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Kovetz et al., LIM: Status Report, arXiv:1709.09066

Reionization: Multi-line emission

• HI (21cm): maps the neutral IGM, outside of the ionized bubbles.

• CO/[CII]:    trace star-forming galaxies that source the ionizing photons. 

• Lyman-α:  probes the galaxies along with the halos around them.
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Bernal and Kovetz, arXiv:2206.15377, The Astronomy and Astrophysics Review

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

Structure evolution

Bernal and Kovetz, arXiv:2206.15377, The Astronomy and Astrophysics Review
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Reionization: 

LIMFAST 
Mas-Ribas et al.,  

ApJ 2023

Multi-line emission

Line*-Intensity Mapping: Simulations 

21cmFAST 
Mesinger et al.,  
MNRAS 2011,++



Multi-tracer light cones: 

Line*-Intensity Mapping: Simulations 

Skyline, Sato-Polito et al., arXiv:2212.08056
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Q: For a cosmologist, why join now? It’s not (yet) “2030s-2040s”….

+  dark matterprimordial fluctuations
1 2 3

(Bernal and Kovetz, arXiv:2206.15377,  
The Astronomy and Astrophysics Review)

+       …….

A: LIM* is a unique probe of:

+  dark energy (expansion)
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CDMΛ

Credit: J. Flitter

see Rennan’s and Omer’s talks, also later here
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CDMΛ

Credit: J. Flitter

see Andrea’s talk
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“Something” speeds up structure formation!
e.g.: primordial magnetic fields
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21cm Cosmology: Sensitivity to New Physics 

CDMΛ

Credit: J. Flitter

“Something” delays structure formation!
e.g.: fuzzy DM, ultra light axions, ALPs
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Inflation predicts scale-invariance over >20 orders of magnitude. We’ve probed only ~4.

(i) CMB: limited by Silk damping. (ii) LSS: theoretical control limited to linear scales.
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ApJL 2022
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LIM can access far smaller scales via galaxies residing in the smallest dark matter halos:
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Inflation predicts scale-invariance over >20 orders of magnitude. We’ve probed only ~4.
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ApJL 2022
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CMB

• Star-formation LIM: Sensitive to the integrated signal from the faintest galaxies 

Inflation predicts scale-invariance over >20 orders of magnitude. We’ve probed only ~4.
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LIM* Cosmology: Small Scale Fluctuations 

LIM can access far smaller scales via galaxies residing in the smallest dark matter halos:

CMB

• Star-formation LIM: Sensitive to the integrated signal from the faintest galaxies 

• 21-cm: Sensitive to the first (and smallest) galaxies in the Universe

Inflation predicts scale-invariance over >20 orders of magnitude. We’ve probed only ~4.

(i) CMB: limited by Silk damping. (ii) LSS: theoretical control limited to linear scales.

Adapted from Sabti et al.,  
ApJL 2022
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Chabanier et al.,  
MNRAS 2019

Current bounds: 


CMB+Ly-  (+…)α

The Matter Power Spectrum on Small Scales 
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Changes in the power spectrum propagate all the way to the VID (map histogram):
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Changes in the power spectrum propagate all the way to the VID (map histogram):
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Changes in the power spectrum propagate all the way to the VID (map histogram):
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Changes in the power spectrum propagate all the way to the VID (map histogram):
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Fuzzy Dark Matter: 21cm IM can close the weakly constrained mass window

Flitter and Kovetz, PRD 2022

HERA

Early-HERA

Primordial Magnetic Fields:

Cruz, Adi, Flitter, Kamionkowski and Kovetz, arXiv:2308.04483

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
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Structure: stars, ISM, galaxies, IGM, clusters
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Credit: J. Bock, SPHEREx

Underlying density fluctuations

Structure: stars, ISM, galaxies, IGM, clusters

Solution: Use Power Spectrum Anisotropy (AP effect)
Addressed in: Bernal, Breysse and Kovetz, PRL 2019 

Bernal, Breysse, Gil-Marin and Kovetz, PRD 2019
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Bernal, Breysse and Kovetz, PRL 2019 
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21cm-IM: Velocity Acoustic Oscillations 

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



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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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 (non-linear?) evolution 

Initialize with  at  𝙲𝙻𝙰𝚂𝚂 z = 1100

Incorporate  into the code 𝙷𝚢𝚛𝚎𝚌

Inhomogeneous box 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 ϵχb = H/ΓC ϵγb, ΔTγb, T̄γb
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         Boddy et al. (2018), Xu et al. (2018), Slatyer et al. (2018)) 
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Let’s examine the case:                                                                      
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Flitter and Kovetz, arXiv:2309.03942

Example: Dark Matter-Baryon Scattering

mχ = 1 MeV

fχ = 100 %

+  tight coupling approximation χ, b

+ small temperature correction for  Sα

Mittal and Kulkarni, MNRAS 2021
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Boddy, Poulin, Gluscevic, Kovetz, Barkana and Kamionkowski, PRD 2018
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21cm Cosmology:  vs.  𝟸𝟷𝚌𝚖𝙵𝚒𝚛𝚜𝚝𝙲𝙻𝙰𝚂𝚂 𝙲𝙰𝙼𝙱
Flitter and Kovetz, arXiv:2309.03948

Additional conclusions:

-  error at  from homogeneous I.C.s𝒪(20%) z < 35

-  error at  from  assumption.𝒪(20%) z < 35 δb = δc

- Introducing a scale-dependent growth factor:

yields percent agreement with CAMB at . z < 80

𝒟b (k, z) ≡ 𝒯b/c (k, z) D (z)



LIM*: a first-class probe of physics beyond CDM

*21cm as well as other atomic/molecular lines

Λ

Ely Kovetz, Trieste 21cm conference, Sep. 2023
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