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•  CMB measurements have been transformational for Cosmology 
 
•  Planck mission (ESA) extracted ≈100% of CMB temperature information  

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

Next	CMB	space	mission:	Why	?		

Scientific promise: 
•  ULTRA-	HIGH:	Reveal	first	clear	signature	of	quantum	gravity	and	

ultra-HEP	in	the	very	early	universe			
(GW	of	Quantum	Origin.	Note,	LIGO	detected	classical	GW)	

•  HIGH	Goals:	Neutrino	physics:	number	of	species,	total	mass	and	
hierarchy;	Map	all	dark	maNer	and	most		baryons	in	the	observable	
universe	

•  Legacy	:	Improve	probe	of	cosmological	model	by	a	factor	of	>	10	
million;	Rich	GalacRc	and	extra	GalacRc	Astrophysics	datasets	

•  Unexpected	Discovery	space:	Unique	probe		of	‘enRre’(z<2	x106)	
thermal	history	of	the	universe		

	



breadth 

Path-breaking 

High value 

Legacy 

Seeding Frontier programs 

Promoting nascent technology 
in Indian  Labs & Industry 

Science mission planning 
& operation at L2 

HPC, IT and  
Big-data 

Balanced Impact-Returns profile  
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•  A "near-ultimate” CMB polarisation survey  
    (2µK.arcmin sensitivity, ~20 bands in 60-900 GHz) 
+ possibly 

•  spectral capability--On-board  absolute BB calibrator, 
Spectrometer  

•  Observatory mode (2 years) after survey (4 years) 

CMB-Bharat	

i. New Science ● Primordial gravitational waves 
● Dark matter distribution  
● Neutrino mass, hierarchy and species 
● Reionization history  
● Cosmic thermal history  

ii. Extension/ Improvisation to 
the  previous findings 

● Highly precise standard model parameters 
● Dark matter annihilation  
● Galaxy clusters  
● Nature of dark energy  
● Cosmic anomalies  

 
iii. Supplementary / 
complementary science 

● Cosmic Infrared Background   
● Magnetic field and dust in the Milky Way 
● Magnetic dipolar emission 

 

 ~ Quantum gravitation 

Tighest limits 



CMB	PolarizaRon		
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              1 (a)       1 (b)                                               1 (c)   

Fig. (a) Best fit theoretical angular power spectra of temperature and E-mode and B-mode polarization               
anisotropies as a function of angular scales and the instrumental noise power spectrum of temperature and                
polarization plotted for different generations of space based CMB surveys, viz. COBE [5.a], WMAP [5.b],               
Planck [5.c], proposed LiteBIRD [5.d] and CMB-BHARAT [Sec. 6]. CMB-BHARAT will enable a precise all               
sky measurement of polarization anisotropies up to an angular scales of a few arc-minutes. (b) The                
theoretical lensing power spectrum for different neutrino masses are depicted along with the lensing              
reconstruction noise from CMB-BHARAT achievable using the optimal minimum variance estimator [5.e].            
The plot indicates the feasibility to determine the lensing field up to an angular scale of 20 arc-minute and                   
extends the discovery space to neutrino sector and dark matter distribution. (c) The contribution of               
secondary B-mode polarization due to weak lensing reduces the SNR on the measurement of primordial               
B-mode signal originating due to gravitational waves, as depicted by the red-lines. From an accurate               
reconstruction of the lensing potential and the CMB-only probes (internal) we can improve the SNR to the                 
extent shown in black. Further improvement in the SNR is possible by using additional probes like CIB as                  
shown by the green-lines. A larger sky-fraction increases the SNR and justifies one of the requirements of                 
the space mission.  

 
I. Primordial gravitational waves, inflation and the epoch of reheating: The slow roll             
inflationary scenario driven by an effectively single and light scalar field (called the inflaton) is the                
most promising paradigm for the origin of perturbations in the early universe. Slow roll inflation               
leads to Gaussian scalar perturbations with nearly scale invariant power spectra, which prove to              
be remarkably consistent with the Planck data [5.I.a]. However, a key prediction of such scenarios,               
viz. tensor perturbations linked to primordial gravitational waves, has eluded detection. The            
inflationary perturbations are characterized, at the leading approximation, in terms of the            
amplitudes of the scalar and tensor perturbations and their spectral indices. A mission such as               
CMB-BHARAT that is sensitive to the tensor-to-scalar ratio r~10 -3 at 3-5𝝈 can aid in separating               
super-Planckian from sub-Planckian field excursions and thereby yield important information          
regarding the universality class of theories in which the inflaton is embedded [in this context, see                
Figs. 2 (a) and 2(b) below]. Importantly, a detection of r will permit us to determine the energy                  
scale of inflation. It can also help us discriminate between different models of reheating, an epoch                
which is expected to follow inflation in the conventional picture. These will allow us to probe the                 
physics of inflaton as well as its coupling to the standard model, thereby providing an               
unprecedented window to phenomena occuring at extremely high energies, about a trillion times             
the energies accessed by terrestrial particle accelerators such as the Large Hadron Collider             
(LHC). 

