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Physical background
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Starlet l1 norm
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End-to-end measurements 

Credits: Alonso

Cleaned HI signal

Credits: Alonso
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Motivations for Higher order Statistics

• At late times the HI signal becomes highly non Gaussian. 

• Traditional 2-pt statistics miss important information. 

→ Higher order statistic are needed. 

• The starlet l1 norm is especially effective as it is sensitive to 

morphological structures across multiple spatial scales, making it a 

powerful probe of non-gaussian features.
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Starlet l1-norm
Multi-scale higher order statistics

HI map 

4 scales  
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Posterior Inference pipeline
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Results
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Sky fraction
• Constraining power decreases with sky-fraction 
• Non-linear decrease ← mask induced mode coupling
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Sky fraction
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Gaussian Beam • Stronger contour degradation for Cl 
• Sl1 more robust to beam smoothing ← sensitive to structures
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Gaussian Beam
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+ noise 

Improving Sl1 with additional intermediate scales

[3.7, 5.6, 11.2, 22.3, 60]

[5.6, 6.3, 11, 17.5, 25, 35, 45, 60]

• Additional scales capture a wider 
range of structural info 

• Sl1 very robust to noise 
compared to Cl
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Improving Sl1 with additional scales
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Robustness to beam and noise
~45% unaffected~10% unaffected
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+ noise

Multiplicative 

Additive

‘Zebras’ patterns



Pauline Gorbatchev



Pauline Gorbatchev

+ noise

Multiplicative ‘Zebras’-stripe patterns
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+ noise

Additive ‘Zebras’-stripe patterns
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X-shape mask
Weight : 10X Weight : 25X Weight : 35X Weight : 50X
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10X 25X 35X 50XX-shape weight:

X-shape multiplicative



of foreground cleaning methods  Impact
on cosmological parameter recovery

Athanasia Gkogkou, Victor Bonjean, Jean Luc Starck, Stefano Camera, Marta Spinelli
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Neutral Hydrogen

Spin-flip

• It the only astrophysical spectral feature in the L-band (GHz).
• Can be measured from earth (penetrate the atmosphere).
• Thermal noise in HI surveys is less important than shot noise. 

in galaxy surveys ⟹  HI analysis is more constraining than 
galaxies.

Benefits of observing HI:

• Probe the Dark Ages (future perspective).
• Map 3D Large Scale Structures of the Universe.
• Complementary measurement to optical surveys to 

constrain cosmological parameters.

Uses of HI observations:

Hydrogen is the most abundant element 
in the Universe. After reionization, HI is 
located inside galaxies.

Higher Order Statistics

Higher Order Statistics for Neutral Hydrogen Intensity Mapping

contact:
Pauline Gorbatchev, FORTH, email: pauline.gorbatchev@ai.forth.gr

data

HOSdata

Model

mock

HOSmodel

Bayesian

Likelihood
MCMC

Cosmological 
parameters
 constrains

• Bayesian inference is commonly used, comparing 
theoretical models to observational data via probability 
theory.
• Prior beliefs "($) about parameter values combine with 
observational constraints to create posterior probability 
distributions " D	∣	$ , reflecting updated parameter 
knowledge.

•	 "(	$	∣	D	)	= ! 	#	∣	$ 	%	!	(	$	)
!	(	#	)

• Markov Chain Monte Carlo (MCMC) methods efficiently 
explore high-dimensional parameter spaces and sample 
from posterior distributions.
• Likelihood-based techniques assess agreement between 
theoretical predictions and observed data, quantifying 
likelihood of parameter values given the data.
• This helps in testing theoretical models, distinguishing 
between cosmological scenarios, and refining our 
comprehension of fundamental properties of the Universe 
and its evolution.

Cosmological Parameters InferenceCurrent Landscape

Epoch of Reionization Cosmic Dawn

For now, only the detection by cross-correlation between galaxy and 21 cm signal is possible.  

Preliminary Results
MCMC on auto-correlated power spectrum of neutral 
hydrogen intensity mapping versus cross-correlated power 
spectrum between galaxies and neutral hydrogen intensity 
mapping (Second order statistics).

In a neutral hydrogen atom (HI) when 
the spin of the electron flips, it emits a 
radiation of wavelength 21 centimeters.

Second order statistics (e.g. power spectrum, two-point correlation function) cannot capture the 
non-Gaussianities that appear after Early times of the Universe. 
21 cm signal is non Gaussian ⟹  higher-order statistics (bispectrum, three-point correlation 
function, l1-norm, and Minkowski functionals) becomes imperative to describe the signal correctly. 

Intensity Mapping and its Challenges
Galaxy distribution

Intensity map

21 cm signal

Extra galactic emission (AGNs)

Galactic emission (Milky Way synchrotron)

Ionosphere

Instrumental effects

Signal

Analysis pipeline

Foreground cleaning

Noise cleaning

Power spectrum

Cosmological parameters constraints

Ωb, Ωm , ΩΛ, σ8, fNL, Σmν, H0…

The main foregrounds contributions:
• Milky way synchrotron (high energy electrons accelerated by magnetic fields).
• Extra-galactic point sources e.g. AGNs (Active Galactic Nuclei).
• Galactic/extra galactic free-free emissions (electrons scattered by ions).
Those forgrounds are 4 orders of magnitude higher than the signal !
⟹ Foreground removal is essential

• Spectral smoothness, is commonly used in foreground removal since foregrounds are typically 
smooth in frequency.

