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21cm Simulations: 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)𝙲𝚘𝙳𝚊  (Semelin, MNRAS 2017)𝟸𝟷𝚂𝚂𝙳  (Kannan et al., MNRAS 2011)𝚃𝙷𝙴𝚂𝙰𝙽

 (Mellema et al., New Astron. 2006)𝙲𝟸 − 𝚁𝚊𝚢  (Maselli et al., MNRAS 2003)𝙲𝚁𝙰𝚂𝙷

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

 (Munoz, arXiv:2302.08506)𝚉𝚎𝚞𝚜𝟸𝟷  (Katz et al., arXiv:2309.XXXXX )𝚇𝟸𝟷

 (Mesinger et al., MNRAS 2011)𝟸𝟷𝚌𝚖𝙵𝙰𝚂𝚃 (Santos et. al, MNRAS 2010)𝚂𝚒𝚖𝙵𝙰𝚂𝚃𝟸𝟷

 (Lewis and Challinor, PRD 2007)𝙲𝙰𝙼𝙱
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𝟸𝟷𝚌𝚖𝙵𝙰𝚂𝚃

Limitations for new physics:

- Initialized at z = 35
- Homogeneous initial boxes

- Assumes δb = δc

- 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
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Solution:

- Use initial conditions from a Boltzmann solver

- Calculate accurate recombination history

- Consistently track    evolution δb , δc , vcb , Ti

Initialize with  at  𝙲𝙻𝙰𝚂𝚂 z = 1100

Incorporate  into the code 𝙷𝚢𝚛𝚎𝚌
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- Fold-in cosmic microwave background  
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- Astrophysical vs. cosmological effects 

Explore parameter degeneracies

- Slow? (need  at Compton tight coupling) Δz ≪ 1
Perturb in , and solve for ϵχb = H/ΓC ϵγb, ΔTγb, T̄γb
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21cm Simulations: a Code for Cosmology 

𝟸𝟷𝚌𝚖𝙵𝚒𝚛𝚜𝚝𝙲𝙻𝙰𝚂𝚂©

Coming to a GitHub near you…!



21cm Simulations: Using  𝟸𝟷𝚌𝚖𝙵𝚒𝚛𝚜𝚝𝙲𝙻𝙰𝚂𝚂

Flitter and Kovetz, arXiv:2309.03942
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21cm Data Analysis: Five Sets of Likelihoods 

•   at  


•   at  


• 


• 


• 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)
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Lazare, Sarkar and Kovetz, PRD 2024 



Example 1: (Rutherford) Scattering DM 

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

10�22
m�

eV

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

MPl=1028

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



Example 1: (Rutherford) Scattering DM 

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

10�22
m�

Billard et al., arXiv:1307.5458

eV

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

MPl=1028

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

http://inspirehep.net/author/profile/Billard%2C%20J.?recid=1243804&ln=en


Example 1: (Rutherford) Scattering DM 

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

10�22
m�

eV

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

MPl=1028

Consider a cross-section: � = �0v
n

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



Example 1: (Rutherford) Scattering DM 

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

10�22
m�

eV

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

MPl=1028

Consider a cross-section: 

Cosmology remains sensitive at                  : m�⌧GeV

� = �0v
n

(see: Chen et al. (2012), Sigurdson et. al (2004), Dvorkin et al. (2014),     
         Gluscevic and Boddy (2018), Boddy and Gluscevic (2018), 
         Boddy et al. (2018), Xu et al. (2018), Slatyer et al. (2018)) 

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



Example 1: (Rutherford) Scattering DM 

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

10�22
m�

eV

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

MPl=1028

Consider a cross-section: 

Cosmology remains sensitive at                  : 

But CMB is less effective for          .           

m�⌧GeV

� = �0v
n

n<0

(see: Chen et al. (2012), Sigurdson et. al (2004), Dvorkin et al. (2014),     
         Gluscevic and Boddy (2018), Boddy and Gluscevic (2018), 
         Boddy et al. (2018), Xu et al. (2018), Slatyer et al. (2018)) 

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



Example 1: (Rutherford) Scattering DM 

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

10�22
m�

eV

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

MPl=1028

Consider a cross-section: 

Cosmology remains sensitive at                  : 

But CMB is less effective for          .           

Let’s examine the case:                                                                      

m�⌧GeV

� = �0v
n

n<0

�(v) = �c

⇣v
c

⌘�4

Cosmic 

Dawn

1100

0z

DM-Baryon n=-4

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



σ−4 10−41 cm210−42 cm20 (ΛCDM)
Curve Dotted Dashed Solid
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Flitter and Kovetz, arXiv:2309.03942

mχ = 1 MeV

fχ = 100 %

+  tight coupling approximation χ, b

+ small temperature correction for  Sα

Mittal and Kulkarni, MNRAS 2021
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LIM can access far smaller scales via galaxies residing in the smallest dark matter halos:
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21cm LIM can close the weakly constrained mass window:

Flitter and Kovetz, PRD 2022

HERA

Early-HERA

Primordial Magnetic Fields:

Cruz, Adi, Flitter, Kamionkowski and Kovetz, PRD 2024

21cm will beat other probes by more than order of magnitude

LIM (e.g. CO) will outdo future CMB experiments
Adi, Libanore and Kovetz, JCAP 2023



Example 2: Is the FDM Window Already Closed? 

HST UV LFs: mFDM = 10−23 eV mFDM = 10−23 eV

mFDM = 10−23 eV mFDM = 10−23 eV

+τe

+xHI



Example 2: Is the FDM Window Already Closed? 

A preliminary analysis using Hubble UV luminosity functions

mFDM = 10−23 eV

preliminary
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