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First Galaxies, Anomalous abundance ratios  
& Top-heavy IMF  

— contrasting high-z & local dwarf gals

Collaborators: Keita Fukushima, Yuri Oku, Kazuki Tomaru, …
Matsumoto, Isobe, Yanagisawa, Ouchi, & EMPRESS team  



HSC, PFS

MORFEO
MICADO
HARMONI

…

Redshift frontier is moving up!



Ever Earlier Galaxy Formation Epoch
— `first’ galaxy formation @ z>12

Harikane+’24
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Spec-z 
UV LF
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Ever Earlier Galaxy Formation Epoch

Harikane+’24 Bouwens+’23

— `first’ galaxy formation @ z>12



Dekel+ ’23

Feedback-Free Starbursts (FFB)



3D Rad hydro sim by SFUMATO3 ( 2tff )

Fukushima & Yajima+ ’21

lower Z → Tioniz high 
→ ineffective dust shielding of UV 
→ lower SFE

cf. Grudic+18; Kim+18; Menon+23;  



Mowla+’22

zspec ~ 1.4 gal
 (the 'Sparkler) 

z = 0.39 gal cluster 
SMACS J0723.3-7327

zform ∼ 7–11

Evolved globular
cluster?

red, quenched, old 
stellar system



Mowla+’24

Grav. lensed gal 
in MACS J1423: 

zspec ∼ 8.3

• [Oiii] detection

•10 star clusters

• nebular dominated spectra 
—> high Te ∼ 4 × 104 K

•top-heavy IMF？

•M⋆ ∼ 105 − 106 M⊙



Anomalous abundance ratios — top-heavy IMF?

Cameron+’23a

z~0 Hii regions

z~2 gal



Anomalous abundance ratios — top-heavy IMF?

Cameron+’23a Watanabe+’23

cf. Carretta+05, Izotov+06, Piyugin+12, Berg+20, Cameron+23a, Senchyna+23, …

Isobe23
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Cameron23

Izotov 06
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Tominaga07+Umeda03

z~0 Hii regions

z~2 gal



Anomalous abundance ratios — top-heavy IMF?

Watanabe+’23
cf. Carretta+05, Izotov+06, Piyugin+12, Berg+20, Cameron+23a, Senchyna+23

Isobe+’23

Isobe23
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Extremely Metal-poor Galaxies (EMPGs)

Xu+’22 Isobe+’22

low  ( ),  high sSFR,  low-Z ( ) galsM⋆ < 107 M⊙ < 0.1 Z⊙

as analogues of primordial gals; the EMPRESS project



Primordial He abundance from local EMPGs

Matsumoto+’23

local dwarf gals

EMPRESS EMPGs

y ≡
He
H



Primordial He abundance from local EMPGs
as analogues of first galaxies…

Matsumoto+’23



arxiv: 2401.06450

GADGET3-Osaka code
Shimizu+19; KN+21

- SF+SN feedback
- CELib chemical ev. lib.

- HM12 UVB, etc. 
- updated SPH 

(12 species)
- GRACKLE cooling

Tested in the AGORA project

zoom-in cosmo sim:  z~10

mDM = 1.6 × 104h−1M⊙ mgas = 3.2 × 103h−1M⊙ ϵgrav,phy ∼ 20h−1pc @z ∼ 10 w/ Nomoto+13 yields

https://arxiv.org/abs/2401.06450


He enhanced 
outflow gas

z~11

Fukushima, KN+’24

Limongi yield

GN-z11

M⋆

SFR

Metallicity

Fe/O

z14-0
z14-1

z14-0
z14-1

GS-z14-0

z14-1

14Redshift
Nomoto yield



JWST

local dwarf gals

Yanagisawa+’24

This part of param space 
is difficult to fill.

super-enhanced



JWST

local

Obs :  Isobe+23,  Topping+24, 
Yanagisawa+24, Ji+24

Izotov+06

Isobe+’23

super-enhanced

Limongi

Nomoto

High-z gal

low-z dwarf



Nandal+23, 24

60M⊙ model

Convective zone

Rapid rotation

cf. Ohkubo+’09



Nandal+23, 24

60M⊙ model

Convective zone

Rapid rotation

cf. Ohkubo+’09

3000 M⊙ model



z=0

z=6

Tomaru+’24, in prep.

GADGET4-Osaka Cosmo. Zoom-in Hydro Sims.
— dwarf gals in isolated regions

EMPRESS-like 
low-Z dwarf gas

Preliminary



Tomaru+’24, in prep.

GADGET4-Osaka Cosmo. Zoom-in Hydro Sims.
— dwarf gals in isolated regions

Preliminary



CROCODILE simulation Oku & KN ‘24
arXiv:2401.06324

•  Cosmological SPH GADGET4-Osaka code

•  Star formation, SN / AGN feedback, HM12/FG09 UVB

•  Top-heavy IMF at low-metallicities

•  13 species chemistry & cooling module — CELib (Saitoh ’17)

•  variety of feedback model combinations in 25, 50 Mpc/h

Also contributing to CAMELS project

Oku+’22 / TIGRESS models



Dr. Wani  
ワニ博士

Cosmological hydROdynamical 
simulation of struCture fOrmation and 
feeDback physIcs in gaLaxy Evolution

CROCODILE

— official mascot of OU 
and Toyonaka city





Oku & KN ‘24

Top-heavy IMF 
model  
(Chon+’22)

IMF

specific ESN 
injection

GSMF@z=6

GSMF@z=0.1



Baryon fraction

Oku+ ’24,  in prep.

cf. Davies+’20



https://sites.google.com/view/crocodilesimulation/home


https://sites.google.com/view/crocodilesimulation/home


List of CROCODILE simulations

L25, L50, L100, L200



Oku & KN ‘24CROCODILE simulation



•8 Cosmological Hydrodynamic Codes

• Detailed examination of satellites 
down to z~2 & z~0

•Compared hydro & DM-only runs

Lagr. —Eurlerian:  AREPO, Gizmo

SPH:  CHANGA, GADGET-3, GEAR

mesh:  ART, Enzo, RAMSES



Jung+ ’24

white circles:   
halos w. 

 

up to 0.5 Rvir

Mh ≥ 107M⊙



No more “Missing Satellites Problem”
AGORA collab. — Jung+ ’24

Reionization,  UV backgrnd,  ram-pressure/tidal stripping, SN feedback



Muller+’24















https://sites.google.com/view/ilr-ws-2024/home



Galaxy Workshop + AGORA in Asia？
May 2025

2nd or 4th week:  which is good for you?
5/12-16 5/26-30

https://forms.gle/ph8YcRMmczaHKaJTA


https://forms.gle/ph8YcRMmczaHKaJTA


Summary
• Overmassive gals & MBHs at high-z


• Enhanced He/H & N/O at both high-z and local EMPGs.


• Cosmo hydro sim shows enhanced He for selective regions in the earliest 
unpolluted ejecta (by rapidly rotating massive stars), but yet higher He/H or N/O @ 
low O/H is still difficult to explain.  

• Nomoto+13 yield cannot account for the super-enhanced N/O; Limongi & Chieffi+18 
does better — but some obs data are even higher (e.g. Isobe+23, Yanagisawa+24) 

• Contribution from rotating massive stars & yields for He, N super-enhancement.


• CROCODILE sim set & dwarf zoom-in to come. 

cf. Ohkubo+09,  Nandal+23, 24

Fukushima, KN+’24

Oku & KN ’24;  Tomaru+


