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Bold(?) claim: LIM can uniquely probe all of these!
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Takeaway: LIM can uniquely probe Small Scales
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Inflation predicts scale-invariance over >20 orders of magnitude. We’ve probed only ~4.
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Matter power spectrum:
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Matter power spectrum:

<5m(%)5m(%')> = Y53k — K)P, (k)

Current bounds: E
- CMB =
- Galaxies =

%
- Ly-a Forest

(kMpc)* APy (k) [(Mpe/h)?]

104 ¢

103 ¢

102 ¢

10t E

Planck 2018 TT
Planck 2018 EE
Planck 2018 ¢¢
DES Y1 cosmic shear

} SDSS DR7 LRG
! eBOSS DR14 Ly-a forest
100 L . N | . N | . L . Jd1
7l m& | [
i T | .
0 pmmmremie—e—r e e TV %1}%{}};{;@%
_sol | _
10 1073 102 10f 100

Wavenumber k [h/Mpc]

Chabanier et al.,
MNRAS 2019



Matter power spectrum:
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Cosmic Dawn bounds:
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21cm Line-Intensity Mapping: 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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Limitations for new physics:
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New: First-Class Code for Cosmology with 21cm

Solution:

- Use initial conditions from a Boltzmann solver 20

—p |nitialize with CLASS at z = 1100

- Calculate accurate recombination history

21cmFirstCLASS®

— Incorporate Hyrec into the code

- Consistently track 0, 0,,, V., I}; evolution

—» |nhomogeneous boxes at z = 35

- Fold-in cosmic microwave background

. 50 100 200 1000
- Combined CMB+21cm constraints

o2

- Astrophysical vs. cosmological effects
—Pp EXplore parameter degeneracies

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

— Perturbine,, = H/T , and solve for ¢ AT},b, Tyb

yb



New: First-Class Code for Cosmology with 21cm

21cmFirstCLASS I. Cosmological tool for ACDM and beyond

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

1100
200
21cmFirstCLASS II. Early linear fluctuations of the 21cm signal
Jordan Flitter!"* and Ely D. Kovetz!
J. Flitter 1Physics Department, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel
Find it on Github: https://github.com/jordanflitter/21cmFirstCLASS
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New: First-Class Code for Cosmology with 21cm

[0 README &3 MIT license

21cmFirstCLASS

This is an extension of the popular 21cmFAST code that interfaces with CLASS to generate initial conditions at
recombination that are consistent with the input cosmological model. These initial conditions can be set during the
time of recombination, allowing one to compute the 21cm signal (and its spatial fluctuations) throughout the dark
ages, as well as in the proceeding cosmic dawn and reionization epochs, just like in the standard 21cmFAST .

A small taste of what can be done with the code
J. Flitter

21cmFirstCLASS tracks both the CDM density field &, as well as the baryons density field &,.

(. at z = 90.83 Oy at 2 = 90.83
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Find it on Github: https://github.com/jordanflitter/21cmFirstCLASS



New: 21cm+CMB Forecasts with 21c
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New: End-to-End ML Pipeline for 21cm Analysis
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Pipeline Verification: Reproducing HERA Results
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Pipeline Verification: Reproducing HERA Results

Assuming only atomic-cooling halos
(hosting popll stars):
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Pipeline Verification: Reproducing HERA Results

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

What if we include poplll stars (residing in molecular cooling galaxies)?
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New: 21cm Data Analysis beyond HERA Results

What if we include poplll stars (residing in molecular cooling galaxies)?
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New: 21cm Data Analysis beyond HERA Results

What if we include poplll stars (residing in molecular cooling galaxies)?
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New: 21cm Data Analysis beyond HERA Results

What if we include poplll stars (residing in molecular cooling galaxies)?
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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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& Cosmic Dawn Cosmology: Fuzzy Dark Matter

Fuzzy DM suppresses small scale clustering —> delays the 21cm signal
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& Cosmic Dawn Cosmology: Fuzzy Dark Matter

Fuzzy DM suppresses small scale clustering —> what about high-z UVLF?



& Cosmic Dawn Cosmology: Fuzzy Dark Matter
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Fuzzy DM suppresses small scale clustering —> what about high-z UVLF?
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& Cosmic Dawn Cosmology: Fuzzy Dark Matter

Fuzzy DM suppresses small scale clustering —> what about reionization?
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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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Cosmic Dawn Cosmology: Fuzzy Dark Matter

(adapted from “US Cosmic Visions” 2017 Report: Battaglieri et al., arXiv:1707.04591)
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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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(See also: Winch et al., ApJd 2024)



= Cosmic Dawn Cosmology: Scattering DM

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

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

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

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

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

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

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

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

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

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV
<] | | | | | | | L | L | L | L ' 1y
I I I I I I I | | | | | | | | | | I ( 08
10 %%y m —> Mp;=10%28eV
Fuzzy DM Baryon— DM Scattering

(cross-section: 6 = oyV")

10—19 =
12 — UVLFs
MW Satellites
1.0
= 10721 4
|
N
=—0.8
g
=) L1072
go.G- O,
5 S
8041 n=0
E n=2 1077 1
\-,E/ — n=4
Ay 0.2 MEDM = 10~2eV
MEDM = 107BeV
==== MFDM = 107 2eV 10727 =
0.0 — . : n =2
1073 1072 1071 10°
k hNIpc_l S P P A E AL PN
| | 104 1073 1072 1071 10V 10*

Lazare, Munoz, Boddy and Kovetz, to appear



The Dawn of Cosmic Dawn Cosmology
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The Dawn of Cosmic Dawn Cosmology

Some conclusions:

* We need robust, consistent and fast simulations.

