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More than 
6 orders of 
magnitude !

Galactic synchrotron : a major foreground

z=9.2 (f = 140 MHz) 



  

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh, 
“An improved source-subtracted and destriped 408-MHz all-sky map”, MNRAS (2015)

Can we guarantee a robust subtraction
of foregrounds in 21 cm observations ?

1. Better characterize Galactic foregrounds at radio frequencies



  

Synchrotron radiation extra-galactic
radio sources

Haslam et al. (1982)

Galactic synchrotron all-sky map at 408 MHz



  

Synchrotron radiation

Remazeilles et al (2014)

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh, 
“An improved source-subtracted and destriped 408-MHz all-sky map”, 

MNRAS (2015)

Galactic synchrotron all-sky map at 408 MHz



  

Haslam 1982 Haslam 2003 Haslam 2014

Haslam et al., 1982 WMAP, 2003 Remazeilles et al., 2014

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh, 
“An improved source-subtracted and destriped 408-MHz all-sky map”, 

MNRAS (2015)

Improvement on desourcing



  Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh, 
“An improved source-subtracted and destriped 408-MHz all-sky map”, 

MNRAS (2015)

Improvement on destriping

Haslam 1982 Haslam 2003 Haslam 2014

Haslam et al., 1982 WMAP, 2003 Remazeilles et al., 2014



  

Bonus : High-resolution synchrotron template
             for radio sky simulations

Haslam 2014 High-resolution Haslam 2014 

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh, 
“An improved source-subtracted and destriped 408-MHz all-sky map”, 

MNRAS (2015)



  



  

Can we guarantee a robust subtraction
of foregrounds in 21 cm observations ?

2. Knowledge transfer from CMB component separation 

Remazeilles, Delabrouille, Cardoso, 
“Foreground component separation with Generalized Needlet ILC”, MNRAS (2011)

GNILC method (“Generalized Needlet Internal Linear Combination”) 

Planck Collaboration et al., 
“Disentangling Galactic dust and CIB anisotropies in Planck observations”, in prep. (2015)

1) CIBA - Galactic dust separation in Planck data

Olivari, Remazeilles, Dickinson, 
“Extracting 21 cm cosmological signal with Generalized Needlet ILC”, in prep. (2015)

2) 21 cm - foreground separation in radio intensity mapping simulations 



  

Generalized Needlet ILC (GNILC) Remazeilles, Delabrouille,
and Cardoso, MNRAS (2011)

Data covariance matrix (n x n frequencies) at each wavelet scale

Prior on CIB power spectra. Compute :

Wavelet decomposition of the data to deal with local conditions of contamination

                                                                                                                      

wavelet scale 3 degrees wavelet scale 30 arcminutes

CIB

CIBCIB



  

Generalized Needlet ILC (GNILC) Remazeilles, Delabrouille,
and Cardoso, MNRAS (2011)

Data covariance matrix (n x n frequencies) at each wavelet scale

Prior on 21 cm power spectra. Compute :

Wavelet decomposition of the data to deal with local conditions of contamination

                                                                                                                      

wavelet scale 3 degrees wavelet scale 30 arcminutes



  

Generalized Needlet ILC (GNILC) Remazeilles, Delabrouille,
and Cardoso, MNRAS (2011)

Eigen-decomposition 

m eigenvalues >> 1  
→ foreground+noise power

 

(n-m) eigenvalues ≈ 1
→ 21 cm power

 

US → eigenmodes of the 21 cm subspace 

m estimated by minimizing Akaike Information Criterion : 



  

Generalized Needlet ILC (GNILC) Remazeilles, Delabrouille,
and Cardoso, MNRAS (2011)

Eigen-decomposition 

m eigenvalues >> 1  
→ foreground+noise power

 

(n-m) eigenvalues ≈ 1
→ 21 cm power

 

US → eigenmodes of the 21 cm subspace 

m estimated by minimizing Akaike Information Criterion : 

Number of foreground modesNumber of foreground modes

wavelet scale 5 arcminutes

“Sort of PCA 
driven by the local 

signal-to-noise ratio”

wavelet scale 1 degree



  

Generalized Needlet ILC (GNILC) Remazeilles, Delabrouille,
and Cardoso, MNRAS (2011)

Data covariance matrix (n x n frequencies)

Prior on 21 cm power spectra

Eigen-decomposition of  

Wavelet decomposition of the data to deal with local conditions of contamination

Multidimensional ILC

 

                                               where   A =  (            )
1/2

 US



  

CIBA contamination on small scales
= background galaxies !

our Galaxy

Planck Galactic thermal dust all-sky map

Planck 2013 results. XI, “All-sky model of thermal dust emission”, A&A (2014)



  

CIBA
β=1.1, T=18.5 K

Spectral information

Dust and CIBA share
similar spectral distributions 

CIBA leak into the thermal dust model ! 

Spectral fitting:
Planck 2013 Results. XI. A&A (2014)
Planck 2015 Results. X. arXiv:1502.01588

Galactic dust
β=1.6, T=19.7 K

CIBA
β=1.1, T=18.5 K

modified
blackbody

Planck 2013 dust model

“spectral fitting”



  

CIBA
β=1.1, T=18.5 K

Spectral information

Dust and CIBA share
similar spectral distributions 

CIBA leak into the thermal dust model ! 

