
B-mode component separation:
lessons from CORE

“CMB foregrounds for B-mode studies”
Tenerife, 15-18 October 2018

Mathieu Remazeilles

Remazeilles et al, JCAP 04 (2018) 023,
for the CORE Collaboration

http://adsabs.harvard.edu/abs/2018JCAP...04..023R


CORE: Cosmic Origins Explorer

• 100% of the sky

• 19 frequency bands:
60 – 600 GHz

• Aggregated sensitivity:
1.7 µK.arcmin

• Few arcmin resolution,
allowing for 60% delensing

Delabrouille et al, JCAP 04 (2018) 014
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CMB B-mode v.s. foregrounds

• Polarization less complex than intensity (fewer foregrounds) but more challenging (weaker signal):

→ Huge dynamic range between CMB B-mode and foregrounds

→ Component separation thus much more sensitive to foreground uncertainties

• Foregrounds can’t be avoided by narrowing the frequency range of observations

→ At ~300 GHz, synchrotron and CMB at ' = 10*+ have similar magnitude and colour!

→ A broad frequency coverage is thus crucial to break spectral degeneracies

CORE bands



Why going into space?

Galactic dust + synchrotron @100 GHz

small scales
measurable from
ground and space

• At recombination scales (20 < ℓ < 200), measurements may be fooled by
many kind of power-spectrum degeneracies:
primordial B-modes, lensing B-modes, extragalactic sources, and noise
have pretty similar slopes



Galactic dust + synchrotron @100 GHz

large scales
measurable from

space only

small scales
measurable from
ground and space

• At recombination scales (20 < ℓ < 200), measurements may be fooled by
many kind of power-spectrum degeneracies:
primordial B-modes, lensing B-modes, extragalactic sources, and noise
have pretty similar slopes

• Detecting the reionization peak (2 < ℓ < 20) from space will allow to break 
power-spectrum degeneracies, providing better evidence for detection of 
primordial CMB B-modes

Why going into space?
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Viale Berti Pichat, 6/2, 40127 Bologna, Italy

21INAF/IASF Bologna, via Gobetti 101, 40129 Bologna, Italy
22INFN, Sezione di Bologna, Via Irnerio 46, 40127 Bologna, Italy
23Dipartimento di Fisica e Astronomia “Galileo Galilei”, Università degli Studi di Padova,
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CORE sky simulations: Stokes Q maps

AME (1% pol.)

Thermal dust Synchrotron

Synchrotron spectral index

!"

Remazeilles et al JCAP 2018smoothed to 1° for illustration purposes

19 frequency bands:
60 – 600 GHz

Dust spectral index

!#

Dust temperature
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Lensed CMB
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Component separation methods

• COMMANDER – Eriksen et al 2004, 2008 ; Remazeilles et al 2016, 2017

Bayesian multi-component spectral fit in pixel space through Gibbs sampling

• SMICA – Delabrouille et al 2003 ; Cardoso et al 2008

Blind independent-component power-spectrum fit in harmonic space

• NILC – Delabrouille et al 2009 ; Remazeilles et al 2011 ; Basak et al 2012, 2013

Minimum-variance internal linear combination in wavelet space

• X-FORECAST – Errard et al 2016 ; Stompor et al 2016

Maximum-likelihood foreground spectral fit in pixel space + linear combination

Remazeilles et al JCAP 2018

We have implemented 4 independent techniques (blind and parametric) 
on the CORE sky simulations:



CORE reconstruction of primordial B-modes
– without lensing –

14s detection of ! = #$%& after foreground cleaning

Remazeilles et al, JCAP 2018

! = #$%&



12s detection of ! = #×%&'( after foreground cleaning

! = #×%&'(

CORE reconstruction of primordial B-modes
– without lensing –

Remazeilles et al, JCAP 2018



CORE reconstruction of primordial B-modes
– with 40% lensing –

4s detection of ! = #×%&'(
after foreground cleaning and 60% delensing

r = (5.4 ± 1.5) ´ 10-3
! = #×%&'(! = #×%&'(

Remazeilles et al, JCAP 2018



foreground residuals!

