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Hydrogen: most abundant
element in the Universe.

After reionization, Hl is located
inside galaxies.

= biased tracer of the
underlying matter distribution
of the Universe.

“FOR H |-|| T iy &> CosMoSTAT CR2

EEEEEEEEEEEEEEEEEEEEEEEEEE

HI hyperfine transition

Funded by
*..«* the European Union

Pauline Gorbatchev



21 cm signal

Extragalactic emission (AGNSs)

1| Galactic emission (Milky Way synchrotron ) .

lonosphere

Instrumental effects
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* At late times the HIl signal becomes highly non Gaussian.

* Traditional 2-pt statistics miss important information.

— Higher order statistic are needed.

* The starlet |11 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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Multi-scale higher order statistics
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Can the stariet £:-norm yield
tighter constraints than ?



SIMULATION-BASED INFERENCE - SBI

THE PIPELINE
WHY SBI

No explicit likelihood required

e Training pairs SRTRET N Priors

Training set computed once 8 000 simulations ,
Traini ti f inut {1-n°rm ; Qm, z TRAIN ¢

raining time: a Tew minutes

9 l 5600 (70%) . -
github.com/sachaguer/jaxili VALIDATION Simulations
JIT IR
TEST \]/
800 (10%)
- - Summary statistics
PRIOR SAMPLING
8 000 cosmologies drawn on a 2D Latin hypercube - - 4
Latin hypercube cosmologles (2D) - - Training

0.85 §K”\,“bb~3_:§;\:,=%w*‘ vs w ;‘

.80 ‘Q“' .‘.- 2 "{).&-'-“”—' PARAMETERS .« o o o o o _ \l/
. & e 2
Qm < [0.20, 0.40] Inference
h €[0.55, 0.87]
W
summary statistic < parameters Posteriors
posterior on (Qp, h) given an
0.20 0.25 0.30 0.35 0.40 observation

Qn
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Posterior Comparison: Starlet /;-norm vs Cj

Il C; (fory =0.014)

B C; (fory =0.19)

B Co (fsky =0.6)
Cy (fory =1)
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* Constraining power decreases with sky-fraction
®* Non-linear decrease + mask induced mode coupling
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\ Il Starlet £1-norm (fsxy = 0.014)

‘ B Starlet £1-norm (fry = 0.19)

I Starlet 41-norm (fsky = 0.6)
Starlet £1-norm (fory = 1)
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Posterior Comparison: Starlet /;-norm vs

Statistic ~ fgy  Normalized FoM Improvement vs Cp

Ce 1.0 1.00 —
St 1.0 1.59 1.59%
Ce 0.6 1.00 —
St 0.6 1.32 1.32%
Cy 0.19 1.00 —
St 0.19 1.07 1.07x
Ce 0.014 1.00 —
St 0.014 1.82 1.82%
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® Stronger contour degradation for Cl
* SI1 more robust to beam smoothing + sensitive to structures

Posterior Comparison: Starlet /;-norm vs Cy fg, = 0.19

Hl C; (beam = 1.34°)
B C, (beam = 0.5°)
.

Il Starlet £;-norm (beam = 1.34°)
B Starlet ¢;-norm (beam = 0.5°)
I Starlet ¢;-norm

- TITAN
RO MTeLLse e
7 wAsTRORTSCS

N
N
~

INSTITUTE OF COMPUTER SOENCE

Signal Processing
Laboratory

L 1 H 1 1
0.5 06 0.7 0.8 0.9

h

i < CosmoSTar

1 1 1
¢
- /*"*—\\ 4

< ~~ \

X A

B )/
0.1 0.2 0.3 02 03 04 05 05 06 0.7 0.8 09 0.1 0.2 0.3

1079 x A Qe h 1079 x A

Funded by
the European Union

Pauline Gorbatchev




>

TIT.

N
5
e 24

Posterior Comparison: Starlet ¢;-norm vs Cy fg, = 0.19

Statistic beam Normalized FoM Improvement vs Cy
Cy no 1.00 —

St no 1.07 1.07x

Cy 0.5 deg 1.00 —

St 0.5 deg 1.34 1.34%

Ce 1.34 deg 1.00 —

St 1.34 deg 1.40 1.40%
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ll C
B Starlet ¢;-norm 5 scales

[3.7, 5.6, 11.2, 22.3, 60]

I Starlet £1-norm & scales
[5.6, 6.3, 11, 17.5, 25, 35, 45, 60]
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Posterior Comparison: Starlet /;-norm vs C; fg, = 0.19, beam = 0.5°
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+ noise

* Additional scales capture a wider
range of structural info

* Sl1 very robust to noise
compared to ClI
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Noiseless case

Statistic Normalized FoOM Improvement vs C;
Ce 1.00 —

S€; (5 scales) 1.34 1.34%

S¢; (8 scales) 1.79 1.79%

Noisy case

Statistic Normalized FoOM Improvement vs C,
Ce 1.00 —

S¢€; (5 scales) 2.09 2.09%

S¢; (8 scales) 2.81 2.81%
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fsky = 0.19, beam = 0.5°, zebras = f, = 0.19, beam = 0.5°, zebras
+ noise

Multiplicative
Toys(h) = Ty () [1+ A sin(w?6) |

Additive
Toys(h) = Tyr(hh) + A sin(w 60)

m
-0.0895524 [ ] 0.151804 -0.181204 [m! E] 0.206288
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Posterior Comparison: Starlet /;-norm vs Cy fo, = 0.19, beam = 0.5°, zebras
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Posterior Comparison: Starlet /;-norm vs Cy fo, = 0.19, beam = 0.5°, zebras

l C
I Starlet 41-norm 5 scales
I Starlet £;-norm 8 scales
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Weight : 10X

Weight : 25X

b .',I C; no systematics
108 pus== C; X-shapes weight 10
= (C; X-shapes weight 25
== = C; X-shapes weight 35
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1077 x Ay

Posterior Comparison: Starlet /;-norm vs C; fs, = 0.19, beam = 0.5°

X-shape weight: 10X
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on cosmological parameter recovery

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



o ) Training pairs

8000 simulations

—
Cleued cube slice 115th Sa ex:truction
G P& > - P =

Cleaning

Method
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B SKY FRACTION

X102 fsky = 0.19
: , :
— 130.0¢ E : B BEAM & NOISE
cg 127.5 F : " cegraded MeerKLASS-like
T 125.0 F i evolving
E B i - ovilating DATA CUBE
s f i ~ : 520 slices, 971-1075 MHz
M 120.0 F i 1 Av = 0.2 MHz
T T & Inference: slice 115 @ 994 MHz
980 1000 1020 1040 1060 1080 1 e = 512

Frequency v[MHz]
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PCA (Principal Component Analysis)

FastlCA (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)

Gkogkou + 2026, Bonjean + 2026
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SDecLCS

® rca
FastICA

B GMCA
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GMCA relies on sparse sources,
beam variations across frequency
break this assumption, reducing
HI recovery.
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e Starlet 11 norm yield tighter constrains than Cl in all study cases.

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

methods and cosmological parameter inference.

* Apply this pipeline on MeerKLASS Lband21 data
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