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21 cm Cosmology Workshop 2024, Hangzhou 2024



• HI foregrounds: smooth


• Contaminates low k radial 
density modes


• No cross correlation!
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21 cm radial modes

Credit: A. Slosar



• MeerKAT auto P(k)


• Foreground avoidance


• Mpc probe of HI halo


• Cosmological probe?
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Mpc scale HI detection

Paul et al, 2023



• Power spectrum:


• Covariance matrix:


• Linear initial conditions (a Gaussian random field):


• Nonlinear evolution generate off-diagonal measurements:
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Power spectrum covariance

Zang & Zhu*, ApJ 961, 160, 2024

UGS at THU -> GS at Madison 



• Power spectrum:


• Covariance matrix: 
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Power spectrum covariance

UGS at THU -> GS at Madison 

Zang & Zhu*, ApJ 961, 160, 2024

Strong non-diagonal correlation 
in power spectrum covariance!



• Fisher matrix: 
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Fisher information
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Zang & Zhu*, ApJ 961, 160, 2024

A plateau!
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How to extract from NL scales?
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Need to go from NL to Linear scales

Paul et al, 2023

High k

Low k

Credit: A. Slosar



• Cosmic tides from residual anisotropic gravity forces
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Cosmic web: gravitational coupling

Pen, Zhu, Chen, Foreman, Li, 
Dodelson, Croft, Wang, Jeong, 
Sherwin, Moodley, Guandalin, 

Gagnon-Hartman, Modi, White, 
Slosar, ++



• Cosmic tides and weak lensing
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Tidal reconstruction vs weak lensing

Dodelson & Schmidt, Modern Cosmology (2020)



• Lensing deflection:


• Convergence and shear:  
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Tidal reconstruction vs weak lensing

Dodelson & Schmidt, Modern Cosmology (2020)



• Tidal field:


• Decomposition:


• Analogy with CMB lensing 
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Tidal reconstruction vs weak lensing

Pen et al 2012; Zhu et al 2016, 2018, 2022; Zang, Zhu* et al 2024
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Tidal reconstruction: Halos

DM field Reconstructed

Zhu et al, 2022



• Redshift space halo fields:

14

Tidal reconstruction: redshift space

Zang, Zhu* et al 2024
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Applications: 21 cm radial modes

Zhu et al. PRD 98, 043511 (2018)

Tidal reconstructionBefore reconstruction

Foreground
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Applications: 21 cm-lensing

Zhu et al. PRD 98, 043511 (2018)
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Applications: 21 cm-ISW

Zhu et al. PRD 98, 043511 (2018)
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Applications: 21 cm-photo-z

Zhu et al. PRD 98, 043511 (2018)



Cosmic tidal reconstruction
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Cosmic Visions 21 cm collaboration white 
paper, 2.8. Weak lensing and tidal 
reconstruction҂̶



Cosmic tidal reconstruction
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Snowmass 2021



• Metric and matter content


• Fossil effect: Masui & Pen 2012, Dai++ 2013, Schmidt++ 2014
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Vector and tensor perturbations

Zhu and Pen, in prep, 2024
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Helical vector and tensor perturbations

Masui, Pen, Turok, PRL 2017Image from Wiki
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Helical gravity wave fossils ~ 10%

Zhu and Pen, in prep, 2024
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Helical gravity wave fossils

Zhu and Pen, in prep, 2024

Vector Tensor
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Helical gravity waves: Nonlinearities

Zhu and Pen, in prep, 2024
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Example: BOSS NGC zbin1 

Zhu, Pen, and Zang in prep, 2024



• Low k radial modes lost due to 21 cm foregrounds 


• No xcc with lensing, ISW, photo-z, …


• Measurements best at high k measurements


• Tidal reconstruction recovers large-scale information and xcc


• Probing new physics from parity violation
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Conclusion

Thank you!
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• Parity violation in EW interactions (TD Lee and CN Yang, 1957 Nobel)
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Symmetry breaking

Image from Wiki

Spontaneous 
symmetry breaking

Sea snails

A closet



• Macroscopic physics (gravity, E-M, etc) are parity symmetric 


• any observed parity asymmetry direct window to initial conditions 


• recent reports of detection (Hou+22, Philcox 22), upper bounds 
(Motloch+22) 


• Large, abstract space of parity odd configurations in 4PCF, difficult 
to quantify covariances and look-elsewhere effect 


• quadric estimator classification (Zhu and Pen in prep, 2024)
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Helicity



• Local anisotropic gravity forces:


• Decomposition: 

34

New method: Tidal reconstruction

Pen et al 2012; Zhu et al 2016, 2018, 2022; Zang, Zhu* et al 2024



• Quadratic estimator:
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Tidal reconstruction: formalism

Pen et al 2012; Zhu et al 2015, 2022


