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CMB polarization: a signature of inflation

A major goal in observational cosmology
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Tensor-to-scalar ratio:
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Credit: BICEP/Keck https://arxiv.org/abs/2110.00483

https://arxiv.org/abs/2110.00483
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● Very weak signal
● Lensing B-modes
● Astrophysical foregrounds

High control of 
systematic effects

Multiple frequency 
channels

Tensor-to-scalar ratio:

                                 
                             at 95% C.L.
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Credit: BICEP/Keck https://arxiv.org/abs/2110.00483 + J. Errard

Polarizeddust + synchrotron@ 100 GHz

fsky=1%

fsky=90%

https://arxiv.org/abs/2110.00483


The Q&U Bolometric Interferometer 
for Cosmology 
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Website: http://qubic.in2p3.fr
Assembling and calibration at APC

 from 2018 to 2021

http://qubic.in2p3.fr/wordpress/


Re-assembled in Salta 

Observation site: Plateau de la Puna, ~5000 m

 May 2021 

 July 2021 
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Installation in Argentina
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Horns (20 x 20)

Polariser

Focal plane 
150 GHz

Rotating Half Wave Plate

Mirrors

Filters

220 GHz

Dichroic

WindowA bolometric interferometer



Low cross-polarization
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Intensity Linear polarization
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Low cross-polarization

8/20Bolometers are not 
polarization sensitive

Intensity Linear polarization

[D’Alesssandro et al., QUBIC IV, arxiv:2008.10667v2] (to appear in JCAP)
[Torchinsky et al., QUBIC III arXiv:2008.10056v3 ] (to appear in JCAP)

Typically 5x better than 
other instruments.

https://arxiv.org/abs/2008.10667v2
https://arxiv.org/abs/2008.10056


A peculiar Point Spread Function (PSF)
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Horn-array Focal plane

PSF: Response of the instrument on the detectors for 
one direction on the sky and one wavelength.

Focal plane

Double axis 
diffracting grid 

Laser 



   Redundant         Not redundant

Fringes on the focal plane 
corresponding to one baseline

Method : 
For 2 redundant baselines, in case of a perfect instrument, the synthesized images on the focal plane should be 
identical. The measured differences are used to characterize systematic effects.
Bigot-Sazy et al., 2013

Horn array (8x8) Switches

Why such a design? 

Well known technique in radio astronomy.

[T. J. Cornwell, P. N. Wilkinson, A new method for 
making maps with unstable radio interferometers, 
1981]
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Self-calibration!

Spectral imaging!



Spectral imaging
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Reconstruction of several frequency bands
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QUBIC observes in 2 wide bands.
Spectral imaging allows us to split the wide band 
into multiple sub-bands in post processing.

150130 170

f (GHz)

Sky maps

Wide band

[Hamilton, Mousset et al. QUBIC I, arXiv:2011.02213v1] 
(JCAP Submitted)

https://arxiv.org/abs/2011.02213


QUBIC synthesized beam
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Peak spacing is proportional to wavelength.

Superimposition of 3 measurements 
at 130, 150 and 170 GHz

[Torchinsky et al., QUBIC III arXiv:2008.10056v3 ] (to appear in JCAP)

Calibration 
source tunable 

in frequency

Double axis grid 
⇔ horn array

Lens ⇔ mirrors

Focal plane
Point source in 

the far field

https://arxiv.org/abs/2008.10056
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But bolometers do not see colors,...

CMB is not a point source,... and you have to deal with noise...



Spectral imaging on real data
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Mousset, Gamboa et al.

Calibration 
source tuned 
at 150 GHz

Data = One map from each bolometer

Result of map-making on 5 sub-bands:

from Rayleigh criterion, a Gaussian with

[Mousset, Gamboa et al., QUBIC II, arXiv:2010.15119v1] 
(to appear in JCAP)

https://arxiv.org/abs/2010.15119


Testing spectral imaging on simulations
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End-to-end simulations at Nersc 
5 bands at 220 GHz

15° radius patch on the Galactic center
Only Galactic dust

 
    Input         Output                    Residuals 

Intensity I
 

Polarization Q
 

     Input      Output                  Residuals 

[Mousset, Gamboa et al., QUBIC II, arXiv:2010.15119v1] 
(to appear in JCAP)

https://arxiv.org/abs/2010.15119


Spectral Energy Distribution (SED) in one pixel
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Forecasts with the QUBIC data analysis pipeline
5 bands at 150 and 220 GHz

15° radius patch
Only Galactic dust

 

Galactic center QUBIC patch
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[Hamilton, Mousset et al. QUBIC I, arXiv:2011.02213v1] 
(JCAP Submitted)

https://arxiv.org/abs/2011.02213


Ability to recognize the presence of dust residuals
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Hypothesis: dust residuals remain after component separation.

