values of square of the residual () to
retain 20% to 80% sky fraction. Set of NILC masks used in
SET1a have been displayed in right panel of Figure 6 that
retains 20% to 80% sky fraction. The di↵erent brown shaded
regions are masked out for retaining di↵erent sky fractions.

4.3 Power spectrum estimation and Likelihood
Analysis

After applying the component separation algorithms on the
simulated maps, we are left with the cleaned CMB maps
with fully propagated foreground and noise residuals. We
estimate r from cross power spectrum of two half-mission
cleaned maps followed by power spectrum based likelihood
analysis. We apply pseudo-C` estimator (Hivon et al. 2002)
from NaMaster code9 (Alonso et al. 2019) for power spec-
trum estimation from the masked sky. However, application
of pseudo-C` estimator on spin-2 field is complicated by the
fact that there will be non-negligible leakage from E-modes
to B-modes. To avoid this issue, we run pseudo-C` estima-
tor on B maps decompose from full sky Q, U maps recov-
ered from Commander (NILC returns E, B cleaned maps ). We
adopt the constant binning scheme of band width �` = 9
and (2`+1) weighted band power which is given by

ˆ

C

BB

k

=

`
max

(k)X

`
min

(k)

(2` + 1)

P`
max

(k)

`=`
min

(k)

(2` + 1)

C

BB

` , (9)

in kth band, where C

BB

` is the unbinned cross power spec-
trum (hereafter, by C

BB

` , we will indicate band power). For
simulations in SET3a and SET3b, Commander is applied over
masked sky. Therefore, decomposition of cleaned Q, U maps
to E, B maps for them again is an issue due to E-to-B leak-
age. In these cases, we adopt pure-B estimator (Smith 2006)
of NaMaster code which minimizes the leakage with addi-
tional sample variance.

Next, we pass the estimated the binned power spectra
to the likelihood,

� 2L = constant+
X

k,k
0

h
ˆ

C

BB

k

�C

BB,model

k

(r, A
L

)

i
⌃�1

k,k
0
h

ˆ

C

BB

k

0 �C

BB,model

k

0 (r, A
L

)

i
, (10)

9

https://github.com/damonge/NaMaster

where k, k

0
indicate the bands and ⌃

k,k
0 is BB band covari-

ance matrix. The covariance matrix is estimated from similar
binning scheme as in Equation 9,

⌃
k,k
0 =

P`
max

(k)

`=`
min

(k)

P`0
max

(k)

`
0
=`
0
min

(k)

(2` + 1)(2`
0
+ 1)⌅BB,BB

``
0

P`
max

(k)

`=`
min

(k)

P`0
max

(k)

`
0
=`
0
min

(k)

(2` + 1)(2`0 + 1)

(11)

where ⌅BB,BB

``
0 (Tristram et al. 2005) is the BB covariance ma-

trix estimated using NaMaster code. In order to take into
account the impact of residual foreground and noise in co-
varaince matrix, we consider both auto- and cross power
spectra in covariance matrix estimation.

We assume, at likelihood level, BB power spectra can be
expressed as combination of theoretical tensor and lensing
modes as,

C

BB,model

k

(r, A
L

) =
r

0.01

C

BB,tensor

k

(r = 0.01) + A

L

C

BB,lensing

k

(r = 0),

(12)

where the reference tensor power spectrum, C

BB,tensor

k

at r =

0.01 and lensing power spectrum, C

BB,lensing

k

are held fixed
to fiducial ⇤CDM model parameters (Planck Collaboration
IV 2018). The reference C`s are binned using same weight-
ing scheme shown in Equation 9. We assume that impact of
delensing can be compressed to a single scale invariant pa-
rameter A

L

. We fix A

L

to 1 (for no delensing) and 0.16 (for
84 % delensing) in Equation 12 while drawing samples. We
use publicly available Markov Chain Monte Carlo (MCMC)
code, emcee10 (Foreman-Mackey et al. 2013) for drawing the
samples of r from likelihood distribution in Equation 10
without any prior. The drawn samples are utilized in evalu-
ating posterior distribution of r, estimation of the maximum
probable value r

mp

and 1� uncertainty.