 

CMB	PolarizaRon:	ultra-high	dividend		

Primordial GW from Inflation 
Tensor/Scalar ratio 



CMB	PolarizaRon:	high	dividend		
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                       Fig 2(a)                       Fig 2(b) 

 
       Fig. 2 (c) Fig. 2(d) 
Fig. (a) Present constraints on scalar spectral index (n s) and tensor to scalar ratio (r) from Planck and                  
projection for CMB-BHARAT for an assumed value of r=0.001. Such a low value also can be constrained at                  
3 by CMB-BHARAT. (b) Projected n s-r bounds when the inflation consistency relation is not respected and σ                 
the tensor tilt is indicated in colors. (c) n s , its running and its degeneracy with . (d) Constraints on the                mΣ ν      
inflationary slow-roll parameters (  and  2 ) and speed of sound (cs).  ε 1 ε  

 
Moreover, a detection of primordial gravitational waves can permit us to examine the consistency              
relation between r and the spectral index of tensor perturbations n t, thereby strongly limiting the set                
of viable inflationary models. Further, a variety of analyses have suggested that the primordial              
spectrum may contain certain features [5.I.b]. If accurate measurements of the polarization            
conclusively point to such a possibility, it will be path-breaking with fascinating implications for the               
mechanism of inflation. Features at suitably small scales can lead to enhanced formation of              
primordial black holes, creating  signatures as spectral distortions in the CMB. 
 
II. Reionization: The epoch of reionization (EoR) [5.II.a] is of crucial importance in the cosmic               
history to understand the transformation of the post recombination neutral Universe into the             
present state of ionized Universe. The history of cosmic reionization can be probed with the CMB                
temperature and polarization anisotropies. Thomson scattering of the CMB photons with the free             
electrons produces a ‘reionization bump’ feature in the polarization spectra at the largest angular              
scales and also suppresses power at small angular scales in the power spectra. The measurement               
of ‘reionization bump’ from CMB-BHARAT will constrain the reionization optical depth and duration             
of the epoch of reionization as shown in Fig. 3(c). We have used redshift-asymmetric reionization               
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history following the earlier Planck analysis [5.II.b]. Determination of the reionization history is             
extremely crucial for accurate measurements of the lensing potential amplitude and total neutrino             
mass. In Fig. 3(a), we show that the CMB-BHARAT mission will lift the degeneracy between the                
optical depth and sum of the neutrino masses. Ground based experiments typically cover a small               
fraction of the sky measuring the polarization only on large angular scales, and hence this science                
is inaccessible to them. 

 
Fig: 3(a) Fig: 3(b)     Fig: 3(c) 

Fig: The reionization optical depth 𝞃 is a parameter that is strongly degenerate with (a) total neutrino mass                  
and (b) lensing potential amplitude. By measuring the large angular scale polarization fluctuations (which will               
be accessible from this full-sky mission), it will be possible to break these degeneracies. The detection of the                  
total mass of neutrino depends strongly on the accurate measurement of the optical depth, and hence is                 
inaccessible from the ground at the desired level of accuracy. (c) The proposed mission can also constrain                 
the duration of the epoch of reionization 𝝙zreion from the polarization data by reducing the degeneracy with the                  
optical depth.   

 
Fig: 4(a)     Fig: 4(b)            Fig: 4(c) 

Fig: This mission is capable of probing the total neutrino mass by accurately measuring the lensing field to                  
around 20 arc-minute angular scale. The effect of neutrinos is strongly degenerate with several other               
cosmological parameters such as (a) the Hubble parameter, inflationary parameters (Fig. 2(c)), curvature of              
the Universe, dark energy equation of state, etc. This mission is expected to improve the constraints                
drastically when compared to Planck [5.III.b] and can reach the required detection threshold. The overall               
improvement in the neutrino sector from this mission is depicted in (b) for number of relativistic species, (c)                  
sterile neutrinos. CMB is the one of the very sensitive cosmological probe for the relativistic species and                 
CMB-BHARAT can make fundamental discoveries in this sector or can rule out a large set of the existing                  
models.   
 