Likelihood estimation assuming a pure CMB model.

Two cases lead to the same estimation of r:
- CMB (r = 0) and dust residuals (0.7%)
- only CMB with r ≃ 0.05

Spectral imaging allows to 
distinguish the two cases.

[Hamilton, Mousset et al. QUBIC I, arXiv:2011.02213v1] 
(JCAP Submitted)

https://arxiv.org/abs/2011.02213


Limit on effective tensor-to-scalar ratio r
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Forecasts with the 
QUBIC data analysis 

pipeline

 

[Hamilton, Mousset et al. QUBIC I, arXiv:2011.02213v1] 
(JCAP Submitted)

Assumptions: stable atmosphere + No systematics

https://arxiv.org/abs/2011.02213


Conclusion 
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➢ B-modes are a major goal for observational cosmology. It will constrain inflation models.

➢ The QUBIC Technical Demonstrator has been successfully tested at APC laboratory

➢ QUBIC will be soon installed on the observation site. 

➢ Novative design: Bolometric Interferometry
○ Low cross-polarization
○ Self-calibration
○ Spectral imaging
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Thank you for your attention.

To appear soon in a special JCAP issue on QUBIC:
● QUBIC I: Overview and Science Program (arXiv:2011.02213 [astro-ph.IM])
● QUBIC II: Spectro-Polarimetry with Bolometric Interferometry  (arXiv:2010.15119 [astro-ph.IM])
● QUBIC III: Laboratory Characterization (arXiv:2008.10056 [astro-ph.IM])
● QUBIC IV: Performance of TES Bolometers and Readout Electronics, (2021) Piat, et al., arXiv:2101.06787
● QUBIC V: Cryogenic system design and performance (arXiv:2008.10659 [astro-ph.IM])
● QUBIC VI: cryogenic half wave plate rotator, design and performances (arXiv:2008.10667 [astro-ph.IM])
● QUBIC VII: The feedhorn-switch system of the technological demonstrator (arXiv:2008.12721 [astro-ph.IM])
● QUBIC VIII: Optical design and performance (arXiv:2008.10119 [astro-ph.IM])

http://qubic.in2p3.fr/wordpress/?page_id=1192
http://qubic.in2p3.fr/wordpress/?page_id=1194
http://qubic.in2p3.fr/wordpress/?page_id=1196
https://arxiv.org/abs/2101.06787
http://qubic.in2p3.fr/wordpress/?page_id=1200
http://qubic.in2p3.fr/wordpress/?page_id=1202
http://qubic.in2p3.fr/wordpress/?page_id=1205
http://qubic.in2p3.fr/wordpress/?page_id=1207


Back-up
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How does the CMB look?

23/20

Black body spectrum

Temperature isotropy

 Plasma at 
thermodynamic 

equilibrium 

= + +

Mean Dipole: proper 
motion

Cosmological 
anisotropies

COBE satellite
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Temperature anisotropies

Origin: Density fluctuations in the primordial plasma.

24/20

Credit: Planck 

Angular power spectrum:

Spherical harmonic 
decomposition 

Actually predicted before the 
first observation!
J.R. Bond and G. Efstathiou (1987)

Credit: Wayne Hu 

BAO in CMB: z~1000

BAO in LSS: z~1



Complex electric field

The CMB is linearly polarized

Origin: Thomson scattering in the primordial plasma on quadrupole anisotropies.
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Stokes parameters:

E and B-modes:
Global definition on the sky. 
Non local quantities. E-modes

Divergence part

B-modes
Curl part



The CMB as a consequence of the Hot Big Bang
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Big-Bang

 Plasma at 
thermodynamic 

equilibrium 
(Re)combination and CMB emission

Expansion
~ 380 000 ans

Electrons Nuclei
Atom

Photons

1965: First observation by 
A. Penzias and R.W. Wilson 

Photons propagate freely in a transparent Universe



B-modes as a signature of cosmic inflation 

E and B-modes

E-modes
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Tensor-to-scalar ratio: 

Credit: BICEP/Keck 

E-modes

B-modes



A main goal for observational cosmology 

QUBIC

BICEP/Keck

POLARBEAR

CLASS

ACTPol

SPTPol

LSPE

LiteBIRD

SPIDER

GroundBIRD

Not exhaustive !

Simons Obs.
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 at 95% C.L.

