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“Something” delays structure formation!
e.g.: fuzzy DM, ultra light axions, ALPs

“Something” speeds up structure formation!
e.g.: primordial magnetic fields
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21cm Simulations: Public Codes

Full radiative-transfer hydrodynamical simulation (extremely computationally expensive):

CoDa (Ocvirk et al., MNRAS 2016) 21SSD (semelin, MNRAS 2017) THESAN (kannan et al., MNRAS 2011)

Ray-tracing algorithms (applied to N-body simulations; also very expensive):

02 — Ray (Mellema et al., New Astron. 2006) CRASH Maselii et al., MNRAS 2003)

One-dimensional radiative transfer (much faster, approximated):

BEARS (Thomas et al., MNRAS 2009) GRIZZLY (Ghara et al., MNRAS 2018)  BEORN (Schaeffer et al., arXiv:2305.15466)

Purely analytic codes (fastest):

CAMB (Lewis and Challinor, PRD 2007) Zeus21 Munoz, arxiv:2302.08506) X21 (Katz et al., arXiv:2309.XXXXX )

Semi-numerical codes (excursion-set formalism):

SimFAST21 (santos et. al, MNRAS 2010) 21cmFAST (Mesinger et al., MNRAS 2011)
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21cm Simulations: a Code for Cosmology

Solution:
- Use initial conditions from a Boltzmann solver

—p |nitialize with CLASS at z = 1100

- Calculate accurate recombination history

—» Incorporate Hyrec into the code

- Consistently track 0;,,0,.,V.,, 1; evolution

— |Inhomogeneous boxes at 7 = 35

- Fold-in cosmic microwave background
—p Combined CMB+21cm constraints
- Astrophysical vs. cosmological effects

—Pp EXplore parameter degeneracies

- Slow? (need Az << 1 at Compton tight coupling)

— Perturbin¢,, = H/1'(, and solve for €,,, AT, T

yb



21cm Simulations: a Code for Cosmology

Solution:

- Use initial conditions from a Boltzmann solver
—p |nitialize with CLASS atz = 1100

- Calculate accurate recombination history

—» Incorporate Hyrec into the code

- Consistently track 0,,0,.,V,,,1; evolution
—» |Inhomogeneous boxes at 7 = 35

- Fold-in cosmic microwave background

P  Combined CMB+21cm constraints

- Astrophysical vs. cosmological effects 39 g 100 2 1000

—Pp EXplore parameter degeneracies

- Slow? (need Az << 1 at Compton tight coupling)

—p Perturbin € vy D1,

_— H/T -, and solve for ¢



21cm Simulations: a Code for Cosmology

Reionization Epoch of heating Cosmic dawn Dark ages
<€ > € > € > € >

21cmFirstCLASS®

35 50 100 200 1000

21cmFirstCLASS II. Early linear fluctuations of the 21cm signal

21cmFirstCLASS I. Cosmological tool for ACDM and beyond

Jordan Flitter!>* and Ely D. Kovetz!

Jordan Flitter!>* and Ely D. Kovetz!
! Physics Department, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

! Physics Department, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

Coming to a GitHub near you...!



21cm Simulations: Using 21cmFirstCLASS
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21cm Data Analysis: New End-to-End ML Pipeline
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21cm Data Analysis: Five Sets of Likelihoods
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21cm Data Analysis: Reproducing HERA Results

Assuming only atomic-cooling halos (hosting popll stars):
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21cm Data Analysis: Reproducing HERA Results

Adding molecular-cooling galaxies (hosting poplll stars) changes the signal:
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21cm Data Analysis: Beyond HERA Results

Adding molecular-cooling galaxies (hosting poplll stars) changes the signal:
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Example 1: (Rutherford) Scattering DM

(adapted from “US Cosmic Visions” 2017 Report: Battaglieri et al., arXiv:1707.04591)
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Example 1: (Rutherford) Scattering DM
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(adapted from “US Cosmic Visions” 2017 Report: Battaglieri et al., arXiv:1707.04591)
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Example 2: Ultralight (Fuzzy) Dark Matter
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LIM (e.g. CO) will outdo future CMB experiments
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Example 2: Is the FDM Window Already Closed?

HST UV LFs:
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Example 2: Is the FDM Window Already Closed?

A preliminary analysis using Hubble UV luminosity functions
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