III. Neutrino Sector and Sterile neutrino: While neutrino oscillations experiments measure the            
differences in the squares of neutrino masses [5.III.a], CMB anisotropy power spectrum is             
sensitive to the total mass of the three neutrino species ( ) as they change the expansion          m  Σ ν       
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Projected Lensing potential from Planck  Planck Collaboration: The Planck mission

Fig. 11. Wiener-filtered lensing potential estimate with minimal masking (using the NILC component separated map), in Galactic
coordinates with a Mollweide projection (Planck Collaboration XV 2015). The reconstruction has been bandlimited to 8  L  2048
(where, following convention, L is used as the multipole index in the lensing power spectrum).

logical models analysed in the 2015 Planck papers. However,
in this data release, we regard the combined TT , T E, and EE
Planck results as preliminary.

8.4.2. Lensing likelihood

Our power spectrum measurement constrains the lensing poten-
tial power spectrum to a precision of ±2.5 %, corresponding to a
1.2 % constraint on the overall amplitude of matter fluctuations
(�8), a measurement with considerable power for constraining
cosmology. We have constructed two Gaussian bandpower like-
lihoods based on the lensing power spectrum measurement de-
scribed in Sect. 8.4.1 and plotted in Fig. 18. The first likeli-
hood uses a conservative bandpower range, 40  L  400,
with linear binning, following the temperature-only likelihood
released in 2013. The second likelihood uses a more aggres-
sive range with 8  L  2048, and bins that are linear in
L0.6. Both likelihoods incorporate temperature and polarization
data. We incorporate uncertainties in the estimator normaliza-
tion and bias corrections directly into the likelihood, using pre-
calculated derivatives of these terms with respect to the CMB
temperature and polarization power spectra. The construction of
the lensing likelihood is described in Planck Collaboration XV
(2015), and its cosmological implications are discussed in detail
in Planck Collaboration XIII (2015).

9. Astrophysics products

9.1. The Second Planck Catalogue of Compact Sources

The Second Planck Catalogue of Compact Sources (PCCS2;
Planck Collaboration XXVI 2015) is the catalogue of sources
detected from the full duration of Planck operations, referred
to as the “extended” mission. It consists of compact sources,
both Galactic and extragalactic, detected over the entire sky.

Compact sources are detected in the single-frequency maps and
assigned to one of two sub-catalogues, the PCCS2 or PCCS2E.
The first of these allows the user to produce additional sub-
catalogues at higher reliabilities than the target 80 % reliabil-
ity of the full catalogue. The total number of sources in the
catalogue ranges from 1560 at 30 GHz up to 48 181 sources
at 857 GHz. Both sub-catalogues include polarization measure-
ments, in the form of polarized flux densities and orienta-
tion angles, or upper-limits, for all seven polarization-sensitive
Planck channels. The number of sources with polarization infor-
mation (other than upper-limits) in the catalogue ranges from
113 in the lowest polarized frequency channel (30 GHz) up
to 666 in the highest polarized frequency channel (353 GHz).
The improved data processing of the full-mission maps and
their reduced instrumental noise levels allow us to increase the
number of objects in the catalogue, improving its complete-
ness for the target 80 % reliability as compared with the pre-
vious versions, the PCCS (Planck Collaboration XXVIII 2014)
and the Early Release Compact Source Catalogue (ERCSC;
Planck Collaboration XIII 2011). The improvements are most
pronounced for the LFI channels, due to the much larger increase
in the data available. The completeness of the 857 GHz channel,
however, has not improved; this is due to improvements in the
reliability assessment, which resulted in a higher S/N threshold
being applied in the formation of this catalogue. The reliability
of the PCCS2 catalogue at 857 GHz, however, is higher than that
of the PCCS.

The PCCS2 will be released in March 2015.

9.2. The Second Planck Catalogue of Clusters

The Second Planck Catalogue of SZ Sources (PSZ2;
Planck Collaboration XXVII 2015), based on the full mission
data, is the largest SZ-selected sample of galaxy clusters yet pro-
duced and the deepest all-sky catalogue of galaxy clusters. It
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Planck Collaboration: Gravitational lensing by large-scale structures with Planck

Planck at the expected level. In Sect. 3.3, we cross-correlate the
reconstructed lensing potential with the large-angle temperature
anisotropies to measure the CT⇥

L correlation sourced by the ISW
e�ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2015), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

⇥̂WF
LM =

C⇥⇥, fid
L

C⇥⇥, fid
L + N⇥⇥L

⇥̂MV
LM , (5)

where C⇥⇥, fid
L is the lensing potential power spectrum in our fidu-

cial model and N⇥⇥L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input ⇥ realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇥ 1
for a few modes around L ⇥ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2015). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence � defined by

�LM =
L(L + 1)

2
⇥LM , (6)

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on � is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence � rather than the lensing
potential ⇥.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a
uniquely powerful probe of tensor (gravitational wave) or vec-
tor perturbations in the early Universe. A detection of B-mode
fluctuations on degree angular scales, where the signal from
gravitational waves is expected to peak, has recently been re-
ported at 150 GHz by the BICEP2 collaboration (Ade et al.
2014). Following the joint analysis of BICEP2 and Keck Array
data (also at 150 GHz) and the Planck polarization data, primar-
ily at 353 GHz (BICEP2/Keck Array and Planck Collaborations
2015), it is now understood that the B-mode signal detected
by BICEP2 is dominated by Galactic dust emission. The joint

⇥̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8 � L � 2048.