5 FORECAST RESULTS

The estimated BB power spectrum obtained from foreground
cleaned CMB maps are contaminated by the foreground and
noise residuals. Therefore, in our forecast results, we focus
on both possible bias on r and its 1� uncertainty caused by
residuals. Bias and uncertainty for all set of simulations are
estimated following the method discussed in Section 4.3 over
optimized Galactic mask.

5.1 No foregrounds: Analytical forecast result

We examine first the sensitivity of ECHO to measure B-
mode in absence of foreground contamination. This sim-
plest configuration can provide the minimum possible de-
tectable value at 1� for ECHO. In absence of foregrounds,
sensitivity of the experiment in power spectrum level is
determined by lensed B-mode and pure instrument noise
power spectrum. However, particularly, for this configura-
tion, we do not run component separation pipelines. In-
stead, we estimate �(r) from analytical formula, �(r = 0) =

10

https://github.com/dfm/emcee

c� 0000 RAS, MNRAS 000, 000–000

Foreground cleaning

✓ Needless Internal Linear Combination (NILC) method -  minimum-variance estimator in spherical wavelet basis  -  
Delabrouille et al. 2009, Basak et al. 2012, 2013. 

✓  COMMANDER – Bayesian multi-component spectral fit in pixel space through  
     Gibb’s sampling – Eriksen et al. 2004, 2008 

14 Adak et al.

Figure 10. BB cross power spectrum (green circles) estimated from two half-mission recovered maps using Commander (upper left panel)
and NILC (lower left panel) for SET1a simulation. Black solid line is the theoretical lensed BB power spectrum, grey-shaded region is
theoretical tensor CMB power spectrum for range of r 2 [10

�3, 10

�4

]. Total foreground + noise residual leakage to two half mission maps
(HM1, HM2) recovered by Commander are shown in orange and maroon triangles. For NILC, the residual foreground (cyan diamonds)
and residual noise power spectra for two half-missions (HM1 in maroon and HM2 in orange) are displayed. The 50% Galactic mask and
binning of �` = 9 have been applied in power spectrum estimation. 1� error bars are the quadratic sum of cosmic variance of CMB C`

and uncertainty introduced by residual noise and foregrounds as estimated by NaMaster. Right panel: Posterior distribution of r estimated
from power spectrum based likelihood. The black dotted line is input r = 0, and the green dash-dotted line is the maximum probable
value of r.

and dust temperature, T

d

(right panel) used in simulation
in SET1d

0
. We also plot the distribution of amplitude of Q,

U maps recovered by Commander and that of input maps for
CMB, dust and synchrotron in Appendix. A. We find that
the Commander fits thermal dust spectral parameters T

d

and
�

d

as well as amplitudes of all components with desired accu-
racy. However, lack of frequency channels < 28 GHz prevents
Commander to fit synchrotron spectral index. This incorrect
fitting to the data at low frequency results in incorrect fore-
ground subtraction and subsequently a biased estimation of
r. We argue that additional data from low-frequency survey,
e.g., C-BASS (Irfan et al. 2015) and 23 GHz channel data
from WMAP may help in better fitting of synchrotron spec-
tral index and reduce the bias on r. However, this possibility
has not been further explored in current paper.

Impact of decorrelation - The frequency-frequency

decorrelation of thermal dust may play a crucial role in pro-
ducing larger bias on r especially for parametric component
separation. To investigate that, we use three sky configura-
tions - SET2a-c where one multi-layer dust model (Gines �
dust) is used that introduces decorrelation across the fre-
quencies. Three di↵erent synchrotron scaling is adopted in
these three sets. The forecast results are presented in third
block of Table. 6, showing a strong departure of r bias and
uncertainties from corresponding baseline values for SET1c.
The results from the parametric component separation de-
pend on whether the decorrelation across the ECHO frequen-
cies in the dust model is properly parameterized, whereas
NILC is not amenable to any assumption about decorrela-
tion.

