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High-redshift Universe: fascinating by its many unknowns

 When and how did first galaxies form?

" _

p

o What drove cogmic reionization and how?

e (What were firat black holeg like?

» Unique lab for new phygice?

IONIZED YOUNG IONIZED
HYOROGEN . HYDROGEN = GALAXIES HYDROG
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Star formation efficiency (stellar mass-halo mass relation)

M. Shuntov et al. (2025)

e Probe of stellar feedback

e Mass & redshift dependence
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Star formation law (a.k.a. Kennicutt-Schmidt relation)

e Saintonge+12 * Bethermin+23 === De los Reyes+19
»  Freundlich+19 Sharon+13 =+=+= Sun+23
Tacconi+13 - Rawle+14 Wang+-22
Freundlich+13 Nagy+23 Kraljic+24
Hodge+15
3
10" FE
. .: ‘!2 oo ""
| I A L
| O 5 ::':.03:'::.’2%.

e Surface densities & gas depletion time

e Slope: denser gas better at SF (if > 1)

100 1or 102 108 10F
Yeas (Mo pc?)

J. Freundlich et al. (2024)
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LIMFAST: 21cmFAST extension for multi-tracer IM

» L. Mas-Ribas, GS et al. (2023):
© ® Methodology & LIM predictions

21cmFAST

density field
HMF

velocity field

- > GS et al. (2023):
LIM for high-z galaxy formation
®
6 multi-phase ISM » GS et al. (2()25):

e T ® 2LPT/EPS 21cm?2—NIRB cross-correlation
LIM signals | SULELUIS SV (D) Furlanetto (2021)
A @ Gas nebula model

\J—— ® BPASS + Cloudy > GS et al. (2025, in prep.):
(G L—M relation Parameter inference from LIM

ionization
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Gas-regulator model for feedback-regulated star formation

Mass loading factor

Halo mase

;/](Mha Z) — 7]0 (

Star formation law
Zg’o

disc
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2*(Zg9 7) = €x.0

M dependence of mass loading factor

(as retention
z dependence of mass loading factor

Metal mase

slope of star formation law

GS et al. (2025, in prep.; see also S. Furlanetto 21)
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Halo properties respond differently to SFE & SF law
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GS et al. (2025, in prep.)
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Multi-line emission: a toy model of multi-phase gas nebula
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e CLOUDY-based line emissivities

e Convolved w/ turbulent GMC density PDF 0 100 200 F 300 4(c'éOH ) 500 600 700
requency Z
e Scaled by halo stellar/gas mass content H. Padmanabhan et al. (2022)
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Liciy & Liomij under varying SFE & SF law assumptions
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Simulating [CII], [OlIl], and their cross-correlation w/ LBGs
Roman LBGs with mp < —27.2

v

power spectrum
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GS et al. (2025, in prep.)
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Fisher matrix forecasts for [Cll] & [Olll] joint analysis

Table 1. Instrument specifications of the LIM survey targeting z ~ 6 FIR emission lines

Target Qsurvey (deg?)  tsurvey (hr)  Npix  0v (GHz)  Qbeam (°)  Viox (Mpc®)  on (Jyst/2sr™') Py ((Jy/sr)? Mpc?)

[C 11] 4 4000 1000 3 0.6 17 5 x 10° 2 x 108
[O 11]] 4 4000 1000 5 0.25 5 1 x 10° 8 x 108
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GS et al. (2025, in prep.)
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Implicit likelihood inference (ILI) w/ LIMFAST-simulated PS

Priors P(0) Mock Maps d
A*(k)
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Neural Posterior Estimation (NPE)
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Likelihood P(x |0)

GS et al. (2025, in prep.)

See also e.qg.,

- X. Zhao et al. (2022),

- D. Prelogovi¢ & A. Mesinger (2023)

- A. Saxena et al. (2023)

for ILI of EOR parameters from 21cm PS
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GS et al. (2025, in prep.)
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Power spectra of [CIl], [Olll], and cross-correlation w/ LBGs

[Cll] x LBG crogs-correlation

[Olll] x LBG auto-correlation
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GS et al. (2025, in prep.)
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Posterior from ILI w/ vs. w/o combining [CII] and [OllI]
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GS et al. (2025, in prep.)
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Validating posterior predictiveness & coverage from ILI

¢ (SFE) ¢, (SFE) ¢ (SF Law)
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GS et al. (2025, in prep.)
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Summary

e Multi-tracer IM provides a powerful way to statistically and collectively study

physical processes that govern the formation and evolution of early galaxies.

e As an example, combining [CII] and [Olll] LIM statistics (in foreseeable future)

allows us to understand the SFE and SF law of high-redshift galaxies.

e Compared with traditional, explicit-likelihood methods, ILI enables more flexible

and scalable analysis of galaxy formation physics using LIM summary statistics.
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