⇥̂WF (Sim.)

Input ⇥ (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input ⇥ realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

analysis gives no statistically-significant evidence for primor-
dial gravitational waves, and establishes a 95 % upper limit
r0.05 < 0.12. This still represents an important milestone for
B-mode measurements, since the direct constraint from the B-
mode power spectrum is now as constraining as indirect, and
model-dependent, constraints from the TT spectrum (Planck
Collaboration XIII 2015).

In addition to primordial sources, the e�ect of gravitational
lensing also generates B-mode polarization. The displacement of
lensing mixes E-mode polarization into B-mode as (Smith et al.
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e�ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2015), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

⇥̂WF
LM =

C⇥⇥, fid
L

C⇥⇥, fid
L + N⇥⇥L

⇥̂MV
LM , (5)

where C⇥⇥, fid
L is the lensing potential power spectrum in our fidu-

cial model and N⇥⇥L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input ⇥ realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇥ 1
for a few modes around L ⇥ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2015). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence � defined by

�LM =
L(L + 1)

2
⇥LM , (6)

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on � is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence � rather than the lensing
potential ⇥.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a
uniquely powerful probe of tensor (gravitational wave) or vec-
tor perturbations in the early Universe. A detection of B-mode
fluctuations on degree angular scales, where the signal from
gravitational waves is expected to peak, has recently been re-
ported at 150 GHz by the BICEP2 collaboration (Ade et al.
2014). Following the joint analysis of BICEP2 and Keck Array
data (also at 150 GHz) and the Planck polarization data, primar-
ily at 353 GHz (BICEP2/Keck Array and Planck Collaborations
2015), it is now understood that the B-mode signal detected
by BICEP2 is dominated by Galactic dust emission. The joint

⇥̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8 � L � 2048.

⇥̂WF (Sim.)

Input ⇥ (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input ⇥ realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

analysis gives no statistically-significant evidence for primor-
dial gravitational waves, and establishes a 95 % upper limit
r0.05 < 0.12. This still represents an important milestone for
B-mode measurements, since the direct constraint from the B-
mode power spectrum is now as constraining as indirect, and
model-dependent, constraints from the TT spectrum (Planck
Collaboration XIII 2015).

In addition to primordial sources, the e�ect of gravitational
lensing also generates B-mode polarization. The displacement of
lensing mixes E-mode polarization into B-mode as (Smith et al.
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Matches expectations at S/N~1 achieved 
Huge room for improvement in S/N 
from measuring the (Lensing of) 
 CMB polarization information 

Current level 



CMB	Foregrounds	:	Rich	A&A	science	
(600-900GHz	)		

Planck Collaboration: The Planck mission

Fig. 21. Dust polarization amplitude map, P =
p

Q2 + U2, at 353 GHz, smoothed to an angular resolution of 100, produced by the
di↵use component separation process described in (Planck Collaboration X 2015) using Planck and WMAP data.

Fig. 22. All-sky view of the magnetic field and total intensity of dust emission measured by Planck. The colours represent intensity.
The “drapery” pattern, produced using the line integral convolution (LIC, Cabral & Leedom 1993), indicates the orientation of
magnetic field projected on the plane of the sky, orthogonal to the observed polarization. Where the field varies significantly along
the line of sight, the orientation pattern is irregular and di�cult to interpret.
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Cosmic Infrared Background 
(star formation) CO line map” 

 Cold Molecular Clouds 

Dust in the Galaxy Galactic Magnetic field 



SZ	clusters	from	Planck	

50,000 clusters of mass above 1014Msol up to a redshift  z~2.5  



Payload design
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CMB-Bharat  Payload schematic 

A multifaceted frontier science and astronomy mission  
•  map sky  temperature, linear polarization (~60-1000 GHz), 
•  Multi-frequency (20+) à Spectral science 
•  unprecedented sensitivity, accuracy and angular resolution.  



CMB-Bharat  S/c Specs. 
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Focal plane and noise table for Option-1A: CMB-Bharat consortium has designed a focal              
plane as an extension of the CORE proposal [6.a, 6.b] with three additional high frequency               
bands with 2400 detectors based on TES or MKID technology. The projected sensitivity to the               
CMB polarisation signal is 2µK.arcmin.  

 
 Fig: 3 

 
Fig : A schematic of the baseline focal plane layout which consists of seven full 150 mm diameter                  
hexagonal wafers and six semi-hexagonal wafers (at the edges) tiled together. The high frequency pixels               
are near the center while the low frequency pixels are closer to the edges. The upper and lower band                   
edges corresponding to the central frequencies listed in the table are indicated.  
 