The power spectra of residual foreground and noise in
the NILC recovered CMB maps for SET1c and SET2a are

c� 0000 RAS, MNRAS 000, 000–000
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Forecast results

Sim ID NILC 
rmp

Commander   rmp

SET1a -0.76x10-3   0.67x10-3 -0.08x10-3   0.39x10-3

SET1b -0.55x10-3   0.68x10-3 -0.17x10-3   0.38x10-3

SET1c  0.81x10-3   0.71x10-3  0.52x10-3   0.40x10-3

SET1d -0.49x10-3   0.33x10-3  0.44x10-3   0.17x10-3

SET1e  0.34x10-3   0.81x10-3  0.92x10-3   0.43x10-3

SET1f  0.54x10-3   0.78x10-3  3.38x10-3   0.55x10-3

SET2a   1.6x10-3   1.1x10-3   47.5x10-3   1.5x10-3

SET2b   0.6x10-3   1.2x10-3   51.1x10-3   1.6x10-3

SET2c   1.1x10-3   1.2x10-3   34.9x10-3   1.4x10-3

SET3a       -        -   1.3x10-3   0.7x10-3

SET3b       -        -   188x10-3     6x10-3

Dust decorrelation 
included

Baseline model

+ AME

+ point source

84% delensing + baseline

Synchrotron power-law and curved 
power law model

Input r = 0
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Summary plots

Input r = 0
Commander results                NILC results

✓ NILC handles well different emission law 
models of synchrotron, e.g. curved power 
law. 

✓ NILC returns larger errorbar on r in the 
presence of dust decorrelation (2a-c). 

✓ COMMANDER returns biased r values for  
curved power-law synchrotron model (1f). 

✓ COMMANDER returns biased r values in the 
presence of dust decorrelation(2a-c). 

ECHO 13

Figure 9. The figure depicts the maximum likelihood values of r (black dots), 1� (thick lines) and 2� (thin lines) error bars for di↵erent
sky configurations as listed in Table 3 for Commander (left panel) and NILC (right panel) pipelines. Vertical black dashed lines are drawn
at r = {�1, 0, 1, 2, 3, 4} ⇥ 10

�3. The r

mp

values are consistent with null detection within their 2� limit for all sky configurations except
for curved-power law synchrotron (SET1f) in case of Commander. Note that, we do not include the results for SET2a-c and SET3b for
Commander as the foreground residuals are significantly high due to the mismatch between the data model we fit and the sky model in
presence of dust decorrelation. The corresponding results are listed in Table 6.

Figure 10. Comparison between probability density function (PDF) of Commander estimated foreground spectral parameters (blue) and
corresponding input spectral parameters (green) for configuration SET1e. Left panel: PDF of synchrotron spectral index �

s

, Middle
panel: PDF of dust spectral index �
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Figure 9. The figure depicts the maximum likelihood values of r (black dots), 1� (thick lines) and 2� (thin lines) error bars for di↵erent
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at r = {�1, 0, 1, 2, 3, 4} ⇥ 10

�3. The r

mp

values are consistent with null detection within their 2� limit for all sky configurations except
for curved-power law synchrotron (SET1f) in case of Commander. Note that, we do not include the results for SET2a-c and SET3b for
Commander as the foreground residuals are significantly high due to the mismatch between the data model we fit and the sky model in
presence of dust decorrelation. The corresponding results are listed in Table 6.
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 Lack of frequency channels 

ECHO 3

Figure 1. Theoretical CMB angular power spectra of temper-
ature T , E- and B-mode polarization anisotropies as a function
of multipole moments for the best-fit ⇤CDM parameters derived
by Planck (Planck Collaboration VI 2018) with r = 0.06. The
instrument noise power spectrum of temperature (dot lines) and
polarization (dash lines) plotted for di↵erent generations of space
based CMB surveys, viz. Planck , LiteBIRD and ECHO. ECHO will
enable a precise all sky measurement of polarization anisotropies
up to an angular scales of a few arc-minutes. By the orange dot
(dash) line, we represent the noise power spectrum for tempera-
ture (polarization) of ECHO.

