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Cosmological 21cm signal

• .cosmo. + astro.

Mesinger+2016
How to infer 
properties?
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(Non)Gaussianity – CMB example

Planck 2015

• Full sky map compressed to PS
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(Non)Gaussianity – CMB example

Planck 2015

• Full sky map compressed to PS
• From it we infer the cosmology



Fourier transform tourFourier transform tour

(Non)Gaussianity – duck example

• Same 2D PS
• Highly non-Gaussian

Fourier transform tourFourier transform tour

change phases

Credit: G. Bernardi



(Non)Gaussianity – 21cm

• Simpler than a duck
• Power spectrum

Greig+2018
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(Non)Gaussianity – 21cm

• Simpler than a duck
• Power spectrum
• Bispectrum
• Morphological spectra

Watkinson+2020

Gazagnes+2020

Greig+2018Morphological (non-gaussian) statistics
DO improve parameter inference!



Statistics chosen relatively ad-hoc…

• Without good a-priori physical motivation, we cannot know 
what is THE optimal summary statistic, i.e. providing tightest 
recovery of astrophysics and cosmology



Statistics chosen relatively ad-hoc…

• Without good a-priori physical motivation, we cannot know 
what is THE optimal summary statistic, i.e. providing tightest 
recovery of astrophysics and cosmology

Solution:
Let the machines figure it out for us!!

(Neural Network)
• Gillet+2018
• La Plante & Ntampaka 2019
• Makinen+2020
• Mangena+2020
• Hortúa+2020



Neural Network Design?

• Different problems require different NN design! 
What about the 21cm Lightcone?

• Convolutional Neural Networks (CNN) – local correlations in images
• Cats and Dogs

• Recurrent Neural Networks (RNN) – sequential data
• Audio/video
• Language processing

f( ) = cat?
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f( ) = dog running?
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RNN for Lightcone

…

• RNN – encoding correlations across all frequency bins at once
• 2D Convolutional NN– local correlations in sky-plane



Procedure

Cosmological Signal

Mean Removal

+ SKA Noise
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+ Horizon Cut
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Three levels of ”contamination”

1. SKA not sensitive to global signal

2. UV coverage of SKA and its noise

3. Removing modes contaminated 
with foregrounds

All NN architectures trained on all three databases

10’000 21cmFAST simulations



Astrophysical parameters

• UV ionizing efficiency of galaxies
• timing of reionization

• Soft X-ray emmisivity
• timing of heating

• X-ray threshold for abs. by the galaxy
• morphology of heating

• Minimum virial temp. for SF galaxies
• timing and morphology of ALL epochs

Simple, but showing 
important changes in 
timings and 
morphologies of the 
signal, making the 
inference robust 

⇣

<latexit sha1_base64="DfLSRUH63ot5Ry7IFVAajzSlfPc=">AAACDnicbVDLTgIxFO3gC/GFunTTSEhckRmD0SXRjUtMHCCBCemUDjS0nUl7xwQI36BL/RF3xq2/4H/4ARaYBYInucnJOfeVEyaCG3Ddbye3sbm1vZPfLeztHxweFY9PGiZONWU+jUWsWyExTHDFfOAgWCvRjMhQsGY4vJv5zSemDY/VI4wSFkjSVzzilICV/M6YAekWS27FnQOvEy8jJZSh3i3+dHoxTSVTQAUxpu25CQQTooFTwaaFTmpYQuiQ9FnbUkUkM8Fk/uwUl63Sw1GsbSnAc3V5YkKkMSMZ2k5JYGBWvZn4rxfKlcsQ3QQTrpIUmKKLw1EqMMR4lgTucc0oiJElhGpuf8d0QDShYPMqlJdXAx+OpzYmbzWUddK4rHjVytVDtVS7zQLLozN0ji6Qh65RDd2jOvIRRRw9o1f05rw4786H87lozTnZzCn6A+frF4bqnSo=</latexit>