 

Mirror diameter  1.5m  

Focal plane radius 26 cm 

Total # of detectors 2388 

CMB detectors 130 to 220 GHz 956 (40%) 

CMB Pol. Sensitivity (130 to 220 GHz)  2.0 𝝻KCMB 

Total CMB Pol.  Sensitivity  (full array)  1.7  𝝻KCMB 

Data rate of FPU  2050  kbit/s 

 

 

Focal plane-1A 

~2400 detectors 
Sensitivity in CMB band: 2µK.arcmin   

Extended CORE 
700, 800, 900GHz 



Focal plane-1B 

~6800 detectors/polarisation 
Sensitivity in CMB band: 1µK.arcmin   
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Focal plane and noise table for Option-1B : CMB-Bharat consortium has made a very              
preliminary design of a more optimistic focal plane design that packs almost thrice the number of                
detectors in the same frequency bands on a 50 cm diameter focal plane area using dichroic                
pixels based on TES bolometers. (This is inspired by design of state of art CMB ground based                 
experiments). This would roughly enhance the sensitivity from 2µK.arcmin to 1.0µK.arcmin. A            
study phase is required to assess the feasibility of this design. 

 
 
 
 
 
 
 
 

 

 Fig: 4 
Fig: A schematic of the dense-packed focal plane layout which consists of seven full 150 mm diameter                 
hexagonal wafers, six semi-hexagonal wafers (at the edges), and a some single low frequency pixels tiled                
together. The high frequency pixels are near the center while the low frequency pixels are closer to the                  
edges. The upper and lower band edges corresponding to the central frequencies listed in the table are                 
indicated.  
 
Option-2: Imager + Spectrometer 
A possible extension of the proposed CMB-BHARAT mission is to include a spectrometer with              
the capability to measure the sky absolute temperature with unprecedented accuracy. We            
propose to include a 18 cm aperture Fourier Transform Spectrometer (FTS) with a beam size of                
3.6 degree and a frequency resolution of 12 GHz over the frequency range 36-3000 GHz. The                
FTS will operate for 25% time in spectral distortion mode and 75% in the polarization mode and                 
will achieve a sensitivity of 1.2✕10 -25 W/m2/sr/Hz for measuring CMB spectral distortions. The             
spectrometer is planned to be placed in the location as shown in the figure below.  
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Ground expt inspired 
Readout challenging 



-  Total wet mass  ≈ 2.0 tons 
-  Diameter   ≈ 4.4 meter 
-  Height   ≈ 4.0 meter 
-  Power   ≈ 2 KW 
Adjustments are possible. 

≈ 4.4 m 

CMB-Bharat  S/c Specs. 

≈ 4.0 m
 

Max. Launch capacity: 
Well suited for a GSLV 
Mk-III launch towards a 
Sun-Earth L2 orbit 



Solar&
Illumina,on&

Sun& L2&

Earth&

Moon&

Precession&

Spinning&

β&
α&

CMB-Bharat:	Orbit	and	scanning	

1.5 million km 

Challenges :  - orbitography 
   - pointing accuracy ≈ 10' 
   - pointing reconstruction ≈ 10" 
   - Data flow : ≈ 1 to 8 Mb/s (100 Gb/day) 16	



Indian	technical	contribuRon	
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10. Facilities for development and calibration of the payload 
 
Technological readiness and instrumentation capability and capacity in India for the cryogenic            
science payload with state of art detectors, associated optics system is the primary challenge to               
be addressed for the proposal. With carefully crafted, dedicated technology development           
programmes (TDP) and associated HRD and training, the available facilities in India can             
contribute substantially to important aspects of the required instrumentation and fabrication           
required for such a space mission.  
 
Capabilities that are challenging, but nevertheless, may be readily achieved in India include: 
 
● Mission planning and operations; 
● Launch to L2, tracking and control, orbit maintenance, science data downlink; 
● Thermal infrastructure: design and fabrication of solar shield, hot-cold stage V-groove  

     separator; 
● Service module: design, fabrication, assembly and testing; 
● Extensive modelling of instrument for calibrating systematic effects; 
● Data products, analysis and science. 
 
Basic aspects of spacecraft fabrication, installation and operations would be expected to be             
taken up at various ISRO units. A high level of expertise is present at a number of Indian                  
institutes to meet the mission design, modelling the instrument and its systematic effects, data              
reduction and science extraction challenges. This can be readily enhanced by hiring highly             
trained Indian researchers in the CMB-Bharat consortium, who are currently in doctoral and             
postdoctoral positions worldwide, to positions in Indian institutions. A number of these            
researchers have contributed significantly to earlier CMB missions, in particular, the most            
recent Planck mission and have high levels of direct familiarity and expertise required for a               
CMB mission.  
 