• HI signal, which originates from primordial neutral hydrogen distributed throughout the 
universe, is not spectrally smooth.

• This is a powerful approach to separate the foregrounds from the signal.

Motivation, Current Landscape, Methodology Preview, and Anticipated Challenges

That makes it a biased tracer of the underlying matter 
distribution of the Universe.

FOUNDATION FOR RESEARCH AND TECHNOLOGY - HELLAS
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Summary statistic 

Starlet ℓ1-norm as a higher-order statistic for neutral hydrogen intensity mapping

Collaborators: Jean Luc Starck, Stefano Camera, Marta Spinelli

Starlet ℓ1-norm as a higher-order statistic

Author: Pauline Gorbatchev, FORTH, Greece

Ωm, h , As

Focus of our work

is

Conclusions: 
With log-normal simula;ons, the starlet ℓ₁-
norm performs comparably to second-order 
sta;s;cs. We expected it to outperform Cℓ 
when more non-linear informa;on is contained 
in the maps.

Variability of Starlet ℓ₁-norm across 100 simulations with fiducial Starlet ℓ₁-norm

HI is observed through its 21-cm redshifted emission line.  

After the end of reionization the HI signal becomes highly 
non-Gaussian, due to the evolution of non linearities with 
cosmic time. Starlet l1-norm

Neutral Hydrogen 

After the epoch of reionization (EoR), HI within galaxies is a good biased 
tracer of the underlying dark matter distribution.

• Hydrogen (HI) is the most abundant element in the Universe. 

• Spin-flip transition of the electron in HI → emission at λ = 21 cm. 

• Detected via the redshifted 21-cm emission line.

Simulation Based Inference (SBI) 
• Likelihood-free inference: no explicit likelihood function needed. 

• Compares summary statistics between simulations and data. 

• Fast and efficient: bypasses complex likelihood calculations, 
enabling rapid parameter estimation. 

• Handles complex, non-Gaussian fields where traditional MCMC 
methods struggle. 

Splitting of the dataset 8 000

Training set 5 600

Validation set 1 600

Test set 800

Priors

Simula+ons

Training

Posteriors

Mock data Inference

Summary sta+s+cs

Impact of HI IM Foreground cleaning methods
on cosmological parameter recovery 

Author: Pauline Gorbatchev, FORTH, Greece
Collaborators: Athanasia Gkogkou, Victor Bonjean, Jean Luc Starck, Stefano Camera, Marta Spinelli

Intensity Mapping and challenges
• Measures collective 21-cm emission from unresolved galaxies → fast, large-

volume surveys. 

• Foregrounds (galactic synchrotron, AGNs, free-free emission) are 4 orders of 
magnitude brighter than the HI signal. Galaxy distribution

Intensity map
Credits: Alonso

Starlet ℓ1-norm
• Captures non-Gaussian information in HI maps beyond the angular power spectrum. 

• Decomposes the HI map on the sphere into wavelet coefficients at multiple scales.

• Coefficients are normalized and binned by SNR, then combined via the ℓ1 -norm:

• Sensitive to 
structures across 
scales, highlighting 
non linearities.

• Starlet ℓ1-norm improves the parameter constrains by a factor of 6.72 compared to Cℓ.

Evolving beam 

• Apply pipeline to MeerKLASS Lband 21 data. 

 Next steps: 
• Include systematic effects (e.g. scanning 

patterns, non-homogenous noise).

Degraded beam Oscillating beam 

Beam scenarios Foreground cleaning method : JESSNetForegrounds
• Galactic synchrotron

• Free-free emission

• Extragalactic radio 
point sources

CoLoRe maps

8000 simulations 

• Forward modeling: lognormal 
maps based on CAMB power 
spectra with nonlinear corrections. 

• Observational realism: apply 
beam smoothing, sky masking, 
and Gaussian thermal noise.

• Joint dEconvolution and Sparse Separation Network. 
• Beam-aware blind source separation framework built upon SDecGMCA. 

• Jointly addresses beam deconvolution and separation of astrophysical 
components, while extending the reconstruction to masked sky regions. 

• Sparsity is enforced through a learnlet-based thresholding operator which 
provides a learned sparse representation of the source.

Modeled with PySM3

Following Battye (2013)

Matshawule et al. 2021
Gkogkou et al. 2026
Bonjean et al. 2026

References 
➤  JESSNet remains stable in all beam scenarios considered.
➤  First end-to-end pipeline linking simulated HI intensity maps with foreground 
contamination and cleaning procedures to cosmological parameter inference.

Conclusions
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Beam scenarios
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Foreground cleaning methods 

Gkogkou + 2026, Bonjean + 2026

• PCA (Principal Component Analysis) 

• FastICA (Independent Component Analysis) 

• GMCA (Generalized Morphological Component Analysis) 

• SDecLCS (SDecGMCA learnlet joint component separation and 
deconvolution on the sphere in the learnlet domain, beam-aware) 

State of the art cleaning methods
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Degraded beam Evolving beam Oscillating beam

GMCA relies on sparse sources, 
beam variations across frequency 
break this assumption, reducing 

HI recovery.
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Conclusions
• Starlet l1 norm yield tighter constrains than Cl in all study cases. 

• Starlet l1 norm is robust to noise and systematics.

• First end to end pipeline linking HI IM simulation, foreground cleaning 

methods and cosmological parameter inference. 

• SDecLCS is the only method working in oscillating beam scenario.

• Apply this pipeline on MeerKLASS Lband21 data

Next Steps
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Thank you 


