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円盤銀河形成進化シナリオと問題点  



 銀河形成の物理 
• 銀河形成の三種の神器 
• 散逸銀河形成／非散逸銀河形成 
• UV/SN フィードバック 
 
 銀河形成シミュレーションと問題点 
• 質量問題 
• 角運動量問題 
• Substructure 問題 
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剣 Random Gaussian Density Fields 
(Bardeen et al. 1986) 

Peak statistics  ξ(ν大)> ξ(ν小) 



• Present-day 
 metal cooling，dust cooling 
 
• First stars, First galaxies 
 H2 molecule cooling 

Gravitational Instability  
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CDM Fluctuations 

Random Gaussian Density Fields 

Cooling Diagram (Rees & Ostriker 1977) 
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Three Elements for Galaxy Formation 

c* -prescription for star formation 
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銀河形態の起源 

• Merger hypothesis 
       (White & Rees 1978; Frenk et al. 1985) 
    Disk major merger → Ellipticals 
 N-body, Hydro-simulation, Semi-analytic 

• Monolithic collapse 
   (Eggen, Lynden-Bell & Sandage 1962; Partridge & Peebles 1967; Larson 1974) 

 Larson’s paradigm (morphological bifurcation) 

Protogalactic clouds 

Ellipticals Spirals 

Proto-ellipticals 

dissipationless GF 
非散逸的銀河形成 

Proto-spirals 

dissipational GF 
散逸的銀河形成 



High Star Formation Rate (SFR) → Elliptical Galaxies 
Low Star Formation Rate             → Spiral Galaxies 

Dissipationless/Dissipational Galaxy Formation Paradigm 
(Larson 1969, 1974, 1975, 1976) 

非散逸的銀河形成（左）と散逸的銀河形成（右）のシミュレーション。２次元r-z平面での密度分布の輪郭を表
す。非散逸的銀河形成では密度分布は楕円体となり，散逸的銀河形成では楕円体成分と円盤成分が形成さ
れる。（Larson, R. B. 1976, Mon. Not. Roy. Astron. Soc., 176, 31 より転載） 
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GF Simulations with Star Formation (SPH) 

Star Formation Criteria 
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Steinmetz & Navarro  (1999) 
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Kawata (1999) 

* 0.05c =

Disk Galaxy  

* 1c =

Elliptical Galaxy, Bulge 

δ=νσ と SFR(c*) の関係は ? 



Steinmetz & Muller 1995 

Abadi, Metal. 2003 
 
左上は全ての星成分，右上は球状の古い星成分，左下
は厚い円盤成分，右下は薄い円盤成分を表す。 



Disk Merger Hypothesis 
GC3 - Grand Challenge Cosmology Consortium- 

John Dubinski 2003 
Cluster Simulations on the PSC Cray T3E 



Ostriker's Objection to Disk Merger Hypothesis 
 
 Elliptical Galaxies are not Made by Merging Spiral Galaxies 
 Ostriker, J.P. 1980, Comments on Astrophysics 8, 177 
 
1. Relative velocities between the interacting galaxies are too high to allow a 

merger in the centers of rich clusters where the highest concentrations of 
ellipticals are seen. 

 
2. Ellipticals display color-luminosity and metallicity-luminosity correlations 

that argue aganist an origin in the stochastic aggregation of similar 
subunits. 

 
3. Ellipticals and bulges in spirals have several common properties, which 

might imply a common origin. 
 
4. The central phase space density in ellipticals is significantly higher than 

that in spirals. This quantity should be conserved in a merger. 
 
5. The specific frequency of globular clusters in ellipticals is higher than that 

in spirals. 



Carlberg, 1986 
ApJ, 310, 593 
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 Self-Shielding  

CDM Fluctuations 

Random Gaussian Density Fields 

Cooling Diagram (Rees & Ostriker 1977) 

+ 

Three Elements for Galaxy Formation 

No stars form unless baryonic matter is self-shielded from UVB ! 
紫外線背景放射から自己遮蔽されなければ，星は形成されない!! 
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 Self-Shielding  
Tajiri & MU, 1998, ApJ, 502, 59 

-1/52 3/ 5 -3
8 211.5 10 ( / )   cm   critn M I α−= ×

K)10   ,10( 48
8 == TMM/M 

crit HI crit
30.6

L
n a Rν

ατ
α
+

≡ =



渦巻銀河 
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Susa & MU 2000, MNRAS, 316, L17 

strong shielding 

weak shielding 

Galaxy Formation in UV background 



0.3Gyr 0.5Gyr 1Gyr 

Mori and Umemura, 2006,  
Nature, 440, 644 

From Primeval Irregulars to Present-day Ellipticals 

Total Mass:1011 M  
Gas Mass: 1.3×1010 M  
# of Subunits: 20 
Box Size: 134 kpc 
Grid Points: 10243 

z=3.1 LAE Simulation  
(high-resolution) 



The virializaion of the total system is 
almost completed 3 Gyrs.  
 