Tvir

<latexit sha1_base64="b1YwjW5HxZyA7O4ImKId2Duvevk=">AAACG3icbVC7TsMwFHXKq5RXgJHFoqrEVCUIBGMFC2OR+pLaKHJcp7VqO5HtVCpR/gRG+BE2xMrAf/ABOG2G0nIkS0fn3Ot7dIKYUaUd59sqbWxube+Udyt7+weHR/bxSUdFicSkjSMWyV6AFGFUkLammpFeLAniASPdYHKf+90pkYpGoqVnMfE4GgkaUoy0kXzbbvnpgCM9ljydUpllvl116s4ccJ24BamCAk3f/hkMI5xwIjRmSKm+68TaS5HUFDOSVQaJIjHCEzQifUMF4kR56Tx5BmtGGcIwkuYJDefq8kaKuFIzHpjJPKRa9XLxXy/gK5d1eOulVMSJJgIvDocJgzqCeS1wSCXBms0MQVhSkx3iMZIIa1Nepbb8taaTp7wmd7WUddK5rLtX9evHq2rjriisDM7AObgALrgBDfAAmqANMJiCZ/AK3qwX6936sD4XoyWr2DkFf2B9/QKrtaKS</latexit>

E0

<latexit sha1_base64="kXWGoKFJuHXEXTBpCD7eoE51YEY=">AAACDHicbVDLSgMxFL1TX7W+qi7dBEvBVZkRRZdFEVxWtA9oh5JJM21okhmSjFCHfoIu9UfciVv/wf/wA0zbWdTWAxcO59wXJ4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDK8nfvORKs0i+WBGMfUF7ksWMoKNle5vum63WHIr7hRomXgZKUGGWrf40+lFJBFUGsKx1m3PjY2fYmUY4XRc6CSaxpgMcZ+2LZVYUO2n01fHqGyVHgojZUsaNFXnJ1IstB6JwHYKbAZ60ZuI/3qBWLhswks/ZTJODJVkdjhMODIRmuSAekxRYvjIEkwUs78jMsAKE2PTKpTnVxs2fBrbmLzFUJZJ47TinVXO785K1asssDwcwTGcgAcXUIVbqEEdCPThGV7hzXlx3p0P53PWmnOymUP4A+frFzCbm9o=</latexit>

LX/SFR

<latexit sha1_base64="a7YLDCYSoEhxNai2j3ZC9bv2ug8=">AAACH3icbVDLSsNAFJ3UV62v+Ni5GSwFVzWRii6LgrhwUR99QBvCZDpth85MwsxEaEP+RZf6I+7Ebf/DDzBps6itBwYO59w793C8gFGlLWti5FZW19Y38puFre2d3T1z/6Ch/FBiUsc+82XLQ4owKkhdU81IK5AEcY+Rpje8Sf3mC5GK+uJZjwLicNQXtEcx0onkmkf3btSK4RnscKQHkkdPt4+xaxatsjUFXCZ2RoogQ801fzpdH4ecCI0ZUqptW4F2IiQ1xYzEhU6oSIDwEPVJO6ECcaKcaJo+hqVE6cKeL5MnNJyq8xsR4kqNuJdMphnVopeK/3oeX7ise1dOREUQaiLw7HAvZFD7MK0GdqkkWLNRQhCWNMkO8QBJhHVSYKE0/7Wmw3Fak71YyjJpnJftSvnioVKsXmeF5cExOAGnwAaXoAruQA3UAQZj8ArewYfxZnwaX8b3bDRnZDuH4A+MyS/kK6MT</latexit>



Minimum virial temperature 
for SF galaxies - log10 ( Tvir/1 K) 2 [4� 6]
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• Larger data contamination -> worse the inference
• All networks hitting the limits of the dataset
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No global signal
4x worse resolution



What does the network see?
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• Saliency map:

• changes in 
parameters 
influenced by 
underlying 
epochs
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• RNN - optimally suited for the lightcone

• Factors of                   improvement in variance 

• Network sees what it should

• Performance similar when including noise and wedge excision
• Currently limited by dataset
• For future improvements - better augmentation

• Simulations of the signal, foregrounds, noise


