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Teaser 1: cosmic dawn - no longer just forecasts!


Tightest constraints on dark matter with small scale phenomenology

We’re already counting  galaxies at cosmic dawn with HST and JWST.!(103)

wait ~15 min.

SciAm 2006



Teaser 2: can we time the onset of reionization?

SciAm 2006



Teaser 2: can we time the onset of reionization?


CMB

SciAm 2006



Teaser 2: can we time the onset of reionization?


CMB

Ly" forest, GP trough, 21cm

SciAm 2006



Teaser 2: can we time the onset of reionization?


CMB

Ly" forest, GP trough, 21cm

xHI 2 {1%, 10%}

<latexit sha1_base64="VCG/ZRTXFOnle90hQxFVI1Mq4Vk="></latexit>

??

SciAm 2006



Teaser 2: can we time the onset of reionization?


CMB

Ly" forest, GP trough, 21cmwait ~30 min.

xHI 2 {1%, 10%}
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The 21cm brightness temperature contrast:
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Structure evolution

Bernal and Kovetz, The Astronomy and Astrophysics Review 2023

Spectrum of a typical galaxy:
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Growth of Structure: Star-formation lines

Structure evolution

Bernal and Kovetz, The Astronomy and Astrophysics Review 2023
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Line-Intensity Mapping: What Can it Probe? 

Reviews: Kovetz et al., LIM 2017 Status Report arXiv:1709.09066;  Bernal and Kovetz, The Astronomy and Astrophysics Review 2023
WPs: Astro2020: Kovetz et al., 1903.04496; ESA2050: Silva, Kovetz et al., 1908.07533; Snowmass2021: Karkare et al., 2203.07258

One’s signal is another’s foreground

Teaser 1: cosmic dawn - no longer just forecasts!
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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):

Purely analytic codes (fastest): 

Semi-numerical codes (excursion-set formalism):

 (Ocvirk et al., MNRAS 2016)&'()  (Semelin, MNRAS 2017)*+,,(  (Kannan et al., MNRAS 2011)-./,01

 (Mellema et al., New Astron. 2006)&* − 2)3  (Maselli et al., MNRAS 2003)&20,.

 (Thomas et al., MNRAS 2009)4/02,  (Ghara et al., MNRAS 2018)5267789  (Schaeffer et al., arXiv:2305.15466)4/'21

 (Munoz, arXiv:2302.08506)7:;<*+  (Katz et al., arXiv:2309.XXXXX )=*+

 (Mesinger et al., MNRAS 2011)*+>?@0,- (Santos et. al, MNRAS 2010),A?@0,-*+

 (Lewis and Challinor, PRD 2007)&0B4
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Dark AgesCosmic DawnReionization

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

A First-CLASS Code for Cosmology with 21cm 

21cmFAST 
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Dark AgesCosmic DawnReionization

Solution:

- Use initial conditions from a Boltzmann solver

- Calculate accurate recombination history

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

Initialize with  at  &80,, z = 1100

Incorporate  into the code .3H:>

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

21cmFirstCLASS  ©

A First-CLASS Code for Cosmology with 21cm 



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

400

Dark AgesCosmic DawnReionization

21cmFirstCLASS  ©

J. Flitter

A First-CLASS Code for Cosmology with 21cm 



Flitter and Kovetz, PRD 2024

A First-CLASS Code for Cosmology with 21cm 



An End-to-End ML Pipeline for 21cm Analysis 

(e.g. Dark Matter)

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

H. Lazare
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An 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
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Munoz et al., MNRAS 2024Liu et al., ApJ 2024

UVLFs from HST and JWST Optical depth and neutral fraction

 can consistently simulate all these observables!*+>?@AH<J&80,,



• UVLF data reevaluated to account for: 

1. Cosmic variance (20% error added)


2. Dust attenuation


3. Alcock-Paczynski effect (observed volume corrected)


New: 21cm+CMB+UVLFs+EoR 

H. Lazare

(a la GALLUMI, by Sabti et al., PRD 2022)



• Stellar-to-halo mass relation updated to capture high luminosity UVLFs

M*
Mh

= f*,10 ( Mh
1010M⊙ )

α*

( Ωb
Ωm )

M*
Mh

= ϵ*

( Mh
Mp )

α*

+ ( Mh
Mp )

β*

log10 ϵ*(z) = ϵi
* + ϵs

* × log10 ( 1 + z
1 + 6 ) log10

Mp(z)
M⊙

= M i
p + Ms

p × log10 ( 1 + z
1 + 6 )

New: 21cm+CMB+UVLFs+EoR 

H. Lazare
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Lazare, Flitter and Kovetz, PRD 2024

data from  
McGreer et al.,  
MNRAS 2015
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Fuzzy DM suppresses small scale clustering —> suppresses high-z UVLF

Lazare, Flitter and Kovetz, PRD 2024
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        Cosmic Dawn Cosmology: Scattering DM 
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Lazare, Kovetz, Boddy and Munoz, to appear
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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

- …

Jordan Flitter Sarah Libanore Hovav Lazare Tal Adi Debanjan Sarkar 
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Line-Intensity Mapping: What Can it Probe? 