The science payload requires aspects of technology that are not yet space qualified in India.               
Technology development programmes and qualification of laboratories with the required          
technology to finalise the task assignment. With modest investment in appropriate TDP, Indian             
technical contribution can be made to the following critical aspects: 
 
● Telescope and optics: design, fabrication, assembly of SiC mirrors and testing of  

     reflectors, baffles, filters,  re-imaging optics; 
● Thermal system: first stage coolers in the cryogenic cooling chain; 
● Science payload integration, assembly and testing. 
 
The consortium has informal, as well as formal, contacts to seek out commitments from all               
possible groups, laboratories and institutions for undertaking the various tasks of the mission.             
An exercise to scout for possible facilities available for CMB-Bharat has been initiated and the               

 



Indian	technical	contribuRon	
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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Passive Thermal isolation s/c design 



4. Detector chain non-idealities: several elements need to be controlled, both separately and in their mutual
interaction, including detector time-response; non-linearity of the detector response; non-linearity of ADC
converters; impact of cosmic rays; sensitivity to microphonics.

5. Spectral calibration: detailed bandpass measurements from ground campaigns are an essential. In-flight
verification will be possible through observation of di↵use emissions and of steep spectra point sources.

6. Optical calibration: Direct intensity and polarization measurements of the main beams and near lobes
down to -35 / -40 dB will be possible in-flight, exploiting signals from planets and strong polarized
sources. Detailed models (validated by these measurements) of the far sidelobes will be constructed
with state-of-the-art physical optics codes (GRASP) and convolved to models of the full sky emission to
propagate signatures from straylight.

7. Telescope emissivity: the added contribution from non-perfectly reflective telescope to the total system
noise will be measured and monitored during the mission in order to assess the potential drifts in emissivity
caused by aging [91].

8. Polarization-specific calibration: polarization e�ciency, polarization angle of each detector, and instru-
mental polarization. If the option of a half-wave plate should be introduced, intensive testing and
performance verification will be carried out to ensure that any systematic e↵ect impacting polarization
will not countervail the benefits of its use or can be corrected with adequate accuracy.

9. Intrinsic noise: detailed measurements of the noise properties (noise power spectrum, 1/f noise, pos-
sible non-Gaussianity) and their time evolution will be carried out repeatedly during the instrument
development. These will be standard measurements in ground testing and in-flight operation.

3 Proposed scientific instrument

Payload'shield'

Focal'Plane'
screens'

Focal'Plane'

Sun'screen'

Insula3ng'
Interface'

Service'module'

Thermal'
filters'

Ac3ve'
coolers'

Shadow'cone'

T'='40?100K'

T'='300K'

Spin'
Axis'

Telescope'

Figure 10: Left: Functional sketch of the main elements of theCORE payload; The sun screen and insulating interface
keep the payload in the shade and cold; The telescope focuses the light onto the focal plane; The main ba✏e reduces
straylight from telescope sidelobes; Active coolers located in the service module cool the focal plane to 100 mK, with
intermediate stages at 1.7 K, 4 K and 15 K ; Right: Detail of payload configuration (telescope, structures, focal plane
instrument – Shields and ba✏es are not represented.

3.1 Overview

The CORE scientific instrument is a multi-beam, multi-band, cryogenic polarimeter operating in the fre-
quency range 60-600 GHz. The instrument includes a 1.2 m projected aperture, f/2.5, crossed-Dragone
telescope, with an additional folding flat mirror. The telescope is passively cooled to a temperatures be-
tween 40 and 100 K to reduce the radiative background on the detectors; see Fig. 10 and 11c. A combination
of reflecting and absorbing shields and ba✏es prevents stray light from reaching the focal plane. The tele-
scope feeds a large, 4.8� degree radius solid angle, focal plane that is populated with an array of 2100
polarization-sensitive Kinetic Inductance detectors. The focal plane is cooled at 0.1 K using a continuum-
cycle dilution refrigerator. A set of reflecting, low-pass filters reduces the radiative loading reaching the
focal plane. Detectors are distributed among 19 frequency bands, each one has an approximate fractional
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(a) Ray trace diagram of theCORE
telescope. Rays are shown extend-
ing beyond the tertiary to clearly
show their convergence onto the fo-
cal plane. The tertiary fold-mirror
redirects the rays in a direction into
the page; see panel (b).

(b) Top view of the positioning of the
telescope and focal plane relative to the
spacecraft’s sunshields (white). Rays
(red) enter the telescope enclosure from
the left. Only the edge of the entrance
aperture of the enclosure is shown here
for clarity (gray). The entire enclosure
is shown in Figure 17.

