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SUMMARY	  OF	  LECTURE	  2	  

•  Linear	  theory	  of	  density	  fluctuaBons	  
•  Non-‐linear	  theory	  
•  Galaxy	  luminosity	  funcBon	  	  
•  Disk	  galaxy	  formaBon	  
•  Spheroidal	  galaxy	  formaBon	  
•  Feedback	  
•  Cold	  flows	  
•  First	  star	  formaBon	  
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G, Kauffmann 2008	




Luminosity	  funcBon	  of	  galaxies	  
Loveday et al 2009	




	  	  	  	  	  	  	  	  	  	  	  	  Feedback	  is	  needed	  
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FEEDBACK	  IS	  ESSENTIAL	  
Reionization 
Supernovae 
Tidal stripping 
Active galactic nuclei 

  in the luminosity function of dwarfs… 
Memories of the epoch of the first galaxies  



Cooper et al 2010 
Martinez-Delgado et al 2008 

FEEDBACK BY TIDAL DISRUPTION 



Springel and Hernquist 2003	


1010MO halo  

1012MO halo 

SNe feedback does not  
drive winds from  
massive galaxies 



Guo et al 2010 

Galaxy	  luminosity	  funcBon	  	  

Millennium 2 vs. data 

Semi-analytical models or  hydro simulations 



vesc > 43 km/s 
Springel and Hernquist 2003	


orbital	  
velocity 

vesc > 13 km/s 

distance	  from	  centre	  of	  galaxy	  	  

supernova-‐driven	  wind	  
Taylor	  2006 

Koposov et al 2009	

Mily Way  satellites	




 the  galaxy luminosity function              
Koposov et al 2009	


there is a problem with  massive dwarfs             

Koposov et al 2009	




Boylan-Kirchin et al. 2011 

predicted hosts, 
not observed 

there is another problem with  massive dwarfs             



Powell et al 2011 
Fujita et al 2004 

SNe do not eject  
enough baryons 
even from dwarfs 

Semi-analytical models or  hydro simulations 

z=16 
12 

11 9 



BARYON FRACTION Dai et al 2010 



Disk galaxies 



Cloud	  disrupBon	  locally	  controlled	  by	  
	  OB	  stars:	  	  SFE=	  2%	  	  

Cloud formation globally controlled by   
supernova-driven turbulence: SFE= 2%  

 SFE =   gas  vcool  m*,SN                	


                                    ESN                       0.02	
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feedback by massive stars 

motivated by gravitational instability of cold disks	


SFR= SFE . (GAS DENSITY)/tdyn	




low efficiency due to SN feedback 	


A GLOBAL STAR FORMATION LAW 

Kennicutt et al 2006	


NGC 6946 Boomsma et al 2008 	


+ cold gas accretion/global disk instability	


M33 Grossi et al 2008 	


UGC 2082  Heald et al 2010 	
SFR=0.02 (GAS SURFACE DENSITY)/tdyn	




Bigiel et al. 2009 

star formation rate/kpc2 

atomic + molecular gas density/pc2 

Star Formation efficiency 
=SFR/GAS MASS x ROTATION TIME  
=2.5% 

Genzel et al    2010	




Spheroidal galaxies 
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Blowout	  occurs/star	  formaBon	  terminates	  
	  when	  SMBH-‐	  	  	  	  	  relaBon	  saturates	  
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σ

black hole 
mass   

Gultekin 2009  

Feedback by  massive black holes             



negative feedback  in momentum-driven winds by 
supermassive black holes cannot explain  Mbh- σ4 correlation 

Silk & Nusser 2010	


Unbinding the gas requires ηMBHc > Mgσ	




3) maybe its both! AGN  
+ triggering of star formation  

1)  Porosity is a killer for  SNe 

2)  Its not AGN, momentum deficit  



•  Netzer	  2009	  

connection between AGN and starbursts 

  Hatziminaoglou 2010 



If	  	  AGN-‐driven	  ouYlows	  	  trigger	  star	  formaBon,	  

star formation rate boost factor ~ vcocoon/σ     ~10-100 
+ outflow momentum amplified by supernovae         

	  	  	  star	  formaBon	  rate	  is	  boosted	  by	  AGN	  
 JS + C. Norman  2008 

Antonuccio-Deloglou+  2010 



Schawinski et al. 2008	


Shock-Excited	

Photoionized	


Age in billions of years	


AGN  are observed to quench star formation…. 