Reviews: Kovetz et al., LIM 2017 Status Report arXiv:1709.09066;  Bernal and Kovetz, The Astronomy and Astrophysics Review 2023
WPs: Astro2020: Kovetz et al., 1903.04496; ESA2050: Silva, Kovetz et al., 1908.07533; Snowmass2021: Karkare et al., 2203.07258

One’s signal is another’s foreground
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Line-Intensity Mapping: What Can it Probe? 

Reviews: Kovetz et al., LIM 2017 Status Report arXiv:1709.09066;  Bernal and Kovetz, The Astronomy and Astrophysics Review 2023
WPs: Astro2020: Kovetz et al., 1903.04496; ESA2050: Silva, Kovetz et al., 1908.07533; Snowmass2021: Karkare et al., 2203.07258

One’s signal is another’s foreground

Teaser 2: can we time the onset of reionization?
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LIM Astrophysics: Epoch of Reionization 
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Starting Point: Combining 21cm and other lines 

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):

Purely analytic codes (fastest): 

Semi-numerical codes (excursion-set formalism):

 (Ocvirk et al., MNRAS 2016)&'()  (Semelin, MNRAS 2017)*+,,(  (Kannan et al., MNRAS 2011)-./,01

 (Mellema et al., New Astron. 2006)&* − 2)3  (Maselli et al., MNRAS 2003)&20,.

 (Thomas et al., MNRAS 2009)4/02,  (Ghara et al., MNRAS 2018)5267789  (Schaeffer et al., arXiv:2305.15466)4/'21

 (Munoz, MNRAS 2023)7:;<*+  (Katz et al., arXiv:2309.XXXXX )=*+

 (Mesinger et al., MNRAS 2011)*+>?@0,- (Santos et. al, MNRAS 2010),A?@0,-*+

 (Lewis and Challinor, PRD 2007)&0B4
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Munoz, MNRAS 2023

Julian Muñoz 

Starting Point: Combining 21cm and other lines 

Approximation: the SFRD traces the underlying density field as an exponential.

The correlation function of the lognormal SFRD can be computed analytically.



Libanore, Muñoz & Kovetz PRD 2025

Neutral IGM Ionized IGM

Sarah Libanore 

Starting Point: Combining 21cm and other lines 

New:

Julian Muñoz 
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Can we determine when reionization began?
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Can we determine when reionization began?

Neutral IGM Ionized IGM

Libanore, Muñoz & Kovetz PRD 2025

Starting Point: Combining 21cm and other lines 

Can we  
detect this?



At high-density peaks:

• Stars form faster

• IGM heats faster

• IGM ionizes faster

• Other lines emitted faster

Libanore, Muñoz & Kovetz PRD 2025

Can we determine when reionization began? 



Cross correlate!
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Can we determine when reionization began? 
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gas heating
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reionization suppresses the 21cm emission

negative T21

gas heating

Libanore, Muñoz & Kovetz PRD 2025

Can we determine when reionization began? 
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A New Boundary Condition on Reionization 

Robust?

Just out: Libanore, Kovetz, Munoz, Sklansky and Thelie, arXiv:2509.08886
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Grok

Libanore, Muñoz & Kovetz PRD 2025

A New Boundary Condition on Reionization 

with Paco villaescusa Navarro, “in progress”….

Robust?
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Detectable?

Just out: Libanore, Kovetz, Munoz, Sklansky and Thelie, arXiv:2509.08886



The Dawn of Cosmic Dawn Cosmology - Part 2

Sarah Libanore Hovav Lazare 

Some conclusions:

• We need robust, consistent and fast simulations.

• LIM is unique in many cases.

• Using multi-line intensity mapping, cosmic dawn can constrain:


- Onset of reionization

- EoR bubble morphology 

- Full star formation history

- PopIII galaxy abundance

- Feedback-free starbursts

- Gastrophysics galore

- …

Tal Kadosh 
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