CORE reconstruction of primordial B-modes
– without lensing –

3s bias on ! = #$%& after foreground cleaning

Remazeilles et al, JCAP 2018

! = #$%&



Absence of frequencies below 60 GHz

Errors |"#
$%&'"#()|
"#()

≃ +% ⟹ synchrotron B-mode amplitude shifted by ./ ≳ 12'3
when extrapolated to ≃ 145 678

Sub-percent accuracy on foreground spectral indices is required
to allow the detection of CMB B-modes at the level of / ≲ 12'3

Excess B-mode power

Same mean
and standard

deviation,
but different
skewness!

"s

Remazeilles et al JCAP 2018

Mismatch on synchrotron spectral index

input
Commander



On the importance of 
a broad frequency coverage



PICO in Brief
• Millimeter/submillimeter-wave, polarimetric 

survey of the entire sky 

• 21 bands between 20 GHz and 800 GHz 

• 1.4 m aperture telescope 

• Diffraction limited resolution: 38’ to 1’  

• 13,000 transition edge sensor bolometers 

• 5 year survey from L2 

• 0.87 uK*arcmin requirement; 0.61 uK*arcmin 
goal (=CBE)

Jet Propulsion Laboratory

 https://z.umn.edu/cmbprobe cmbprobe@lists.physics.umn.edu

Sutin et al. SPIE Vol.10698;  
1808.01368

See talk by Shaul Hanany



PICO reconstruction of primordial B-modes
20 – 800 GHz

! " = $%&' = %. )×$%&'
after foreground cleaning

Commander
Input

Foregrounds:

● Synchrotron
(power-law with
curvature)

● Thermal dust
(MBB)

" = $%&'

M. Remazeilles



PICO reconstruction of primordial B-modes
43 – 462 GHz

Narrowing the frequency range of observations
causes biases at large scales due to foregrounds

M. Remazeilles

Commander
Input

! = #$%&

Foregrounds:

● Synchrotron
(power-law with
curvature)

● Thermal dust
(MBB)



COMMANDER results on foregrounds
PICO 20 – 800 GHz

!"#$%&

!dust 'dust

M. Remazeilles



COMMANDER results on foregrounds
PICO 43 – 462 GHz

M. Remazeilles

Lack of frequency range / high frequencies

Lack of accuracy / constraint on !dust

Translates into a bias on CMB B-mode
by extrapolation towards CMB frequencies

"#$%&'

"dust !dust



!synch !dust !synch!dust

"dust

PICO
20 – 800 GHz

PICO
43 – 462 GHz

"dust

# $ = &'() = '. +×&'() # $ = &'() = '. -×&'()
(75% increase)

Input
Commander

Input
Commander



Subtle issues for
B-mode component separation



#1. Foreground mismodeling

Remazeilles, Dickinson, Eriksen, Wehus, MNRAS (2016)

Impact on ! of mismodelling two MBB dust components
as a single MBB component:

The Sneaky Point:
CMB experiments with narrow frequency ranges < #$$ %&'
show no evidence (() ≃ +) for incorrect foreground models!



#2. Extragalactic sources cannot be 
ignored even at large scales

Radio and IR sources at ~"##-"$# %&'
exceed primordial CMB B-mode power 

(( = "#*+) at angular scales , ≳ .#

Trombetti, Burigana, De Zotti, Galluzzi, Massardi,
A&A 2018



Actual foreground SED on the maps may differ from real SED in the sky !
Chluba, Hill, Abitbol, 2017

Remazeilles et al JCAP 2018:

Pixelization / averaging creates spurious curvature
on the dust spectral index across frequencies!