(c) Perspective view of the positioning
of the telescope and focal plane relative
to the spacecraft sunshields (white) and
service module (light blue). The ter-
tiary mirror directs the rays onto the fo-
cal plane (purple), which is enclosed by
additional ba✏ing (transparent gray).

Figure 11: Ray trace and solid model of theCORE telescope and spacecraft.

band-width of 30%. The bands, which monitor foregrounds at the lower and higher end of the spectrum,
and CMB in the middle, are defined by plastic-embedded metal mesh filters. Figure 12 and Table 4 give
the detailed detectors’ count by frequency band. Sensitivity to polarization is obtained by means of plastic-
embedded metal grids for all single-polarization pixels (⌫ > 115 GHz), and by means of planar ortho-mode
transducers for the dual-polarization pixels (⌫  115 GHz), indicated by crosses and Xs in Fig. 12. Radiation
is coupled to LEKID resonators by means of embedded-mesh lenslets and short waveguide sections for ⌫ 

220 GHz, and to MKIDs via standard Silicon lenslets for ⌫ � 255 GHz. The following Sections give more
detailed description of the instrument. In section 3.8 we discuss possible upgrades and descopes that will
be studied during phase-A.

3.2 Optical chain

3.2.1 Telescope

The CORE crossed-Dragone telescope, shown in Figures 11a to 11c, is high TRL, low cost, well suited
for polarization studies, and a good match to arrays of detectors that are micro-fabricated on flat silicon
wafers. It gives Strehl ratios larger than 0.9 for all frequency bands over the 0.5 m diameter, flat focal
plane, which is telecentric to within 4.5 degrees. The all-reflective system has an instrumental polarization
smaller than 0.1% over the entire focal plane, and polarization rotation of up to ±0.6 degrees at the very
edge, which will be calibrated pre-flight and accounted for in the analysis. The folded design, which has
a mean focal ratio F = 2.54 and is achieved with the tertiary mirror, reduces the overall required volume,
and places the focal plane in close proximity to the spacecraft bus, simplifying mechanical, electrical, and
cryo-engineering interfaces. The crossed-Dragone design has heritage with the QUIET and ABS CMB
Polarization instruments [92, 93], is currently the baseline for the JAXA led LiteBIRD proposed mission [94],
and is being considered for the CMB-S4 project [95].

The telescope is made of silicon carbide, a technology that has been space proven with theHerschel and
the ALADIN missions. Herschel had a 3.5 m aperture mirror that was made of sub-segments that were
brazed together. TheCORE reflectors are smaller and will each be made using a single segment, simplifying
fabrication. The primary (M1), secondary (M2) and tertiary (M3) mirrors are 1.5 ⇥ 1.3, 1.4 ⇥ 1.3, and
1.0 ⇥ 0.7 m2, respectively, and have masses of 42.8, 40.0, and 15.4 kg, respectively (see the overall mass
budget in Table 10). The masses are scaled from the ALADIN telescope.

3.2.2 Optional half wave plate

Polarization modulation is not considered as a baseline option forCORE . However, this technology has been
significantly advanced in recent years due to an ESA funded project ‘Large radii half wave plate development’
aimed at the development of this technology for future CMB satellite missions. A novel type of reflective
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SiC	Telescope	opRcs	

LEOS:  
Interest & expertise 
to pursue with TDP 1.2m 



Indian	technical	contribuRon	
Capabilities achieved with long-term planned investments

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

• Cryogenic coolers at 100mK in space

7

Preferable route is  to seek from international partner  

However, time and manpower intensive Detector testing & 
calibration facility can be set up in one of many institutions 
coupled with faculty hiring of advanced Indian postdocs in 
CMB-Bharat (now working with top groups) 

Jan 21-22: fruitful meeting with SAC THz group on a  
 aligned and concurrent Tech. Dev. Programme 



S"
S"

Focal Plane unit 
at 100mK  

Cryogenic Cooling chain 



Indian	technical	contribuRon	
Benefits of making medium- and long-term strategic investments

• Build upon capabilities in ISRO, and enhance experimental physics efforts at 
academic institutions in India.


• Expand nanofabrication, MEMS and cryogenics capabilities as well as people 
trained to use and exploit these resources, which can have very wide 
applications in Indian science community.  


• Quantum sensor technologies developed for CMB frequency bands can be 
extended to other bands in astronomy (X-ray, gamma ray), spectroscopy in 
various bands, particle physics applications and even to quantum computing.


• Developing Labs and Test Infrastructure will be useful in the long term for 
training young scientists and engineers.

8



Possible	implementaRon	schemes	
•  A space mission such as CORE, PICO or  CMB-Bharat requires an 

international collaboration. No single agency has the resources and 
capability to do it alone 

•  The consortium is open to investigate all options, e.g. 
–  ISRO led with substantial ESA participation could be envisaged. 
 