1100
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« LIM is unique in many cases.

- At small scales, cosmic dawn can constrain:

- Ultralight (fuzzy) dark matter
- Interacting dark matter

- Primordial magnetic fields
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Cosmic Dawn Cosmology: Other Models

Primordial Magnetic Fields:
(PB(k) & Blepckg )



Cosmic Dawn Cosmology: Other Models

Primordial Magnetic Fields:
(PB(k) & Blepckg )

Adi, Libanore, Cruz and Kovetz, JCAP 2023
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Cosmic Dawn Cosmology: Other Models

Primordial Magnetic Fields:

(PB(k) O<Blepc g)
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Cosmic Dawn Cosmology: Other Models

Primordial Magnetic Fields:
(PB(k) & Blepcklgl )

Adi, Libanore, Cruz and Kovetz, JCAP 2023
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Cosmic Dawn Cosmology: Other Models

Early Dark Energy:
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Cosmic Dawn Cosmology: Other Models

Early Dark Energy:
(f EDE — pqﬁ(zc)/ P tot(Zc); e S Zeq)

Adi, Flitter and Kovetz, PRD 2025
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Cosmic Dawn Cosmology: Other Models

Early Dark Energy:
(f EDE — pqﬁ(zc)/ P tot(Zc); e S Zeq)

Adi, Flitter and Kovetz, PRD 2025
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Cosmic Dawn Cosmology: Other Models

Early Dark Energy:
(f EDE — pqﬁ(zc)/ P tot(Zc); e S Zeq)

Adi, Flitter and Kovetz, PRD 2025
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Cosmic Dawn Cosmology: Other Models

Self-Interacting Neutrinos:
(& D G 4(v)(r))

Libanore, Gosh, Kovetz, Boddy and Raccanelli, arXiv:2504.15348
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Cosmic Dawn Cosmology: Other Models
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Cosmic Dawn Cosmology:

Self-Interacting Neutrinos:
(& D G 4(v)(r))

Libanore, Gosh, Kovetz, Boddy and Raccanelli, arXiv:2504.15348
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Using 21cm to mitigate CMB optical depth uncertainty (z is degenerate with 2m, )
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Using 21cm to mitigate CMB optical depth uncertainty (z is degenerate with 2m, )

Treio

Xep(1 + 6p)

J— dl JZCMB dz(1 + 2)?
X

ne(z)d—dz X
Z 0 \/QA+Qm(1+z)3

We can predict the reionization contribution:
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Shmueli, Sarkar and Kovetz, PRD 2023
(See also: Liu et al., PRD 2016)
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Using 21cm to mitigate CMB optical depth uncertainty (z is degenerate with 2m, )
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A lot to look forward to!

Ely Kovetz
Ben-Gurion University & UT Austin (Sabbatical)
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Bonus: LIM can uniquely probe Dark Energy
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Core questions in cosmology? Can cosmology weigh in?
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Credit: NASA/WMAP Science Team
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Structure: stars, ISM, galaxies, IGM, clusters
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Credit: NASA/WMAP Science Team
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Structure: stars, ISM, galaxies, IGM, clusters

Image Credit: SPHEREX collaboration l
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Structure: stars, ISM, galaxies, IGM, clusters

Image Credit: SPHEREX collaboration l
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Structure: stars, ISM, galaxies, IGM, clusters
Image Credit: SPHEREX collaboration l

Underlying density fluctuations
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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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CDC Cosmology: High-z Expansion History
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Bernal, Breysse and Kovetz, PRL 2019



CDC Cosmology: High-z Expansion History

Angular diameter distance Hubble parameter
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VAOs: relative velocity between DM and baryons modulates the star-formation rate.
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VAOs: relative velocity between DM and baryons modulates the star-formation rate.

Tseliakovich and Hirata, PRD 2010
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VAOs: relative velocity between DM and baryons modulates the star-formation rate.

Tseliakovich and Hirata, PRD 2010
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CDC Cosmology: High-z Expansion History

VAOs: relative velocity between DM and baryons modulates the star-formation rate.

Tseliakovich and Hirata, PRD 2010 Munhoz, PRL 2019
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CDC Cosmology: High-z Expansion History

VAOs: relative velocity between DM and baryons modulates the star-formation rate.

AP effect! /\

Tseliakovich and Hirata, PRD 2010 Munhoz, PRL 2019
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CDC Cosmology: High-z Expansion History

VAOs: relative velocity between DM and baryons modulates the star-formation rate.

Tseliakovich and Hirata, PRD 2010 AP eﬁect' /\ Munoz, PRL 2019
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CDC Cosmology: High-z Expansion History

VAOs: relative velocity between DM and baryons modulates the star-formation rate.
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Expansion rate constraints:
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