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Andromeda  Galaxy

The  Realm of  Cosmology

Basic  unit: Galaxy

Size :  10-100 kilo parsec (kpc.)

Mass :  100 billion Stars

Measure distances in 

light travel time 

1 pc. (parsec) = 200,000 AU                                        
= 3.26 light yr.

Measure Mass in  Solar mass

.102 30Kg´=



The  Realm of  Cosmology
100 million
Light years



The  Realm of  Cosmology
5 Billion

Light years



The  Realm of  Cosmology



How can we even hope 
to comprehend this 
immensely large & 

complex Universe !?!

Look for an 
appropriate 
simple model



Lick Observatory survey

North South

The Isotropic Universe 
Distribution of galaxies on the sky is broadly isotropic

Isotropy around every point 
implies

Homogeneity

èCosmological principle
è FLRW models



The Expanding Universe 

0 LH D v=

Einstein’s  General relativity applied to 
an uniform distribution of  matter 

on cosmic scales 
leads to a smooth

expanding universe
(FRW Cosmology)

Fig.: Ned Wright



`Standard’ cosmological model
Geometry, Expansion & Matter

Clustering 
matter

Non-Clustering 
matter



“Dust” in an expanding box

Radiation in an expanding box

Size = ½ 
Number density x 8 
Energy density x 16
Temperature x 2

Size = ¼  
Number density x 64
Energy density x 128
Temperature x 4

Size = ¼  
Number density x 64
Energy density x 64

Size = ½ 
Number density x 8 
Energy density x 8time

time
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Matter density: 1/L3

Radiation density: 1/L4

èEarly Universe is 
radiation dominated



Where is all the Cosmic radiation ?

Serendipitous discovery of  the dominant radiation  content  of   the 
universe  as an extremely isotropic,  Black-body bath at temperature 

T0=2.725 (+/-0.002)K .

“Clinching support for Hot Big Bang model”

Nobel prize 
1978

Cosmic Microwave Background



Post-recombination :Freely 
propagating through (weakly 
perturbed)  homogeneous & 
isotropic cosmos.

Pre-recombination : Tightly 
coupled to,  and in thermal 
equilibrium with, ionized 
matter.

Pristine relic of a 
hot, dense & smooth 
early universe  -
Hot Big Bang model

(text background: W. Hu)

Cosmic Microwave Background



Transparent universe

Opaque  universe

14 GPc
Here 
& Now

(14 Gyr)

0.5 Myr

Cosmic  �Super–IMAX� theater 

Hot & dense origin
+’a-causal’ correlations

origin of
structure

CMB temperature 
Tcmb = 2.725 K

-200 µ K < D T < 200 µ K
D Trms ~ 70µ K 
DTpE ~ 5 µ K

DTpB ~ 10-100 nK

Nobel prize 
2006



1991-94

2001-2010

2009-2011

Next Gen.
2025+

FIRS, Tenerife
CAT, VSA, …

Boomerang,
MAXIMA,
Archeops, DASI, CBI, 
ACBAR, QUAD.,,,

BICEP 1&2,KECK
POLARBEAR,
SPT, ACT
SPIDER, ..
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

CMB measurements
1st, 2nd and the 3rd decade 

Relentless  march ….



CMB measurements
1st, 2nd and the 3rd decade 

1991-94

2001-2010

2009-2011

CMBPol/COrE
2020+

FIRS, Tenerife
CAT, VSA, …

Boomerang,
MAXIMA,
Archeops, DASI, CBI, 
ACBAR, QUAD.,,,

BICEP 1&2,KECK
POLARBEAR,
SPT, ACT
SPIDER, ..

STANDARD MODEL OF COSMOLOGY (~few% level) 
+ Establishing Fundamental Tenets

( WMAP, Planck : > 30K citation each à High scientific impact)

Background universe:
•Paradigm of  Hot & Dense early Universe: Absence of spectral distortions in CMB ( 
COBE-FIRAS 1994), Cosmic thermal history
•Isotropy of the  Universe: Statistical isotropy of CMB fluctuations

Perturbed universe:
•Paradigm of CMB fluctuations:  Acoustic phenomena  in the pre-recombination  
Plasma universe established thru CMB Polarization 
•Paradigm of Structure formation:  Gravitational instability with adiabatic initial 
conditions established with Weak lensing of CMB, Baryon Acoustic Oscillations & CMB 
polarization
•Paradigm of  Initial conditions: Indicative of simple Inflationary early Universe-- ‘a-
causal’ scale of perturbations adiabatic initial conditions



Planck  sky maps 

Gaussian Random field => Completely specified by
angular power spectrum  l(l+1)Cl :

Power  in fluctuations on angular scales of  ~ p/l





Planck  Angular power spectrum

2015 
Planck Collaboration: The Planck mission

extensions to the base ⇤CDM model) by including new polar-
ization data.

