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— Tightest constraints on dark matter with small scale phenomenology

wait ~15 min.
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Takeaway: Line-Intensity Mapping is Coming!
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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
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Teaser 1: cosmic dawn - no longer just forecasts!

Astrophysics Cosmology

One’s signal is another’s foreground

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



Starting Point: Combining CMB and 21cm-LIM




Starting Point: Combining CMB and 21cm-LIM




Starting Point: Combining CMB and 21cm-LIM

Wavelength (cm)
10 10 01

[T

—— 2.73 K blackbody

COBE/FIRAS 1993
T 10 100 1000
Frequency (GHz)




Starting Point: Combining CMB and 21cm-LIM

CMB

Wavelength (cm)
10717 1,9.... —— 1',(.),.,. iy 0;1 10*
10-18
H':, 103
EF‘ 10—19_ ’a;'j
LR —— 273K blackbody s <
q i 5 %
B 1020 5 O 102
g g
N> 10—21-
1L
COBE/FIRAS 1993 10
10 10 100 1000
Frequency (GHz)

90° 18° 1° 0.2° 0.1° 0.07° 0.05°
{  Planck
¢ ACT
$  SPT
| 100-220 GHz data |
{ used to extract CMB
} spectrum
Planck Collaboration 2015 l
Fig: E. Calabrese
2 10 30 1000 2000 3000 4000

Multipole moment, ¢



Starting Point: Combining CMB and 21cm-LIM

CMB

Wavelength (cm)

10 1o o

™ T Trrro— 7T

—— 2.73 K blackbody

COBE/FIRAS 1993

Ll

[ Annul

- Sam— Smmm—T
Frequency (GHz)

1000

Angular power

10° 90° 18° 1° 0.2° 0.1° 0.07° 0.05°
{  Planck
s ACT
$  SPT
103 | 100-220 GHz data
used to extract CMB
spectrum
~
=
Q 10%} ]
10t | i
Planck Collaboration 2015 |
Fig: E. Calabrese

2 10 30 1000 2000 3000 4000

Multipole moment, /¢



Starting Point: Combining CMB and 21cm-LIM

Wavelength (cm) . . . . . . .
10720 10 0 01 ot o2& 0 or 007 0
_ {  Planck
. s ACT
CMB -~ 1078 3 {  SPT
! E 103 L 100-220 GHz data |
N A used to extract CMB
Hm 10_19 a spectrum
PP —— 273K blackbody g &
D) =
; 1020 2 Q10
- <
>
~ 10—21
10 |
99 . \ L ...CIO‘IBE/F!RAIS‘1‘9.9‘3A‘ Planck Collaboration 2015 l
10 '“1 — .iO 100 1000 Fig: E. Calabrese
Frequency (GHz) 2 10 30 1000 2000 3000 4000
Multipole moment, /¢
142
35 23 15 10
low-z max
“high-zmax
0 A~ Mol solfototiote » W BE [ LI S 70 = = - —
min
-200 r
_250 Il | 1 1 1
30 60 90 120 150 180

v [MHz] Cohen et al., MNRAS 2018



Starting Point: Combining CMB and 21cm-LIM

CMB

10

Wavelength (cm)

1.0- T T T

0.1

™ T Trrro—T T T

—— 2.73 K blackbody

COBE/FIRAS 1993
10—22 .1 + 222l o aaal A “ At 4 A
1 10 100 1000
Frequency (GHz)
142
35 23 15 10
low-z max
Chigh-zmax
0 R~ SOy oilobete w WX A [ L[S A Z0 ~ = - —
-50
-100
-150
min
-200 r
_250 1 | 1 1 1
30 60 90 120 150 180

v [MHz]

Cohen et al.,, MNRAS 2018

10¢ 90° 18° 1° 0.2° 0.1° 0.07° 0.05°
{  Planck
s ACT
$  SPT
103 | 100-220 GHz data
used to extract CMB
o spectrum
3 &
o X
5 2
2 Qo 10%t
c
<
10t +
Planck Collaboration 2015 l
Fig: E. Calabrese

2 10 30 1000 2000
Multipole moment, /¢

k =0.1 Mpc™!

10-4 I Il 1 1 1
30 60 90 120 150
v [MHz]

180



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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A First-CLASS Code for Cosmology with 21cm

Solution:

- Use initial conditions from a Boltzmann solver 20
—p |nitialize with CLASS atz = 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



A 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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A First-CLASS Code for Cosmology with 21cm
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An End-to-End ML Pipeline for 21cm Analysis
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New: 21cm+CMB+UVLFs+EoR

UVLFs from HST and JWST
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New: 21cm+CMB+UVLFs+EoR
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New: 21cm+CMB+UVLFs+EoR
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21cmFirstCLASS can consistently simulate all these observables!



