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The ‘everywhere’ bimodality
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What is the origin of the ‘everywhere’ bimodality?

A transition from fast to slow accretion
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Dark matter halos and their assembly

Fluctuation of halo assembly

Fast phase Slow phase
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Galaxy formation in the early universe
Hydrodynamical simulations z=5

Clumpy and irregular Bursty Gas-rich and turbulent
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Galaxy formation in the early universe
JWST observations of strongly lensed galaxies

5.5
SF clumps with 10 - 60pc sizes Star cluster masses ~ 107"M,
3-5 2 taining ~ 50% total
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A general pipeline for the modeling galaxy formation

Initialization Halo accretion, SN and AGN feedbacks
My i My i gas inflow and cooling  j=ip-
Mbh,init(Mbh,minv mbh,scaleﬂ Mv,min) AMg,avaﬂ? AMg,cool(Mcoob cool) ’ Ang,hot A1‘4%,Sf(a8ﬂ’ 'B sn’ VW’ Clagn)
Gas evolution Star formation
Masses of components
h AM, (f. o foio ), AM « and SMBH grOWth
’ M ’ M*, Mbh g.ej\Jej,sn’Jej,agn/> g.prevs
¥ 5 AMg,ouv AMg? A‘]wg,nonsf AM*(G*,f)ﬂ AMbh(acap’ Tens :Ben’ Men)




The cooling at halo scale and the formation of SGC

Cooling diagram

| I | | | | I | | I | | | I | |
tcool < tff

ey cooling effective A0
B T T e
AN A AR A / S A, 2790
AN AN DY AR AN 4N, A AN 4
40 WA /A R A
N, T z=0___
®
S
N
B 5 tcool > tff ]
S cooling ineffective_
N
N
4 © ® ® ® ® ®
- ,\'/\/@ q)@ "D@ b&§/ b@ Co@
Q N N N N N
= N | N Ix N | N | .
3 4 ) §) 7 8

log T'[K]

At high z, gas can inflows into halo
core without any support from
thermal pressure.

M, 1¢

o .. 9 M; fgaSMf
Self-gravitation condition: Vas xG— =G
re fgas”f

Galaxy (self-gravitating cloud) size: Vsge X fgasrf

SGC density:
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= (4a/3)(faasRy ),
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Gas dynamics within SGC

Gravitational instability of SGC leads to its fragmentation, and the formation
of sub-clouds.

Jeans mass gives the typical sub-clouds mass:

M, =5x 107 s (e N
I 10km s—! 1 cm—3

~10°=5x%x10'M

Collision of inflow gas with pre-existing gas generates turbulence and raises
the density of sub-clouds:

Pc Psge ~ M* ~ Vi + V3,

M, ~ Ve, ~ 8.00M)F(1+ 2|7 ~ 13.86M)7 (1 +2)}

Ballistically moving sub-clouds M. ~V. /e ~25
A\ \% S

Sub-clouds is like a tiny bullet, moving without drag force/collision within
the SGC.

Forfgas ~ 0.16 > A ~ 0.04, rotation support does not appears. The sub-

clouds form a dynamically hot system.
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Formation of one cluster triggers more

B A ‘breathing FIRE’ - bursty SFH
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Star formation within SGC

Star formation in sub clouds leads to a stellar bulge (early-type galaxy).
The total amount of formed stars:

AM: = G*AMVF coolF snF agn
with €: ~ 1 and
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SMBH accretion in SGC

The fraction of ‘dynamically hot’ gas capture

by the SMBH:

AM acc J cap Vgl”cap ng cap GMbh

: X
AM,  Jjur Vol ng g GM,

AIuacc - F jubh
o acap en
AM, T M,

Regenerated low-j gas by a positive
SN feedback

A, + (MV/Men)ﬁen
1+ (MM,

Little accretion in a disk configuration

complete mixing:
specific angular momentum peaks
at the average given by halo spin

SMBH  <°())
captured

] cap

‘- '

Angular momentum limited accretlon In a bulge configuration



Galaxy formation in the fast phase

Fast halo assembly Gas contraction Star formation in sub clouds
& gas cooling & fragmentation and BH accretion
M, 1

>

self-gravitating cloud dynamically hot stellar bulge
& ballistically-moving sub-clouds (early-type galaxy)



Prediction and explanation for the SMBH mass-stellar mass scaling

 The model reproduces SMBH-stellar scaling relations in the low-z Universe.

 The growth of SMBH can be separated into four stages, each driven by a distinct
physical mechanism.
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Predicted evolution history of individual galaxies
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Cosmic SMBH accretion and star formation history.

More predictions

SMBH and stellar mass functions.
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An interesting consequence: early formed halo prefers to host star-forming galaxy

» There are indirect evidences of the counter-intuitive z;,..,-quenching

relation (e.g. Kai Wang 2023).
We find that this is a natural outcome of early bulge-to-disk transition in

early-formed halo.
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The double-p
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The bulge size-(halo, bulge, SMBH) masse relations

- starting from the galaxy-halo homology relation, 7, = 0.017. 7% %

 (Combining non-linear mass-mass relations step by step.
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The picture of two-phase galaxy formation

Star formation is bursty and concentrates

In dense sub-clouds, driven by fast inflow,
cold streams, wet mergers.

Jr = Jeas! 4

. . Q2 Ql
Basic model assumption: the (Q2) Q)
" Slow assembly; Fast assembly;
transition of halo from fast to . ) . .
| dri the t " ¢ High gas fraction H tngh gas fraction
SIOW drives the transition o Clumpy disk O Hot bulge

galaxy from dynamically hot to
cold.

(Q3)

Slow assembly;

(Q4)

Fast assembly;

Low gas fraction
Hot disk

Low gas fraction
Cold disk

Star forms smoothly in disks,

driven by steady gas inflow



A multi-scale semi-analytical model of galaxy formation

Key idea: model the larger-scale structure first, and use
it as the environment of smaller-scale structure.

Shock compression, metal cooling,
fragment and star formation,
cloud-scale feedbacks

Determine halo mass, concentration,
shape, formation history, etc.

Cosmology

- ity o v :
Gas subclouds Galaxies : Virialized DM halos Cosmic LSS

\/

Determine available gas, inflow, cooling,
feedbacks, stars, SMBH

ChenMoWang+ in prep



Globular clusters as tracers of large-scale and small-scale environment

Baryon dominating DM dominating

Gas subclouds ~ : Galaxies ! Virialized DM halos : Cosmic LSS .
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