→ Bias of !" ≃ $%&' if the effective dust curvature 
is ignored in the parametric fit

#3. Averaging effects

one value βdust per line-of-sight

→ effective SED: ∑* + ,* = + . / 0 123 + / …

Dust spectral indices in the sky Mapping / pixelization

many values ,dust per pixelone value ,dust per line-of-sight



New approaches?
• Most of our efforts so far have been in developing component separation methods 

tailored to deal with CMB temperature data (see beautiful Planck results), for which 
the “signal-to-foreground” ratio was relatively large

• With the new challenges to overcome on B-modes, and the entering in the new era of 
faint “signal-to-foreground” regimes, it is timely to design novel component separation 
methods

• Some alternative approaches might provide interesting avenues:

1. Parametric: 
Moment expansion / effective modeling of the foreground SED 
instead of fitting astrophysical models

Chluba et al 2017   (see talks by A. Mangilli and A. Rotti)

2. Blind:
GNILC: minimize variance of foregrounds instead of foreground + noise
Remazeilles et al 2011



Alternative methods #1: 
moment expansion / effective modeling

Moment expansion of the foreground SEDs:

!
!"

#
1 + &' ln !

!"
*
+ &* ln !

!"
+
+ ⋯

Chluba, Hill, Abitbol, 2017

See talks by Aditya Rotti & Anna Mangilli



Moment expansion / effective modeling:
dust temperature v.s. dust curvature

M. Remazeilles

Example on LiteBIRD 40 – 400 GHz:

• Without pivot frequencies > 400 GHz, dust temperature is not well constrained

• Curvature is local, thus better constrained than temperature over a narrow 
frequency range

Modified blackbody
'
'(

)
*(', -)

Curved power-law
'
'(

)
1 + 1 ln '

'(
4
+ ⋯



Alternative methods #2: GNILC

Basic idea: 

• Look for independent (not physical) foreground degrees of freedom
over the sky and over the angular scales
⟶ foreground subspaces

• Focus ILC variance minimization into foreground subspaces
instead of minimizing the variance of foregrounds + noise

Basic properties:

• Blind (no assumption on foregrounds)
⟶ fairly insensitive to decorrelation / averaging effects

• Local over the sky and over the scales (based on wavelets)

• Generalization of ILC: use not only spectral but also spatial information
(angular power spectrum)

Remazeilles, Delabrouille, Cardoso (2011)



PICO data challenge: 
A series of non-trivial sky simulations



GNILC results on PICO 90.91 sim
5’ resolution

M. Remazeilles

Input CMB B-mode map GNILC CMB B-mode map

Residuals



GNILC results on PICO 90.91 sim
1 degree resolution

M. Remazeilles

Input CMB B-mode map GNILC CMB B-mode map

Residuals



GNILC results on PICO 90.91 sim
1 degree resolution

(zoom in BICEP2 field)

M. Remazeilles

Input CMB B-modes GNILC CMB B-modes Residuals



GNILC EE reconstruction with PICO (90.91)

M. Remazeilles



GNILC BB reconstruction with PICO (90.91)

M. Remazeilles



Summary
After foregrounds cleaning (COMMANDER + SMICA / NILC) and 60% delensing,

• CORE (60-600 GHz) able to reconstruct the primordial CMB B-mode power spectrum
at ! = 5×10'( on both reionization and recombination peaks without bias.

• CORE (60-600 GHz) able to detect ! = 5×10'( at 4σ significance without bias.
→ allows to constrain Starobinsky’s )* inflation model

After foregrounds cleaning (COMMANDER),

• PICO (21-800 GHz) able to detect ! = 10'( at 2.5σ significance without bias.

• Descoped PICO (43 – 462 GHz) fails to detect ! = 10'( without post-marginalization
over foreground residuals in the likelihood

General issues that future CMB B-mode experiments might be facing:

• Foreground mismodelling: omitting curvature, AME, dust components, decorrelation
• Lack of frequency range and spectral degeneracies: how to detect false detections of ! ?

→ external low / high frequency data from ground / balloons might help in this case
• Averaging effects of foreground SEDs by pixelization / beam convolution 

Need novel alternative approaches for new challenges: Moment expansion, GNILC, …

Thanks for your attention!