a sensitivity of a few µK.arcmin. Figure 1 compares the tar-
get ECHO noise power spectra, for intensity and polarization,
with those of di↵erent generations of space based CMB sur-
veys (existing or planned). The high frequency channels of
the mission, particularly from 220 to 900 GHz, are designed
for removing dust contamination in CMB and to measure the
cosmic infrared background (CIB) anisotropies. The lower
frequency channels extend down to 28 GHz to measure and
mitigate the contamination of CMB polarization measure-
ments by Galactic synchrotron emission.

Table 1 presents the instrument specification for ECHO.
It improves on the COrE concept by extending the frequency
coverage at both high and low end of frequency coverage
while also enhancing the sensitivity by roughly a factor ofp

2. ECHO scanning strategy will cover the full sky with mul-
tiple visits to the same sky location over a period of 4 years
of observations. These configuration will be able observe the
polarized microwave sky with 10 � 30 times better sensitiv-
ity than Planck and will more than double the frequency
coverage.

As seen in Figure 2, the three channels below 50 GHz
are dominated by synchrotron emission and the 14 channels
above 100 GHz are dominated by dust, and therefore the
majority of the channels will act as foreground monitors.
ECHO is intentionally designed this way, to allow for maxi-
mum control over foregrounds. The channels between 50 and
200 GHz can be thought of as the CMB channels, that are
expected to drive the detection of the primordial B-mode
signal.

Table 1. ECHO instrument specification as proposed in the CMB-

Bharat proposal.

Frequency Beam FWHM Q & U noise r.m.s
(GHz) (arcmin) (µK.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

Figure 2. This figure depicts the root mean square (r.m.s) fluc-
tuations associated with the synchrotron, dust and the CMB B-
mode signal. The blue and orange bands denote the model uncer-
tainties estimated over 44% sky. The magenta band denotes the
range of r 2 [0.001, 0.06] that will be probed by ECHO. The vertical
gray bands mark the ECHO channels.

2.2 The foreground issue

For useful exploitation of multi-frequency data in search for
B-mode polarization, we will have to subtract a large amount
of contamination from astrophysical foreground emission.
The level of contamination is di↵erent in di↵erent region of
the sky. For measurement of anisotropies in CMB tempera-
ture and E-mode of polarization, there exist portions of the
sky which are dominated by the CMB signal. However, for
the measurement of primordial B-modes, the amplitude of
the B-mode signal is practically unknown. Given the current
upper limits on r, it is very likely that there exists no regions
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Figure 12. Comparison between probability density function (PDF) of Commander estimated foreground spectral parameters (blue)
and corresponding input spectral parameters (green) for SET1e. Left panel: histogram of synchrotron spectral index �

s

, Middle panel:
histogram of dust spectral index �

d

and Right panel: histogram of thermal dust temperature T

d

. The black dash-dotted vertical lines are
the corresponding prior values adopted. Although Commander can fit �

d

and T

d

with desired accuracy, due to lack of frequency channels
at low frequency sid eof the spectrum fitting of �

s

is not good.

5.2.6 Delensing assessment

The �(r) is expected to improve with delensing due to re-
duction of cosmic variance introduced by the lensed B-mode.
In our forecast, we explore one possible scenarios regard-
ing delensing: 84% delensing achievable with external CIB
and large-scale structure data. We explore this in only one
sky configuration, SET1d. In SET1d, we adopt same fore-
ground configuration as SET1c, GNILC dust and GALPROP
synchrotron with AME and point sources in addition to
84% delensed CMB (A

L

= 0.16) map. We obtain estimated
r = (0.85±0.18)⇥10

�3 and r = (0.50±0.38)⇥10

�3 for Commander
and NILC. These correspond to an improvement of �(r) by
⇠ 55% when compared these with the results for same con-
figuration without delensing in SET1c.

