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Galaxy formation
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Galaxies
Classic observational cosmology
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325000 ly NGC 891

Credit: Hewholooks https://commons.wikimedia.org/wiki/File:NGC891HunterWilson.jpg 

Galaxy challenge
Disc galaxies



Galaxy challenge
Elliptical galaxies

NASA/JPL/IPAC

M_star ~ 1e12,  M_BH ~ 6.5e9 Msun
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Understanding galaxies

• Cosmology
- Cosmic expansion history
- Dark matter
- Energy budget
• Baryon physics

Hercules cluster

Credit: Stan Moorer http://www.stanmooreastro.com/astro_page.html



CMBA
Power spectrum
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주파수 (각크기에 반비례)
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CMBA
Sudden expansion (Inflation), producing density fluctuation
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https://en.wikipedia.org/wiki/Overtone Credit: Wayne Hu http://background.uchicago.edu/~whu/SciAm/sym1.html

기본음    440Hz A4

제1 배음  880Hz A5

제2 배음 1320Hz E6

제3 배음 1760Hz A6

https://en.wikipedia.org/wiki/Overtone
http://background.uchicago.edu/~whu/SciAm/sym1.html


Concordance model
Summary
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•  ~ 0.04

•  ~ 0.24

•  ~ 0.7

•  ~ 1.0

• Space geometry is flat

• Age of Universe ~ 13.7 Gyr 

• Primordial density fluctuation 

Ωbar

ΩDM

ΩΛ

Ωtot

δρ
< ρ >

∼ 10−5

Big bang

paradigm

dark matter

inflation dark energy



Cold dark matter
More substructures. Small structures form first.
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HDM


High z

Low z

Courtesy ITC @ University of Zurich

WDM
 CDM


Credit: Bullock & Boylan-Kolchin 2017/ Simulations by V. Robles, T Kelley, & B. Bazek+



Dark energy
Accelerating expansion

•  ~ 0.7

• Making the Universe geometry flat

• And accelerating expansion?

• Is supernova cosmology robust?

ΩΛ

Perlmutter & Scmidt (2003)10



Structure formation
Primordial density fluctuation

Nurion  1억 4천만 광년 

Credit: A. Kravtsov & A. Klypin
누리온

11



12

Observations

CDM-only simulation

Millennium simulation
Springel et al. 2006



Cosmological hydrodynamic simulations
Of galaxy formation

13

• Gravity + hydrodynamics 

• + Astro-baryon physics
- Gas cooling, star formation

- Black hole physics

- Chemical evolution

• 2014: dx ~ 1 kpc
- EAGLE (SPH)

- Horizon-AGN (AMR)

- Illustris (moving mesh)

• ~2020
- IllustrisTNG50: dx~0.3

- NewHorizon: dx~0.04



TNG & NewHorizon
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Credit: https://www.tng-project.org/about/

NH



TNG & NewHorizon
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New Cluster

New Horizon

YZiCS
HorizonïAGN

New Horizon2

Romulus25 RomulusC
TNG50

TNG100 CïEAGLE
EAGLE

2014

2022

2019



Credit: NewHorizon: 이진수 (연세대)

NewHorizon
슈퍼 컴퓨팅
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NewHorizon simulation
IAP-Yonsei-Oxford coll.
4800 cores
80 Mhr (2017-2020)
6천만 광년

암흑 물질
고온 기체
별
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은하형성
Face-on view Edge-on view



1825000 ly NGC 891

Credit: Hewholooks https://commons.wikimedia.org/wiki/File:NGC891HunterWilson.jpg 

Galaxy challenge
Disc galaxies



(Expected) (Actual)

Credit: astro.virginia.edu

BH/AGN feedback

Stellar feedback, DM

Illustris 

Shortcomings of models
1) luminosity function problem
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Shortcomings of models
1) luminosity function problem

20

Behroozi+ 2019

Galaxy clustersDwarf galaxies Milky Way

M*

Mhalo

0.17: Universal ratio 



Shortcomings of models
2) missing satellite problem
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Wetzel+ 2016

Engler+ 20121

Shortcomings of models
2) missing satellite problem



Shortcomings of models
3) ultra-diffuse galaxies

• Dragonfly 44 (van Dokuum+ 2016)
- In Coma cluster
- 33.5 hr with Deimos/Keck II
- Based on 94 GCs

-
-
- DM dominant?

Mdyn ∼ MW
M* ∼ 1/20 MW

Dragonfly 44 (van Dokkum et al. 2016)23



NGC 1052-DF2 (van Dokkum et al. 2018)

• NGC 1052-DF2 (van Dokuum+ 2018)
- NGC 1052 group
- HST + Deimos/Keck II
- Based on 10 GCs

-  

-  

-
- Compatible with no DM

Mdyn,3.5Re ≲ 3.4 × 108 M⊙

M* ∼ 2 × 108 M⊙ ∼ 1/300 MW
Re ∼ 2.2 kpc ∼ MW
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Shortcomings of models
3) ultra-diffuse galaxies



Outstanding questions

Is dark energy real? 

Is dark matter real? Is it cold?

Are the issues of the strange properties of galaxies caused by DM or 
astrophysical nature?

Is the missing satellite problem gone? (NewHorizon)

Ultra diffuse galaxies (NewHorizon)

Current efforts are heavily biased to astrophysics.
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