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Takeaway: LIM can uniquely probe Small Scales 
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Chabanier et al.,  
MNRAS 2019

Current bounds: 

 - CMB

 - Galaxies


 - Ly-  Forestα

        Cosmic Dawn Cosmology: Small-Scales 

What about Cosmic Dawn?


Matter power spectrum: 


⟨δm( ⃗k)δm( ⃗k′ )⟩ = (2π)3δ3
D( ⃗k − ⃗k′ )Pm(k)



fNL

Libanore, Unal, Sarkar and Kovetz, PRD 2022

Cosmic Dawn bounds:

Sabti et al., ApJL 2022 +

        Cosmic Dawn Cosmology: Small-Scales 
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Starting Point: Combining CMB and 21cm-LIM 

CMB

21cm

Cohen et al., MNRAS 2018

k = 0.1 Mpc−1

COBE/FIRAS 1993



21cm Line-Intensity Mapping: Public Codes 

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

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

One-dimensional radiative transfer (much faster, approximated):
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Limitations for new physics:

- Initialized at z = 35
- Homogeneous initial boxes

- Assumes δb = δm

- Astro-cosmo degeneracy

- Slow in tight coupling regime

dTk /dz ∝ (ΓC /H) (Tγ − Tk)
e.g. at high redshift:

≫ 1 ≪ 1

requires  to solveΔz ≪ 1

New: First-Class Code for Cosmology with 21cm 
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Solution:

- Use initial conditions from a Boltzmann solver

- Calculate accurate recombination history

- Consistently track    evolution δb , δm , vcb , T{i}

Initialize with  at  𝙲𝙻𝙰𝚂𝚂 z = 1100

Incorporate  into the code 𝙷𝚢𝚛𝚎𝚌

Inhomogeneous boxes at z = 35
- Fold-in cosmic microwave background  

Combined CMB+21cm constraints

- Astrophysical vs. cosmological effects 

Explore parameter degeneracies

- Slow? (need  at Compton tight coupling) Δz ≪ 1
Perturb in , and solve for ϵγb = H/ΓC ϵγb, ΔTγb, T̄γb

New: First-Class Code for Cosmology with 21cm 

21cmFirstCLASS  ©
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Find it on Github: https://github.com/jordanflitter/21cmFirstCLASS

New: First-Class Code for Cosmology with 21cm 

J. Flitter

S. Libanore



New: 21cm+CMB Forecasts with  𝟸𝟷𝚌𝚖𝙵𝚒𝚛𝚜𝚝𝙲𝙻𝙰𝚂𝚂

Flitter and Kovetz, PRD 2024
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New: End-to-End ML Pipeline for 21cm Analysis 

(e.g. Dark Matter)

× 104

× 107

Lazare, Sarkar and Kovetz, PRD 2023; Lazare, Flitter and Kovetz, PRD 2024

H. Lazare



•   at  


•   at  
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• 


• HST UV LFs: 

Δ2
21(k) z = 7.9

Δ2
21(k) z = 10.4

τe = 0.0569+0.0081
−0.0066

xHI < 0.06 + 0.05(1σ)

z = 6,7,8,10

The HERA Collaboration (2022)

Pipeline Verification: Reproducing HERA Results 
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Assuming only atomic-cooling halos 

(hosting popII stars):
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(hosting popII stars):

Pipeline Verification: Reproducing HERA Results 
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        Cosmic Dawn Cosmology: Fuzzy Dark Matter 

(adapted from “US Cosmic Visions” 2017 Report: Battaglieri et al., arXiv:1707.04591)
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Some conclusions:

• We need robust, consistent and fast simulations.

• LIM is unique in many cases.

• At small scales, cosmic dawn can constrain:


- Ultralight (fuzzy) dark matter

- Interacting dark matter

- Primordial magnetic fields

- Early dark energy

- Self-interacting neutrinos

- Neutrino masses

- …
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(HERA)



A lot to look forward to!

Ely Kovetz
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ΛCDM

Inflation

Bonus: LIM can uniquely probe Dark Energy 

Dark Matter Dark Energy Neutrino masses

ϕ : mϕ, V(ϕ) Λ?χ : mχ, ℒ(χ) w(a) = w0 + (1 − a)wa?

Core questions in cosmology? Can cosmology weigh in?

SM

∑
e,μ,τ

mν ≳ 60 meV? 100 meV?



Credit: NASA/WMAP Science Team
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Credit: NASA/WMAP Science Team

           CDC Cosmology: High-z Expansion History 



Image Credit: SPHEREx collaboration

Underlying density fluctuations
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Image Credit: SPHEREx collaboration

Underlying density fluctuations

Structure: stars, ISM, galaxies, IGM, clusters

Prescription: “A User’s Guide to Extracting Cosmological Information from Line-Intensity Maps”

Bernal, Breysse, Gil-Marin and Kovetz, PRD 2019
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z

Bernal, Breysse and Kovetz, PRL 2019 



Angular diameter distance
 Hubble parameter


Bernal, Breysse and Kovetz, PRL 2019 
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VAOs: relative velocity between DM and baryons modulates the star-formation rate.

Low Heating
High Heating

No Feedback
Regular Feedback

Expansion rate constraints:

Sarkar and Kovetz, PRD 2022
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