Credit: BICEP/Keck https://arxiv.org/abs/2110.00483

https://arxiv.org/abs/2110.00483


Foreground challenge
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Polarizeddust + synchrotron@ 100 GHz

fsky=1%

fsky=90%

Credit: BICEP/Keck https://arxiv.org/abs/2110.00483 + J. Errard

   Temperature                          Polarization Credit: Planck 

Multiple frequency 
channels needed

What we detect is the 
sum of several emissions.

https://arxiv.org/abs/2110.00483


B-modes as a signature of inflation 

Prediction: inflation generates primordial fluctuations

Quantum 
fluctuations of 
a scalar field 𝜙

Perturbation of 
the metric

Density 
fluctuations

Gravitational 
waves

Temperature 
anisotropies
and E-modes

E and B-modes

Primordial plasma CMB

Einstein
 equation

Scalar

Tensor

Inflation: Accelerated expansion phase right after the Big Bang, around 10-34 s.

⇨ Designed to solve horizon and flatness problems.

30/20

Tensor-to-scalar ratio: 
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Horns (8 x 8)

Polariser

Focal plane 
150 GHz

Mirror

Filters

Window

Rotating Half Wave Plate

Technical Demonstrator (TD)



Bolometers
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Limiting cross-polarization
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Image obtained after making the combination 
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Combination to get fringes
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Fold the cycles 
and average 

each step

+ - -

⇨ Same fringe pattern

All open Two closed First horn closed Second horn closed



First try on real data
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● Crucial step for self-calibration which relies on fringe measurements. 
● Bolometer intercalibration is very important for any data analysis.

Data

Data / Gains

Gains Errors



Measuring the detector beam 
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Calibration 
source

Detector beam: response of one detector for all the 
directions on the sky at one wavelength.

      Measurement Simulation

Bolometer 6

Bolometer 9

… and one map for each bolometer.



Spectral information is here
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Double axis grid 
⇔ horn array

Lens ⇔ mirrors

Focal planePoint source in 
the far field

A mini QUBIC with visible light



Monochromatic map-making

Noise

Sky

Pointing matrix:
- Scanning strategy
- Instrument beam

 Signal integrated 
from 130 to 170 GHz

Map-making
Scan with an instrument 

Mono-band detectors

Si
gn

al

Time
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with        at iteration i.

Iterative solver for map-making:

Noise covariance matrix
[Nsamples x Nsamples x Nbolo] !!!

Solution:



Polychromatic map-making

with                at iteration i.

Iterative solver for map-making:
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where Aj encodes the beam frequency dependance. 

 Signal integrated 
from 130 to 170 GHz

Si
gn

al

Time

Scan with an instrument 
Mono-band detectors



How many sub-bands?
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Order of magnitude with the Rayleigh criterion: 

Angular separation 
between the two peaks

Peak FWHM

A bolometric interferometer has a resolution in 
electromagnetic space.

For the full instrument (P = 20), we expect to 
reconstruct around 5 sub-bands.

Horn array P x P



Spectral imaging performance
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Likelihood estimation on r as a function of the number of sub-bands.

Mousset, Gamboa et al.

Up to 5 sub-bands with only 40% degradation at 150 GHz and only 20% degradation at 220 GHz.

Optimality: sub-bands noise scaling as sqrt(N)
⇔ No degradation on r when recombining



Noise correlations
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● Strong anti-correlations between sub-bands. 
● However, correlations between distinct Stokes components are negligible.

Mousset, Gamboa et al.



Spatial correlations
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Title: Status of QUBIC, the Q&U Bolometric Interferometer for Cosmology

Abstract:
QUBIC is an experiment dedicated to the measurement of the B-mode polarization in the Cosmic Microwave 
Background (CMB) radiation. Primordial B-modes are a major signature from cosmic inflation that would have 
happened right after the Big Bang. The QUBIC instrument relies on an innovative technology: Bolometric 
Interferometry.

Measurement of the extremely weak B-mode signal requires exquisite control of systematic effects. This is an 
important advantage of bolometric interferometry thanks to self-calibration, a technique coming from interferometry, 
and to a specific optical design ensuring minimal cross-polarization.

A second challenge for this measurement is the mitigation of astrophysical foregrounds which contaminate the signal of 
the primordial universe. For this purpose, bolometric interferometry makes spectral imaging possible, i.e. the 
reconstruction, in post-processing, of sky maps in several frequency sub-bands even though the instrument integrates 
the signal in a wide band. Knowing that foregrounds have distinct emission spectra, spectral imaging is the key to 
eliminate these contaminants.

The QUBIC project recently completed the calibration and the validation of the instrument and it has been sent to 
Argentina. Observation of the sky will begin after another short calibration campaign in the laboratory. In this 
presentation, I will give an overview of the instrument status and forecasts for B-mode measurement.
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