8.2.3. Peaks in the power spectra

The fidelity with which Planck has measured the C
TT

` , C
T E

` , and
C

EE

` power spectra enables us to precisely estimate the underly-
ing cosmological parameters (see Sect. 10), but the C`s are them-
selves a set of cosmological observables, whose properties can
be described independently of any model. The acoustic peaks in
the C`s reveal the underlying physics of oscillating sound waves
in the coupled photon-baryon fluid, driven by dark matter poten-
tial perturbations, and one can talk about the fundamental mode,
the first harmonic, and so on. Hence it is natural to ask about
the positions of the individual peaks in the power spectra as em-
pirical information that becomes part of the canon of facts now
known about our Universe.

Here we use the Planck data directly to fit for the multipoles
of individual features in the measured TT , T E, and EE power
spectra. We specifically use the CMB-only bandpowers given
in Planck Collaboration XI (2015), adopting the same weight-
ing scheme within each bin. Fitting for the positions and ampli-
tudes of features in the bandpowers is a topic with a long history,
with approaches becoming more sophisticated as the fidelity of
the data improved (e.g., Scott & White 1994, Hancock & Rocha
1997, Knox & Page 2000, de Bernardis et al. 2002, Bond et al.
2003, Page et al. 2003, Durrer et al. 2003, Readhead et al. 2004,
Jones et al. 2006, Hinshaw et al. 2007, Corasaniti & Melchiorri
2008, Pryke et al. 2009). Following earlier approaches, we fit
Gaussians to the peaks in C

TT

` and C
EE

` , but parabolas to the
C

T E

` peaks. We have to remove a featureless damping tail to
fit the higher C

TT

` region and care has to be taken to treat
the lowest-` “recombination” peak in C

EE

` . We explicitly fo-
cus on peaks (ignoring the troughs) in the conventional quantity
D` ⌘ `(` + 1)C`/2⇡; note that other quantities (e.g., C`) will
have maxima at slightly di↵erent multipoles, and that the choice
of bandpowers to use for fitting each peak is somewhat subjec-
tive. Our numerical values, presented in in Table 7, are consistent
with previous estimates, but with a dramatically increased num-
ber of peaks measured. Planck detects 19 peaks (with the eighth
C

TT

` peak detection being marginal), and an essentially equiva-
lent number of troughs.

8.3. CMB lensing products

Planck is the first experiment with the sky coverage, resolu-
tion and sensitivity to form a full-sky reconstruction of the pro-
jected mass, along every line of sight back to the surface of
last scattering. Figure 11 shows the 2015 Planck lensing map
(Planck Collaboration XV 2015) using as input the CMB maps
produced by the SMICA code. The map combines five possi-
ble quadratic estimators based on the various correlations of the
CMB temperature (T ) and polarization (E and B).

8.4. Likelihood code

8.4.1. CMB likelihood

We adopt the same general methodology for the 2015 likeli-
hood as in 2013, extended to include Planck polarization data.
The likelihood is a hybrid combination of a low-multipole pixel-
based likelihood with a high-multipole likelihood constructed
from cross-spectra. Note that we use the notation “Planck TT”

Table 7. Planck peak positions and amplitudes.

Peak

Number Position [`] Amplitude [ µK2]

TT power spectrum

First . . . . . . . 220.0 ± 0.5 5717 ± 35
Second . . . . . . 537.5 ± 0.7 2582 ± 11
Third . . . . . . . 810.8 ± 0.7 2523 ± 10
Fourth . . . . . . 1120.9 ± 1.0 1237 ± 4
Fifth . . . . . . . 1444.2 ± 1.1 797.1 ± 3.1
Sixth . . . . . . . 1776 ± 5 377.4 ± 2.9
Seventh . . . . . 2081 ± 25 214 ± 4
Eighth . . . . . . 2395 ± 24 105 ± 4