New: 21cm+CMB+UVLFs+EoR

« UVLF data reevaluated to account for:
(a la GALLUMI, by Sabti et al., PRD 2022)

1. Cosmic variance (20% error added) =

2. Dust attenuation

}
t

HST data - before correction

HST data - after correction
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3. Alcock-Paczynski effect (observed volume corrected)
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H. Lazare




New: 21cm+CMB+UVLFs+EoR

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

Fuzzy DM suppresses small scale clustering —> delays the 21cm signal
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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 —> affects reionization observables
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% Cosmic Dawn Cosmology: Fuzzy Dark Matter

Fuzzy DM suppresses small scale clustering —> affects reionization observables
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& Cosmic Dawn Cosmology: Fuzzy Dark Matter

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



& Cosmic Dawn Cosmology: Fuzzy Dark Matter
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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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Lazare, Flitter and Kovetz, PRD 2024
(See also: Winch et al., ApJ 2024)



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: 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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The Dawn of Cosmic Dawn Cosmology - Part 1

Some conclusions:

* We need robust, consistent and fast simulations.

1100
200

« 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 Mg —920 Reionization Cosmic Dawn Dark Ages

- Self-interacting neutrinos G0 2temFAST . 21cmFirstCLASS®

- Neutrino masses

200

Sarah Libanore Hovav Lazare Jordan Flitter Tal Adi Debanjan Sarkar



Line-Intensity Mapping: What Can it Probe?

-

\_

Astrophysics

~

J

Cosmology

One’s signal is another’s foreground

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



Teaser 2: can we time the onset of reionization?

(- )

Astrophysics Cosmology

- J

One’s signal is another’s foreground

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



LIM Astrophysics: Epoch of Reionization

SKA-LOW GBT

@ Complete SKA-MID BINGO
@ Running MeerKAT HIRAX
@ Funded @ LOFAR
PAPER
. Proposed CHIME
MWA HERA

TIANLAI  GMRT

Astro2020: Kovetz et al. [arXiv:1903.04496]
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LIM Astrophysics: Epoch of Reionization
@ Complete SKA_MIS[':A'LOW 7 BINGO ComAr N e SPT-SLIM CcbiM BOSS

_ SPHEREX

@ Running MeerKAT HIRAX COPSS CONCERTO

@ Funded @ LOFAR

PAPER
@ Proposed CHIME EXCLAIM TiM .
MWA HERA - .
; mm N
TIANLAI  GMRT AIM-CO Origins HETDEX

SUBLIME-TIFUUN
Astro2020: Kovetz et al. [arXiv:1903.04496]
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Continuum

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



LIM Astrophysics: Epoch of Reionization

CCAT-p

@ Complete BINGO SPT-SLIM
HIRAX COPSS CONCERTO
co
@ Funded Hi ¢ Lya
PAPER gl oll ol g
@ Proposed EXCLAIM .o
GMRT Nil Origins
SUBLIME-TIFUUN

Astro2020: Kovetz et al. [arXiv:1903.04496]

EoR Galaxies CO(2-1) LIM lonization field Redshifted 21cm

(Courtesy of A. Lidz)



Starting Point: Combining 21cm and other lines

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, MNRAS 2023) 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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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.

T21(Z)
A3, (k, 2)

‘ , ST
. Y» Ly dP T. ; .L ‘ -
S - .l . 2 i .-. ‘.‘ ..v - &"
Julian Munhoz ﬁ A I‘,
¥ % Ly

SFRD(8) o e7#°k



Starting Point: Combining 21cm and other lines

oLIMpus: An Effective Model for Line Intensity Mapping
N eW. Auto- and Cross-Power Spectra in Cosmic Dawn and Reionization

Sarah Libanore,’’* Julian B. Mufioz,?> and Ely D. Kovetz!'?3
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—m @ COSMOLOGY ([ STAR FORMATION RATE h
| @ ;S‘ugbgl zeus21/cosmology.py zeus21/sfrd.py
' e Interfaced with CLASS e Computed from SFR-halo mass relation
correlations.py « Linear evolution of density perturbations o Default based on UV luminosity function
» Effective Model for Cosmic Dawn 21cm |4 EPS formalism for local Halo Mass Function| | » Easy to customize
e Analytical 21cm Power Spectrum P in
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reionization.py [ P.(k.2), M((SR) J [ p.(0r) = fth—(éR)M(Mh) ]
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Starting Point: Combining 21cm and other lines

oLIMpus: An Effective Model for Line Intensity Mapping
N eW. Auto- and Cross-Power Spectra in Cosmic Dawn and Reionization