6 CONCLUSIONS

In this paper we study whether instrument specification of
ECHO allows us e�cient foreground subtraction to detect the
primordial B-mode polarization in CMB to reach its scien-
tific goal. Two component separation pipelines NILC and
Commander have been applied to set of foreground config-
urations covering a range of complexity over ECHO channels
followed by the power-spectrum estimation and likelihood
analysis. This allows us to study ability of foreground sub-
traction of the pipelines for ECHO instrument design through
fully propagating the foreground residuals in estimation of r

sensitivity. Our simulations consist of dust and synchrotron
with varying complexity, with two additional components
due to polarized AME and point sources. The impact of
gravitational lensing has also been tested comparing fore-
cast results introducing fully lensed and 84% delensed CMB
maps.

Our analytical result determines that in absence of fore-
ground contamination, current design of ECHO satellite can
detect the B-mode (at 1�) for r ⇠ 0.14 ⇥ 10

�3 in presence of
lensing. However, foreground residuals after component sep-
aration can significantly bias the results. If there is no spec-
tral mismatch between simulated components in the data
and parametric model fitting to the data, Commander can
constraint r at 1� for ⇠ 0.5 ⇥ 10

�3. Whilst blind component

separation NILC can constraint r at 1� for ⇠ 0.8⇥10

�3. If 84%
delensing is possible to achieve exploiting the external data,
we find the sensitivity can be improved by 55% independent
of component separation pipeline.

In presence of decorrelation, Commander fails to fit the
dust and hence subtracts foregrounds inadequately which
results in immense bias on r. Therefore, we argue that
we should not ignore the modelling of decorrelation/multi-
component dust in parametric foreground subtraction for
such a high sensitive instrument. Since NILC is a blind com-
ponent separation, decorrelation does not deteriorate its per-
formance much. Although, decorrelation introduces larger
foreground leakage at large scale for NILC that results in in-
crement of �(r) by a factor of ⇠ 1.5 in comparison to same
in absence of decorrelation. We anticipate that impact of
decorrelated dust may be possible to mitigate using some
alternative approach of foreground separation, e.g. moment
expansion based component separation algorithms (Chluba
et al. 2017; Ichiki et al. 2019; Remazeilles et al. 2020; Adak
2021)

A number of potential sources of systematic errors due
to instrument imperfections, miscalibration are not consid-
ered in this paper. The treatment of those, and their possible
interaction with foreground cleaning, is left to further work.
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Detection significance : impact of delensing

92 Chapter 4. B-mode forecast of CMB-Bharat

Table 4.6: Results of maximum likelihood estimation of r from BB power spectrum estimated
from foreground-cleaned maps for input r = 0.001, 0.003 and 0.01. Baseline foreground con-
figuration with fully lensed and 84% delensed cases are considered. Third and fourth column
shows recovered rmp and 1� uncertainties. Last column shows the detection significance for the
corresponding input values.

Sim.ID Input r ⇥ 103 rmp ⇥ 103 �(rmp) ⇥ 103 SNR

SET1a 1 1.29 0.54 1.85
SET1d 1.19 0.19 5.26

SET1a 3 3.56 0.59 5.05
SET1d 3.14 0.24 12.50

SET1a 10 10.64 0.92 10.86
SET1d 10.12 0.42 23.81

Figure 4.10: Left panel: The 1� region of the reconstructed r for input tensor-to-scalar ratio in
between 0.0 and 0.01. The magenta and orange shaded regions show the results for fully lensed
and 84% delensed input CMB maps. Right panel: The signal-to-noise ratio for input r in between
0.001 and 0.01. The magenta and orange curves show the SNR for fully lensed and 84% delensed
cases respectively.

 84% delensing,  increases SNR by more than two times 
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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 foreground complexities, including 84% delensing, and dust 
decorrelation.  


simple two-component (dust + synchrotron) foregrounds can easily be mitigated using 
existing component separation methods


De-correlated dust requires new foreground cleaning method 


CMB Bharat (ECHO) alive in ISRO womb, needs a trigger!!!

 Summary

Thank you
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