T E power spectrum

First . . . . . . . 308.5 ± 0.4 115.9 ± 1.1
Second . . . . . . 595.3 ± 0.7 28.6 ± 1.1
Third . . . . . . . 916.9 ± 0.5 58.4 ± 1.0
Fourth . . . . . . 1224 ± 1.0 0.7 ± 0.5
Fifth . . . . . . . 1536 ± 2.8 5.6 ± 1.3
Sixth . . . . . . . 1861 ± 4 1.2 ± 1.0

EE power spectrum

First . . . . . . . 137 ± 6 1.15 ± 0.07
Second . . . . . . 397.2 ± 0.5 22.04 ± 0.14
Third . . . . . . . 690.8 ± 0.6 37.35 ± 0.25
Fourth . . . . . . 992.1 ± 1.3 41.8 ± 0.5
Fifth . . . . . . . 1296 ± 4 31.6 ± 1.0

when we are referring to the likelihood deriving from the TT

spectrum.
At low multipoles we now use Planck instead of WMAP for

polarization information. The 70 GHz LFI polarization maps are
cleaned with the LFI 30 GHz and HFI 353 GHz maps to mitigate
foreground contamination. Based on null-tests, the LFI-cleaned
polarization maps are used over 46 % of the sky in the low mul-
tipole likelihood (referred to as “lowP”). The Commander tem-
perature solution, constructed from all Planck frequency maps,
together with the Haslam 408 MHz and WMAP maps, is used
over 94 % of the sky. The temperature and polarization data are
then treated in a unified low-resolution pixel-based manner for
the multipole range ` = 2 to 29.

The high-` likelihood uses pseudo-C` cross-spectra from
HFI 100, 143, and 217 GHz maps in a “fiducial Gaussian” ap-
proximation, employing analytic covariance matrices calculated
for a fiducial cosmological model. Unresolved foregrounds are
modelled parametrically using power spectrum templates, with
only minor changes to the model adopted in the 2013 analy-
sis. The baseline high-multipole likelihood uses cross-spectra
between frequency maps constructed from the first and second
halves of the full mission data, to reduce any possible biases
from co-temporal systematics. We also make more aggressive
use of sky at all frequencies in the 2015 analysis. The most
significant change is the addition of the option to include the
T E and EE power spectra and the associated covariance ma-
trices into the scheme, to form a combined TT , T E, EE like-
lihood at high multipoles (referred to as “Planck TT,TE,EE”).
Although we find firm evidence for systematics associated with
temperature-to-polarization leakage in the T E and EE spectra,
these systematics are at low levels. We find a high level of con-
sistency in between the TT , T E, and EE spectra for the cosmo-
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Planck CMB Polarization spectra

EE: 2015

Planck Collaboration: The Planck mission

extensions to the base ⇤CDM model) by including new polar-
ization data.
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of individual features in the measured TT , T E, and EE power
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with previous estimates, but with a dramatically increased num-
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` peak detection being marginal), and an essentially equiva-
lent number of troughs.

8.3. CMB lensing products

Planck is the first experiment with the sky coverage, resolu-
tion and sensitivity to form a full-sky reconstruction of the pro-
jected mass, along every line of sight back to the surface of
last scattering. Figure 11 shows the 2015 Planck lensing map
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produced by the SMICA code. The map combines five possi-
ble quadratic estimators based on the various correlations of the
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First . . . . . . . 220.0 ± 0.5 5717 ± 35
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CMB@IUCAA: CMBAns  Boltzmann code by Santanu Das

CMB physics is very
well understood &

accurately computed  



Music of the 
Cosmic  
Drum 



Ping the �Cosmic drum�

More technically,
the Green function(Fig: Einsentein )

150 Mpc.



25Planck 2013



Fig:Hu & Dodelson 2002

Sensitive to curvature

KW-1
220=l

l

CMB Angular power spectrum



Fig:Hu & Dodelson 2002

Sensitive to 
Baryon density 

KT µ74=D

CMB Angular power spectrum



Independent, self contained analysis of WMAP  multi-frequency maps

Saha, Jain, Souradeep
(WMAP1: Apj Lett 2006)

WMAP3 2nd release : 
TS,Saha, Jain: Irvine proc.06
Eriksen et al.  ApJ. 2006 

WMAP: Angular power spectrum

Good match to 
WMAP team

IIT Kanpur + IUCAA



(48.3 ±1.2, 544 ±17)

(48.8 ±0.9, 546 ±10)