Sarah Libanore,’’* Julian B. Mufioz,?> and Ely D. Kovetz!'?3
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‘ @ zsju“sgl zeus21/cosmology.py zeus21/sfrd.py

e Interfaced with CLASS
e Linear evolution of density perturbations
e EPS formalism for local Halo Mass Function|

Computed from SFR-halo mass relation
Default based on UV luminosity function
Easy to customize

correlations.py

o Effective Model for Cosmic Dawn 21cm
e Analytical 21cm Power Spectrum
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Effective LIM Spectra at Reionization




Starting Point: Combining 21cm and other

LIMpus

Effective LIM Spectra at Reionization
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LIMpus

Effective LIM Spectra at Reionization
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LIMpus

Effective LIM Spectra at Reionization

At high-density peaks:

Stars form faster

|IGM heats faster

|IGM ionizes faster

Other lines emitted faster
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S e Can we determine when reionization began?
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Effective LIM Spectra at Reionization
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Cross correlate!

One-point Pearson coefficient:

D i (Tﬁ - T21) (Téjm — Tom)
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=Sy Can we determine when reionization began?

Continudl m

Cross correlate!

One-point Pearson coefficient: 100
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Cross correlate!

One-point Pearson coefficient: 100
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Can we determine when reionization began?

reionization suppresses the 21cm emission
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reionization suppresses the 21cm emission
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s Can we determine when reionization began?

reionization suppresses the 21cm emission

> gés heating
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LIMpus

Effective LIM Spectra at Reionization
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Just out: Libanore, Kovetz, Munoz, Sklansky and Thelie, arXiv:2509.08886



A New Boundary Condition on Reionization

Robust?

If I consider the correlation between 21cm temperature and Olll
intensity mapping, what will its shape be as a function of redshift

during cosmic dawn and reionization? G rOk

Visualizing the Shape

The shape of p(z) resembles a curve that:
« Starts negative at high redshift (z ~ 20-30).
 Rises, crosses zero, and briefly becomes positive around z ~ 12-15.
« Dips to a negative peak during mid-reionization (z ~ 7-9).

» Returns to zero as reionization completes (z ~ 6).
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Just out: Libanore, Kovetz, Munoz, Sklansky and Thelie, arXiv:2509.08886



&° A New Boundary Condition on Reionization
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Continudi

Robust?

One-Point Cross-Correlation: 21 cm vs. [Olll] with Fiducial [Olll] Shot Noise

—— Fiducial Shot Noise

If I consider the correlation between 21cm temperature and Ol . A ey o

intensity mapping, what will its shape be as a function of redshift

during cosmic dawn and reionization? G rOk 0.05 1

0.00 -
Visualizing the Shape

The shape of p(z) resembles a curve that: 0%
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Cross-correlation coefficient (p)

« Starts negative at high redshift (z ~ 20-30).

 Rises, crosses zero, and briefly becomes positive around z ~ 12-15.
—0.15 A1

« Dips to a negative peak during mid-reionization (z ~ 7-9).

« Returns to zero as reionization completes (z ~ 6). B 8 10 12 14 16 18 20
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Robust?

s0, it measuring the maximum of this cross-correlation signal a way to
probe the very early stages of reionization? is there any other way to
do that?

Yes, measuring the maximum of the one-point cross-correlation coefficient (p) between the 21 cm
brightness temperature (T,,) and [Olll] intensity (I;oy;) can indeed probe the very early stages of
reionization (e.g., z ~ 12-15, when the ionized fraction xy;; ~ 0.01-0.1). This is because the cross-
correlation is sensitive to the interplay between neutral hydrogen (traced by 21 cm) and ionized regions in
early star-forming galaxies (traced by [Olll]). The maximum positive correlation, occurring around z ~ 12-14
in our phenomenological model, corresponds to the transition of the 21 cm signal from absorption to

emission due to X-ray heating, just as reionization begins with the formation of the first ionized bubbles.

Cross-correlation coefficient (p)

One-Point Cross-Correlation: 21 cm vs. [Olll] with Fiducial [Olll] Shot Noise
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The Dawn of Cosmic Dawn Cosmology - Part 2

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 ‘
- Poplll galaxy abundance

- Feedback-free starbursts

- Gastrophysics galore @ LlMpus

THective UN Spectro ot Reonaotion

Sarah Libanore Hovav Lazare Tal Kadosh
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