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1. Cosmology with Hydrogen Intensity Mapping (IM)

2. Biggest challenge: weakness of the IM signal compared to 
contaminants. Available strategies and ongoing efforts

3. The galactic synchrotron as a bonus:                                 
the case of MeerKLASS

4. MeerKLASS X WiggleZ: we detected the first ever 
cosmological signal with an array in single-dish mode.    

Getting ready for the SKA Observatory!

5. Quick interlude on the gamma-ray sky 

6. Why these strategies could be of use for you



—> Neutral hydrogen - HI

Figure credit: Kovetz+ 17 

Gianni, Raul & Anastasia Me
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21-cm intensity mapping

ν = ν21
1 + z

Big volumes (for cheap) and high redshift resolution

z = 0

z = 3
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HI intensity mapping with the SKAO

Cosmology with Phase 1 of the Square Kilometre Array Red Book 2018: 
Technical specifications and performance forecasts
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HI intensity mapping with the SKAO

Cosmology with Phase 1 of the Square Kilometre Array Red Book 2018: 
Technical specifications and performance forecasts

Bernal+ 2019



Contaminants are THE challenge 
to overcome with HI intensity 
mapping
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Contaminants are THE challenge 
to overcome with HI intensity 
mapping



HI intensity mapping: 

Observational status
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State-of-the-art
HI intensity mapping

Anderson+ 2018
Parkes telescope  
X 2dF optical galaxies

Green Bank Telescope  
X WiggleZ galaxies 
z~0.8

Chang+ 2010

also Masui+ 2013, Switzer+ 2013, 
Wolz+ 2017,2022

stacking LRGs, ELG 
and QSOs from eBOSS 
0.8<z<1.5

CHIME collaboration, 2022

MeerKAT X WiggleZ galaxies 
z~0.4

Cunnington, Li + 
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MeerKAT 64+ dishes with single pixel feeds 

Ongoing MeerKLASS: MeerKAT Large Area Synoptic Survey 
(Wang+ 2021, Li+ 2021, Irfan+ 2022, Cunnington, Li +, 2206.01579)



0 < z < 3

3 < z < 27
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HI intensity mapping:

buried under the foregrounds

IPC + 2020
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CHALLENGES: 

• Foregrounds 

• Systematics

?
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HI intensity mapping:

buried under the foregrounds

?

Chime Coll. 2022



Isabella P. Carucci17th June 2022 18

Blind Source Separation algorithms

The separation of a set of source signals (contaminants) from a set of mixed signals (the maps), with little or no info about the source signal or the mixing process.

X  =  A  S + N
signal  
(f,p)

mixing 
matrix (f,n)

sources 
(n,p)

HI signal!

• diagonalise the covariance matrix


• as more independent sources are mixed the 
signal becomes more Gaussian (central limit 
theorem). So, let’s maximise the non-
gaussianity of the sources to unmix them.


•

• Decorrelation —>


• Independence —>


Principal Component 
Analysis (PCA)

Independent 
Component Analysis 

(ICA)

Need to set 
number n of 

sources!
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HI intensity mapping:

how to subtract the contaminants?

Chang+ 2010
Green Bank Telescope  
X WiggleZ galaxies 
z~0.8

Parkes telescope  
X 2dF optical galaxies

Anderson+ 2018

1.

2.

(also Masui+ 2013,  
Wolz+ 2017,2022)

Polynomial fitting

Principal Component 
Analysis (PCA)

“Instrumental effects such as passband 
calibration and polarization leakage 
couple bright foregrounds into new 

degrees of freedom […]. The spectral 
functions describing these systematics 

cannot all be modelled in advance, so we 
take an empirical approach to 

foreground removal by estimating 
dominant modes from the covariance of 

the map itself.”
Switzer+ 2013

Independent 
Component Analysis 

(ICA)

In all theoretical works: 

• no noteworthy difference between    
PCA or ICA 

•  ~4 components removed are enough 

(e.g., Wolz+ 2014, Alonso+ 2015, Cunnington+ 2019)

20 - 3610 - 20

10
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HI intensity mapping:

how to subtract the contaminants?

We need:

1. simulations as realistic as 
possible

2. new BSS algorithms optimised 
for HI IM

3. to test the BSS pipelines on the 
same set of sims

GMCA (sparsity-based) —> mixGMCA
(Carucci+ 2020, Cunnington+ 2021, The 

SKAO Blind Challenge , work in progress… )

Harper+ 2018, Li+ 2020, Matshawule+ 2021, …



a quick interlude on GMCA 
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Blind Source Separation algorithms

The separation of a set of source signals (contaminants) from a set of mixed signals (the maps), with little or no info about the source signal or the mixing process.

X  =  A  S + N
signal  
(f,p)

mixing 
matrix (f,n)

sources 
(n,p)

HI signal!

• diagonalise the covariance matrix


• as more independent sources are mixed the 
signal becomes more Gaussian (central limit 
theorem). So, let’s maximise the non-
gaussianity of the sources to unmix them.


• mixtures are less sparse than sources! 