Spectral fitting:
Planck 2013 Results. XI, A&A (2014)
Planck 2015 Results. X, arXiv:1502.01588

Galactic dust
β=1.6, T=19.7 K

CIBA
β=1.1, T=18.5 K

modified
blackbody

“spectral fitting”

Statistical information

GNILC method:
Planck 2015 Results. XII, in prep. (2015)
Planck Intermediate Results. 120, in prep. (2015)

Dust and CIBA have 
distinct angular power spectra

disentangle thermal dust and CIBA !

CIBA ~ ℓ -1

Galactic 
dust ~ ℓ -3

“GNILC” 



  

Planck Collaboration, “Planck 2015 Results. Simulations,” 
in prep. (2015)

 
Planck Collaboration, “Disentangling Dust and CIBA 

    in Planck Observations,” in prep. (2015) [Corresp. Author]

Remazeilles et al., “Foreground component separation
    with Generalised ILC,” MNRAS (2011)

current
Planck dust model

GNILC
Planck dust

GNILC
CIBA (other galaxies)

Separating dust & CIBA in Planck data



  

Simulation : radio intensity mapping

synchrotron

point sources

free-free

HI 21 cm

thermal noise

 L. Olivari, M. Remazeilles, C. Dickinson,
“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)



  

GNILC reconstruction at 1117 MHz

 L. Olivari, M. Remazeilles, C. Dickinson,
“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)

Input 21 cm Recovered 21 cm Residuals

12° x 12 °
40 ' resolution



  

GNILC reconstruction at 1117 MHz

 L. Olivari, M. Remazeilles, C. Dickinson,
“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)

input 21 cm

prior 

recovered 21 cm
residuals

Despite smooth
prior, GNILC 
is able to recover  
individual features
of the 21 cm power
spectrum



  

GNILC versus standard PCA

 L. Olivari, M. Remazeilles, C. Dickinson,
“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)

PCA

PCA

PCA



  

Summary

1. Radio foreground characterization : “2014 Reprocessed Haslam 408 MHz map” 

Separation of
dust and CIBA 
in Planck data

Reconstruction 
of 21 cm signal

2. Component separation method : “Generalized Needlet Internal Linear Combination” 

Much better desourcing and destriping
(+ high-resolution template)



  

Backup
slides



  

Iterative combination 
of two techniques 
depending on :
 

● the local SNR
● the background
   geometry around
   the source

9-parameter Gaussian fitting
& subtraction

Minimum Curvature Spline
Surface Inpainting

Remazeilles et al., 
MNRAS (2015)

Source removal in the new 2014 Haslam map 



  

RED   : GAUSSIAN FITTING

BLUE : INPAINTING

Removed extragalactic sources (2 < S < 5 Jy)

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh, 
“An improved source-subtracted and destriped 408-MHz all-sky map”, 

MNRAS (2015)



  

Mapping unresolved 21 cm emission density field at different frequencies/redshifts 

→ to probe the LSS we do not need to resolve individual galaxies (modest resolution)

21 cm intensity mapping similar to CMB mapping 

→ possible knowledge transfer on component separation / foreground cleaning

Alternative to optical surveys for constraining BAO and dark energy

→ as long as foregrounds can be accurately subtracted (Ansari et al. 2011)

HI 21 cm intensity mapping



  

CIB anisotropies 353 GHz 

Thermal dust 545 GHz Thermal dust 353 GHz 

CIB anisotropies 545 GHz 



  

21 cm map 960 MHz (z=0.5) 

Synchrotron map 1250 MHz Synchrotron map 960 MHz 

21 cm map 1250 MHz (z=0.1) 

Same fight !



  

Simulation HI intensity mapping



  

Simulation : radio intensity mapping

Remazeilles et al.,
 2015

Dickinson et al.,
 2003

12° x 12 °

~ 40 ' resolution

Battye et al.,
2013

BINGO noise level

Synchrotron – 1117 MHz Point sources – 1117 MHz

Free-free – 1117 MHz Thermal noise – 1117 MHz



  

Generalized Needlet ILC (GNILC) Remazeilles, Delabrouille,
and Cardoso, MNRAS (2011)

Data covariance matrix (n x n frequencies)

Prior on 21 cm power spectra

Eigen-decomposition (PCA driven by local SNR = data / 21cm power)

Wavelet decomposition of the data to deal with local conditions of contamination

m eigenvalues >> 1  
→ foreground+noise power

 

(n-m) eigenvalues ≈ 1
→ 21 cm power

 

US → eigenmodes of the 21 cm subspace 

Multidimensional ILC

 

                                               where   A =  (            )
1/2

 US

m estimated by minimizing Akaike Information Criterion  



  

Generalized Needlet ILC (GNILC) Remazeilles, Delabrouille,
and Cardoso, MNRAS (2011)

Number of foreground modesNumber of foreground modes

Data covariance matrix (n x n frequencies)

Prior on 21 cm power spectra

Eigen-decomposition (PCA driven by local SNR = data / 21cm power)  

Wavelet decomposition of the data to deal with local conditions of contamination

Multidimensional ILC

Wavelet scale 1 degree Wavelet scale 5 arcminute

 

                                               

                                               where   A =  (            )
1/2

 US



  

Cℓ
input – Cℓ

output

        Cℓ
input 



  

Impact of prior
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