–  ESA-led mission with substantial ISRO (& NASA) participation 

could be envisaged for M7 call; 

–  US primary mission if US  Astro Decadal survey 2020 ranks PICO high 

–  ISRO, ESA, NASA …??? 

•  Any such collaboration model needs to  be preparatory through 
a joint study phase with appropriate international partner 
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CMB-Bharat:	mulR-faceted	science	

•  Cosmological parameters: Lead:  Dhiraj Hazra (APC, Paris! NISER?,…) 

•  Weak Lensing: Lead: Suvodip Mukherjee (CCA, NY) 

•  Foregrounds and CIB:  Lead: Tuhin Ghosh (NISER) 

•  Instrument science:  Lead: Zeeshan Ahmed (Stanford Univ) 

•  Inflation: Lead:  L. Sriramkumar (IIT Madras) 

•  Statistics: Isotropy and Gaussianity: Lead: Aditya Rotti (U Manchester) 

•  Spectral Distortions:  Lead: Rishi Khatri (TIFR) 

•  Cluster Physics from CMB:  Lead: Subhabrata Majumdar  (TIFR) 

•  End to end Modeling & Systematics:  Lead: Ranajoy Banerji (U. Oslo) 

•  Simulations and Data Pipelines: Lead: Jasjeet Singh Bagla (IISER Mohali) 
 

Indian Working groups  

	
CMB-Bharat	mission	design	and	technical	
specificaDon	builds	upon	several	mature	

designs	proposed	elsewhere		
(in	parDcular,	CORE	and	PiXiE)	

	
PI’s	of	CORE	and	PiXIE	are	listed	as		
	internaDonal	POC	in	the	Proposal	

	
	



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



CMB-Bharat	Working	groups	
Cosmological parameters: 
Lead:  Dhiraj Hazra (APC, Paris! NISER?,…) 
Members: Suvodip Mukherjee, Rajib Saha, Urjit Yajnik, Supratik Pal, Anjan Ananda 
Sen, Rajeev Kumar Jain, Ujjaini Alam, Barun Kumar Pal, Arindam Chatterjee, H K 
Jassal, Priyanka Singh 
 
Lensing:  
Lead: Suvodip Mukherjee (CCA, NY) 
Members: Dhiraj Hazra, Anjan Ananda Sen, Supratik Pal, Aditya Rotti, Shabbir Shaikh, 
Rajorshi Sushovan Chandra, Barun Kumar Pal, Ashish Meena, Priyanka Singh 
 
Simulations and Data Pipelines:  
Lead: Jasjeet Singh Bagla (IISER Mohali) 
Members: Soumen Basak, Tuhin Ghosh, Shamik Ghosh, Ranajoy Banerji, Rahul 
Kothari, Aditya Rotti, Abhirup Datta, Nishikanta Khandai  
 
Spectral Distortions:  
Lead: Rishi Khatri (TIFR) 
Members: Suvodip Mukherjee, Anjan Ananda Sen, Aditya Rotti, Subodh Patil, Rajeev 
Kumar Jain, Biman Nath 



CMB-Bharat	Working	groups	
 
 
 
 

StaRsRcs:	Isotropy	and	Gaussianity:		
Lead:	Aditya	RoU	(U	Manchester)	
Members:	Suvodip	Mukherjee,	Dhiraj	Hazra,	Rajib	Saha,	Urjit	Yajnik,	Shamik	Ghosh,	Pavan	
K.	Aluri,	Subodh	PaDl,	Rahul	Kothari,	Nidhi	Pant,	Shabbir	Shaikh,	Rajorshi	Sushovan	
Chandra,	PravabaD	Chingangbam,	Moumita	Aich,	Sandeep	Rana	
	
SystemaRcs:		
Lead:	Ranajoy	Banerji	(U.	Oslo)	
Members:	Abhirup	Da`a,	(List	Here)	
	
Synergy	with	Astrophysics:	
Dust	in	ICM/IGM,	science	at	~1.3	TeraHz	
Members:	K.	P.	Singh,	Jasjeet	Singh	Bagla,	Priyanka	Singh	
	
Synergy	with	ground	experiments:		
Lead:	Mayuri	Sathyanarayana	Rao	
Members:	Abhirup	Da`a,	Siddharth	Malu	



Thank you !!! 

Planck launch 2009 

CMB-BHARAT mission presents an unique opportunity 
for India to take the lead on prized quests in fundamental 
science in a field that has proved to be a spectacular 
success, while simultaneously gaining valuable expertise 
in cutting-edge technology for space capability through 
global cooperation.  

Next Generation CMB mission ? 
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table)	

3) Broad	overall	design	of	payload	
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and	responsibilities	

6) Availability	of	calibration	/	test	infrastructure	
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Needs	
demonstration	
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