Schawinski et al 

Schawinski et al.2010 



AGN	  jet-‐induced	  backflow	  feeds	  the	  	  SMBH	  	  
13.106	  yr	  

30.106	  yr	  

Inflow	  rate	  over	  inner	  20	  pc	  
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Antonuccio-‐Deloglou	  +	  Silk	  	  2009 



TRIGGERING	  IS	  OBSERVED	  Minkowski’s Object	

Croft et al. 2006	


velocity	


velocity dispersion	


A ULIRG	

Nesvadba 2009	




Gonzalez + 2009 

Gyr-1 

Gonzalez + 2009 

   specific star formation rate       =SFR/stellar mass 

PERHAPS WE NEED TRIGGERING AT HI z 



Star formation quenching via  H2 and Z(t) 

Krumholz and Dekel 2011 

No ejection of baryons (&  fails at low z)  

gas accretion rate 

specific star formation rate 



 star formation,  gas 
accretion and gas ejection 

two modes of gas accretion: 
A: cold streams/minor mergers         
B: major mergers/cooling flows 

two modes of star formation 
A: without  active galactic nuclei (SMBH)   
B: with active galactic nuclei 



Dekel et al. 2008 

Infall by cold streams 

major mergers 
Bourneaud  2009 



Faucher-Giguer & Keres 2010 

Where are the cold flows? 



Feeding the monster 

Di Matteo et al. 2011 



Kroupa	  2003	  

The initial stellar mass function is a key assumption 

STELLAR MASS 

LIGHT 

CHEMISTRY 



Arthur	  Eddington	  1926	  	  
(1882-‐1944)	  

imagine	  a	  physicist	  calculaBng	  on	  a	  cloud-‐bound	  planet	  and	  ending	  
with	  the	  dramaBc	  conclusion,	  "What	  'happens'	  is	  the	  stars."	  
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αg ≡Gmp
2e−2 ≈ 3.10−37

Gravity versus electromagnetic forces (pressure) 

mass of a white dwarf star…the Chandrasekhar mass  

mass of the most massive star….the Eddington mass 

The dimensionless constant that controls the masses of stars 

The  life of a star depends on its mass and composition 

G is Newton’s constant, mp  is the mass of a proton, me  is the mass of an electron 

αg
-3/2α-3/2 

αg
-5/3α2/3 



Stars	  

•  Fundamental	  theory	  applied	  to	  a	  diffuse	  interstellar	  cloud	  that	  is	  
collapsing	  under	  self-‐gravity	  

•  Minimum	  fragment	  mass	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
This	  is	  a	  robust	  but	  wrong	  result!	  

•  ResoluBon:	  fragmenta)on	  +	  conBnuing	  accre)on	  of	  cold	  gas,	  
halted	  by	  feedback	  that	  taps	  stellar	  energy	  	  via	  magneBc	  turbulence	  	  

•  accreBon	  rate=(sound	  speed)3/G	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
first	  stars	  were	  massive	  
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≈αg
−3 / 2αmp ≈ 0.01Msun
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αg ≡Gmp
2e−2 ≈ 3.10−37α  is the fine-structure constant =1/137 mp  is the mass of a proton 
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The first stars: fragmentation 
Turk 2010 



Greif  2011 



a	  hybrid	  model	  

major	  mergers	  +	  hot	  infall	  +	  cooling	  	  
forms	  massive	  spheroids	  	  

low	  efficiency	  	  

high	  efficiency	  

role	  of	  SMBH	  	  

AGN	  quenching	  of	  star	  formaBon	  
Intracluster	  gas	  	  heaBng	  by	  AGN	  
Baryon	  ejecBon:	  AGN	  role?	  
Triggering	  of	  star	  formaBon	  by	  AGN?	  
SMBH	  formaBon?	  

improved resolution in theory 
 & observation will help… 

cold	  gas	  flows	  via	  filaments/minor	  mergers	  	  
lead	  to	  disk	  formaBon/pseudobulges	  

Is	  star	  formaBon	  mechanism	  the	  same?	  
Is	  IMF	  universal?	  