(41.7 ±1.0, 419.2 ±5.6) 

(41.0 ± 0.5, 411.7 ±3.5)

(74.1±0.3, 219.8±0.8)

(74.7 ±0.5, 220.1 ±0.8

Characteristic size & amplitude of 
hot/cold spots in the CMB map

(Saha, Jain, Souradeep  Apj Lett 2006)



Planck Collaboration: The Planck mission
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Fig. 17. Orthographic projection of the reconstructed Planck all-sky y-map in Compton parameter units (Planck Collaboration XXII
2015). For illustration purposes and to enhance the tSZ signal-to-noise ratio, the y-map has been Wiener filtered. Positive sources in
the map correspond to clusters and super-clusters of galaxies with strong tSZ emission. In particular, the Coma and Virgo clusters
are clearly visible near the north Galactic pole. The region of strongest contamination from Galactic foreground emission in the
Galactic plane has been partially masked.

Table 9. Parameter 68 % confidence levels for the base ⇤CDM
cosmology computed from the Planck CMB power spectra, in
combination with the CMB lensing likelihood (“lensing”).

Parameter Planck TT+lowP+lensing

⌦bh
2 . . . . . . . . . . 0.02226 ± 0.00023

⌦ch
2 . . . . . . . . . . 0.1186 ± 0.0020

100✓MC . . . . . . . . 1.04103 ± 0.00046
⌧ . . . . . . . . . . . . . 0.066 ± 0.016
ln(1010

As) . . . . . . 3.062 ± 0.029
ns . . . . . . . . . . . . 0.9677 ± 0.0060

H0 . . . . . . . . . . . 67.8 ± 0.9
⌦m . . . . . . . . . . . 0.308 ± 0.012
⌦mh

2 . . . . . . . . . . 0.1415 ± 0.0019
⌦mh

3 . . . . . . . . . . 0.09591 ± 0.00045
�8 . . . . . . . . . . . . 0.815 ± 0.009
�8⌦

0.5
m . . . . . . . . . 0.4521 ± 0.0088

Age/Gyr . . . . . . . 13.799 ± 0.038
rdrag . . . . . . . . . . . 147.60 ± 0.43
keq . . . . . . . . . . . 0.01027 ± 0.00014

ments to the data processing and use of cross-half-mission likeli-
hoods (Planck Collaboration XI 2015; Planck Collaboration XII
2015). We find good agreement with our earlier results, with in-
creased precision.

10.1. Cosmological parameters

Planck’s measurements of the cosmological parameters de-
rived from the full mission are presented and discussed in
Planck Collaboration XIII (2015). As in our previous release,
the data are in excellent agreement with the predictions of
the 6-parameter ⇤CDM model (see Table 9), with parame-
ters tightly constrained by the angular power spectrum. The
best-fit model parameters from the full mission are typically
within a fraction of a standard deviation of their results from
Planck Collaboration XVI (2014), with no outliers. The con-
straints on the parameters of the base ⇤CDM model have im-
proved by up to a factor of 3. The largest shifts are in the
scalar spectral index, ns, which has increased by 0.7�, and the
baryon density, !b, which has increased by 0.6�. Both of these
shifts are partly due to correction of a systematic error that con-
tributed to a loss of power near ` = 1800 in the 2013 results
Planck Collaboration XIII (2015). This systematic also biased
the inferences on H0 slightly low (by less than 0.5�). In addi-
tion, the overall amplitude of the observed spectrum has shifted
upwards by 2 % (in power), due to a calibration change, and
the optical depth to Thomson scattering, ⌧, has shifted down by
nearly 1�. These shifts approximately cancel in the derived nor-
malization of the matter power spectrum. The remaining shifts
are consistent with the known changes in noise level, time-
stream filtering, absolute calibration, beams, and other aspects
of the data processing.

Both the angular size of the sound horizon, ✓⇤, and the cold
dark matter density, !c, have become significantly better deter-
mined. The data at high-` are now so precise, and the polariza-
tion data so constraining, that we not only see very strong evi-
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Cosmological Parameters
6-Parameter  LCDM 

1%

0.04%

0.6%

1.3%

1.4%

1.7%

’Standard’ cosmological model:
Flat, LCDM with nearly

Power Law (PL) primordial power spectrum



Simple… yet, an exotic  universe

• 95% of the energy of the universe is in some exotic form

• Dark Matter: we cannot see it directly, only via its 
gravitational affect.