The resultant system at  
                         13 Gyrs (redshift z=0) : 
 
  Stellar mass:    
                             M*=1.1×1010 M⊙  
  Central velocity dispersion:  
                             V0=133 km s-1 
  Effective radius: Re=3.97 kpc 
   B-band mag.:      MB= -17.2 
  V-band mag.:      MV= -18.0 
  Color:                 U-V=1.15 
                             V-K=2.85 
 
 
 
 
 

Lyman α Emitters (LAE) Evolves into Elliptical Galaxies 

These values are consistent with  
the properties of the present-day 
less-massive elliptical galaxies. 
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宇宙論的銀河形成シミュレーション 

 銀河形態起源 
1) Primordial Ellipticals (Bulges) 
2) Primordial Disks 
 
 銀河形成シミュレーションの問題 
1)質量問題 
2)角運動量問題 



The Aquila comparison project 
Scannapieco et al., 2012, MNRAS, 423, 1726 



質量問題 

ダークハローの中で
星になる割合が観測
に比べて多すぎる 

観測 

シミュレーション 

The Aquila comparison project: the effects of feedback and numerical 
methods on simulations of galaxy formation 

Scannapieco et al 2012 

z=2 

z=0 



角運動量問題 

Navarro & Steinmetz 2000 

Tully-Fisher 関係 

観測 

シミュレーション 

シミュレーション結果は，観測に
比べて，システマティックに回転

が速い 
 
⇓ 
 

重たいバルジが出来すぎる 



The Aquila comparison project 

角運動量問題 
Tully-Fisher 関係 



The origin of discs and spheroids in simulated galaxies 

1) 銀河合体は楕円成分形成にとって重要ではない。楕円成分の星は主にその
場で作られたものである。 

2) 銀河形態に重要なのは，銀河を作る降着ガスの角運動量の揃い方である。 
 

3) 銀河形態は，初期段階での潮汐場と物質形状との相互作用によって決まる。 

near turn-around time z=3.5 

disk-dominated bulge-dominated) 



  disk 
-dominated 

exp 

regions of radius ∼20 h−1 Mpc each are 
selected from the Millennium Simulation 



Cold gas accretion in galaxies 

Observations 

NGC6946 
 
Stellar spiral の
外側に HI gas 
spiral 構造がある 
    ＋ 
速度擾乱あり 
    ↓ 
Infalling clumps of 
material 

Sancisi et al. Astron Astrophys Rev, 15, 189 (2008) 



Elmegreen et al.  
701, 306 (2009) 

Clumpy Galaxies 

Spirals 

Flocculent 
Spirals 

Clumpy 
Galaxies 

Clump 
Clusters 

現在のdisk galaxy のprogenitor は？ thick-disk ×→ thin disk 

GOODS 
field 



1. Galaxy bimodality due to cold flows and shock heating 
     Dekel & Birnboim, MNRAS, 368, 2 (2006)  
 
2. Cold streams in early massive hot haloes as the main mode of galaxy 

formation 
      Dekel et al. Nature, 457, 451 (2009)  
 
3. The role of clod flows in the assembly of galaxy disks  
      Brooks et al. ApJ, 694, 396 (2009) 
 
4. Modeling the star forming universe at z=2: impact of cold accretion flow 
     Khochfar & Silk, ApJL, 700, L21 (2009)  
 
5. High-redshift clumpy discs and bulges in cosmological simulations 
      Ceverino, Dekel & Bournaud, MNRAS, 404, 2151 (2010) 
 
6. Moving mesh cosmology: tracing cosmological gas accretion 
    Nelson et al. MNRAS 429, 3353 (2013) 

Cold Accretion in Galaxy Formation 



Dekel & Birnboim, MNRAS, 368, 2 (2006)  



Dekel et al. 2009, Nature, 457, 451 

Cosmological MareNostrum simulation (adaptive-mesh hydrodynamics)  

Star forming galaxies indicate extended, clumpy, thick rotating disks that are incompatible 
with the expected compact or highly perturbed kinematics of ongoing mergers. 
A necessary condition is a steady, rapid gas supply into massive disks. 



Nelson et al. MNRAS 429, 3353 (2013) 

SPH vs Moving Mesh 

AREPO shows a much lower cold fraction 
than GADGET, for instance, <20 per 
cent in haloes with Mhalo∼1011M. 



Summary 

円盤銀河形成シミュレーションの問題 
 • 質量問題 
 • 角運動量問題 
 • clumpy disk 形成 
 
今後の課題 
 • Cold accretion w/ star formation 
 • Accurate thermal processes 
 • Internal UV Radiation transfer 
 • UV ≡ SN feedback 
 • AGN radiative/mechanical feedback 
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