• Decorrelation —>


• Independence —>


• Sparsity —>

Principal Component 
Analysis (PCA)

Independent 
Component Analysis 

(ICA)

Generalised Morphological 
Component Analysis 

(GMCA)
Bobin +  2007, 2008, 2012
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S1 + S2

mix

why sparsity?
mixtures are less sparse than sources
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Histogram in pixel 
domain

Histogram in 
wavelet domain

Enforcing sparsity: in which domain?
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sparsity threshold

Morphological diversity:
more contrast among components
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Sparsity-based component-separation for 21-cm IM
GMCA: Generalised Morphological Component Analysis
Bobin+  2007, 2008, 2012,..  Applied on data in different astro-context: CMB (e.g. Bobin+2016), EoR (e.g. Hothi+2020), X-ray (Picquenot+2019), …

• wavelet decomposition —> multi-scale approach


• No priors on signal

1. Good performance also with              
RFI-flagged data cubes!                    
( TV stations, telecommunication, satellites,..) 

2. Pol leakage: greater complexity of data  
(higher number of sources needed, convergence not 
assured, mode-mixing assured)

in Carucci+ 2020,  
for the fist time in the literature:

JY Wang + 2021 - MeerKLASS data

 To reproduce these results:  
 codes and sims available online
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Sparsity-based component-separation for 21-cm IM
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• Underestimate by <2% (channel average) the angular PS 

• Reproduce at sub percent level the radial PS for kll > 0.02 h Mpc-1 

Sparsity-based component-separation for 21-cm IM
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Different scales need different care 

Carucci +, 2020
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Different scales need different care 
The wavelet domain is a multi-scale framework!

See also Hothi+2020 with LOFAR data

• GMCA performs very well on small scales, 
can fail at the large scale


• PCA / ICA —> overfit the large scales

PCA on the large scale 

+


GMCA on the small scales                   

mixGMCA
Wolz+ 2017, 

GBT data, FastICA
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HI intensity mapping:

how to subtract the contaminants?

We need: 

1. simulations as realistic as 
possible 

2. new BSS algorithms optimised 
for HI IM 

3. to test the BSS pipelines on the 
same set of sims

GMCA (sparsity-based) —> mixGMCA
(Carucci+ 2020, Cunnington+ 2021, The 

SKAO Blind Challenge , work in progress… )

Harper+ 2018, Spinelli+ 2020, Matshawule+ 2021

Started at the 2020 SKA Cosmology 
SWG meeting, as a collective project of the 

IM Focus Group



First Blind Foreground 
Subtraction Challenge 



if we were given SKA1-mid IM data today, 
what could we achieve in terms of 

contaminants subtraction? 
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Simulating all we can (up to now)


Sky components: 

1. HI                                    
(SAM coupled to halo 
catalogue/merger tree) 

2. Astrophysical Foregrounds 

• Galactic synchrotron 

• Galactic Free-Free 

• Extragalactic background 

• Point Sources

+

Telescope beam

+

Scanning strategy (non-uniform noise)

= 16 data cubes to clean
2 FGs models x 2 Beam Models 


x 2 Instruments x 2 Deconvolution strategies
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x 512 channels

37

Unknown to 
participants!

Simulating all we can (up to now)


L-band: 950-1400 MHz 

Single-dish mode 

Ndish: 133 (SKAO) and 
64 (MeerKAT)
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Pipelines that joined the Blind Challenge


9 pipelines on 16 data cubes
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Comparison at the map level: angular and radial power spectra 
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Results: radial power spectra 


The peak feature in the recovered radial PS due to the interaction between the beam and the foregrounds
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Results: compressed in radar charts, example


Angular PSRadial PS
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Results




The ongoing MeerKLASS: 

HI IM with the MeerKAT telescope



Credit: Yichao Li
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2019 Data :  
500 channels, from 
970.97 to 1075.28 MHz, 
level 6

JY Wang + 2020 - MeerKLASS calibration

• Satellites: big concern

• RFI-free regions 0 <z< 0.09 and 0.32 <z< 0.46

• Several rounds of RFI cleaning
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2019 Data :  
Two groups with two 

independent pipelines: 

Signal in cross with 

WiggleZ-11h galaxies is there!

Kudos to all MK-IM team. Especially to Steve Cunnington, Yichao Li  (2206.01579)



Gamma - rays ? 



Fermi LAT
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•Interaction of cosmic rays (CR) with 
interstellar medium

• protons+nuclei -> decay of 
secondary pions

•Bremsstrahlung and inverse 
Colton scattering of CR electrons 
with IR/UV photons of the 
interstellar radiation field

the galactic diffuse emission
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1. Blind analysis of data

X  =  A  S + N
signal  
(f,p)

mixing 
matrix (f,n)

sources 
(n,p)

Unresolved 
gamma-ray 

background!

ArXiv: 1812.02079 
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Strategies to identify the Galactic Foreground

• HI IM will bring new radio data in the ~100 MHz - 1 GHz regime 

• Go statistical, let the signal processing scientists do the job!                
(In HI intensity mapping we are using these techniques successfully)   

• When things like the slab model is not enough

• Measuring the radio SZ: getting read of relics, halos and whatever has 
structure (compared to the background)

•…