• Dark Energy: smooth form of energy which acts 
repulsively under gravity.

• Some new Ultra-high energy (possibly,  fundamental)  

physics for generating primordial perturbations.



Quantum flu
ctuations 

super adiabatic amplifie
d by 

inflation (ra
pid expansion)

Galaxy  &
 Large scale 

Structure formation 

Via gravitational in
stability

Early Universe

Present Universe

The Cosmic screen

Who pinged the 
Cosmic drum ?



Punctuated inflation
(R. Jain, Chingangbam, Gong, Sriramkumar, TS: JCAP 2009)

3422)( bflfff ++= mV



l Underlying statistics:   Gaussian

l Power spectrum :   �Nearly� Scale invariant /scale free  form

l Spin characteristics: (Scalar)  Density perturbations

l Type of scalar perturbation: Adiabatic -- no entropy fluctuations

The nature of initial/primordial perturbations

The Background universe
l Homogeneous &  isotropic space: Cosmological principle

l Flat (Euclidean) Geometry

… cosmic (Tensor) Gravity waves !?!

Early Universe in CMB





Cosmic GW background
From Inflation

Each polarization of  Graviton behaves like a
Massless, Minimally coupled scalar field
(akin to fluctuations of inflaton) 

è Generation of  scalar perturbations is 
accompanied by generation of Inflationary GW

Ratio  of GW/Density perturbation: 
r ~ Energy scale of inflation 

Currently, r < 0.07

To/Must-Do for cosmology !!!!



Temperature anisotropy  T + two polarization modes  E&B
Four CMB spectra : Cl

TT, Cl
EE,Cl

BB,Cl
TE

Cosmic Information in CMB 



CMB-Bhārat: a new Indian quest

Proposal to ISRO: Exploring Cosmic History & Origin (ECHO)
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.



• A "near-ultimate” CMB polarisation survey 
(2µK.arcmin sensitivity, 22 bands in 60-900 GHz)

• CMB Spectral  capability  (x 100 COBE-FIRAS)

Quest for Primordial Gravitational waves

Scientific promise:
•ULTRA- HIGH: Reveal signature of quantum gravity and ultra-HEP in 

the very early universe Nobel category

GW of Quantum Origin  ( LIGO detection:  classical GW)
•HIGH Goals: Neutrino physics: number of species, total mass and 

hierarchy; Map all dark matter and most  baryons in the observable 

universe

•Legacy : Improve probe of cosmological model by a factor of > 10 

million; Rich Galactic and extra Galactic Astrophysics datasets

•Unexpected Discovery space: Unique probe  of ‘entire’(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 

Science Technology 
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CMB Anisotropy & Polarization
CMB temperature 

Tcmb = 2.725 K

-200 µ K < D T < 200 µ K
D Trms ~ 70µ K 
DTpE ~ 5 µ K

DTpB ~ 10-100 nK

Whorl patterns in polarization
are telltale signature of

Primordial gravitational waves



Payload design

27MG-15, 2018 Suvodip Mukherjee

CMB-Bhārat  Payload schematic



- 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) 44



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 optics
LEOS: 
Interest & expertise 
to pursue with TDP1.2m



S"
S"

Focal Plane unit
at 100mK 

Cryogenic Cooling chain



• ** greater than 60% of the detectors are 
in CMB bands

• Tiled 150 mm wafers on a 50 cm diameter telecentric focal plane

• Estimates for number of pixels per wafer based on scaling of numbers from demonstrated ground 

based Advanced ACT dichroic (two color) feed-horn coupled detector arrays

• Proper utilization of focal plane real estate requires careful optimization involving trade-offs between 

various parameters (this schematic is a rough estimate) 

• *reading out these many TES detectors on 
a single 150 mm wafer will be challenging 
with existing technology, new 
technologies are an active area of 
research

High 

Freq

Schematic of a possible CMB Imager
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HF ~400*

N pix_tot ~3400
Ndet_tot ~13600

(6800 per polarization)
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HF 500-1000 ~400*

2:1 Frequency  
band (split into 2 bands)
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500-1000 GHz
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37



TES:  focal plane design

Ground based: Simons Observatory
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CMB-Bharat: multi-faceted science

• Cosmological parameters: Lead: Dhiraj Hazra (APC, Parisà 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 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



Huge Discovery Space 



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 ?


