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Galaxy formation 
& evolution 
 



Herschel will be able to see through the opacity of cosmic dust 
and gas and observe structures and events far away that date 
back to the early Universe – such as the birth and evolution of 
early stars and galaxies – ten thousand million years ago, in an 
effort to determine exactly how it all started.  
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1. state of field at the time of launch of Herschel 
 
2. provide an overview of Herschel's actual contributions 



What	
  have	
  we	
  learnt	
  in	
  past	
  2	
  decades	
  
about	
  galaxy	
  forma:on?	
  

	
  
Two	
  examples	
  

•  Semi-­‐analy:cal	
  modelling	
  	
  began	
  c.	
  1990	
  

Here is a recent example  (Benson 2012) 



Benson 2012 

model parameters 



What	
  have	
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  Here	
  is	
  a	
  recent	
  example	
  (Benson	
  2012)	
  
	
  	
  

•  Hydrodynamical	
  simula:ons	
  of	
  star	
  forma:on	
  
in	
  galaxies	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1.	
  Breathtaking	
  images	
  (eg	
  Hopkins	
  +	
  2012)	
  
	
  
	
  
	
  
	
  



Springel  and Hernquist 2003 

2. Here is a pioneering example   (Springel & Hernquist 2003) 
 
 

PREDICTED STAR FORMATION RATE 



            HAS MODELLING IMPROVED ?  

Governato 2013 



What	
  has	
  HERSCHEL	
  done	
  for	
  us?	
  

•  The	
  dusty	
  universe	
  
•  ULIRGS	
  and	
  mergers	
  
•  The	
  galaxy	
  main	
  sequence	
  
•  Massive	
  molecular	
  ouRlows	
  
•  AGN	
  and	
  starbursts	
  



Role of mergers 

Dust evolution 

AGN/star formation 
connection 

Molecular outflows 



Dust	
  evolu:on	
  









Dust-­‐to-­‐gas	
  ra:o	
  

Dunne + 2011 

Stellar  mass 

Dust mass, scaled 



Role	
  of	
  mergers	
  



Kocevski + 2011 

Kartaltepe+ 2012 

AGN hosts are mostly disks  

 more typically disks  
(+ minor mergers) 
.. 

Targett+ 2013 

Hung+ 2013 

Luminous starbursts are mostly mergers at z~2  
 



Rodighiero +11 

GOODS-S 
(1.8 mJy) 

COSMOS 
(8 mJy) 

BzK-GOODS 
UV-corrected 

Major mergers are minor contributor in forming most stars 

0.3 0.8 1.3 

Hung + 2013 



Menendez 2013 

elevated star formation rate in clumpy disks 

z~2   Targett + 2013 



A	
  second	
  mode	
  of	
  star	
  forma:on	
  might	
  be	
  needed	
  

Stark et al 2012 
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Specific star formation rate=SFR/M* 

de Barros+2012 



Molecular	
  ouRlows	
  



Star formation rate 
(from FIR) 

molecular gas mass 
(from CO) 

Gas depletion 
 time ~20 Myr 
 
SFR~103MO/yr 
 
MH2~4.1010MO 
 

Gas depletion 
 time 
~200 Myr 

Heywood+ 2013 

3C318 

Short gas depletion times with luminous AGN? 



AGN/star	
  forma:on	
  connec:on	
  



AGN	
  have	
  enhanced	
  SF	
  	
  
Rosario + 13 



Zinn + 2013 

Radio jets induce excess star formation 



Reichers + 2013 
SMG at z=4    SFR =1700 Msun/yr    (PAH) 
 

X-ray obscured AGN seen in FIR 
 



TN J2007-1316 (z=3.8)  :  
Elliptical at age 1.2 Gyrs (red) 

Starburst  at age 35 Myrs  (blue)  
  

The Universe seen by Herschel, Oct 2013 Rocca-Volmerange et al, 2013 

AGN model 
Pier  & Krolik 
 



4C41.17    Rocca-Volmerange+ 2013 

A 30 million year 1011 Msun starburst in a radio galaxy 

30 Myr 

700 Myr 



SUPERMASSIVE BLACK HOLES 
 
 
 
 
  

105 to 1010 solar masses 
Supported by theory  but observational evidence is sparse 

Perseus cluster 
Late mode 

	
  	
  	
  how	
  to	
  quench	
  SFR:	
  	
  by	
  AGN	
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Blowout	
  occurs/star	
  forma:on	
  terminates	
  
	
  when	
  SMBH-­‐	
  	
  	
  	
  	
  	
  	
  rela:on	
  saturates	
  

€ 

σ

                Early mode: SMBH accretion             

Volonteri 2012 

black hole 
mass   

 
spheroid velocity 

dispersion 
   McConnell et al 2011 



If	
  	
  AGN-­‐driven	
  ouRlows	
  	
  trigger	
  star	
  forma:on,	
  

	
  

star formation rate boost factor ~ vcocoon/σ     ~10-100 
+ supernova heating         

	
  	
  	
  how	
  to	
  enhance	
  SFR:	
  triggering	
  by	
  AGN	
  

Minkowski’s object	


Croft et al. 2006	



Klamer et al. 2006 
z = 4.7 quasar + CO	



 

H2	
  forma:on	
  triggered	
  by	
  AGN	
  

JS and Norman 2009	


 
 JS + C. Norman  2009 

Cen A 



Turbulent pressure controls H2 fraction 
Blitz & Rosolowsky 2007 

Role of molecular hydrogen 



3-d N-body + hydro: RAMSES code                                           (simulations by V. Gaibler,  S. Khochfar, M. Krause, JS 2012) 
100 pc resolution, 10 cm-3 SF threshold 



Star formation 

JET-INDUCED  STAR FORMATION 



AGN	
  and	
  galaxy	
  forma:on:	
  the	
  case	
  for	
  coevolu:on	
  

redshift 

 star formation rate density 

 SMBH accretion   rate density 

x 10-3 

	
  	
  	
  quenching	
  	
  
(preceded	
  by	
  	
  triggering?)	
  

gas accretion 

z=1	
   z=10	
  

Data vs. theory from simulations 
Y. Li 2013 



Herschel has given us a new perspective on the 
distant universe 
 
But we still understand neither star formation in extreme 
conditions nor massive black hole formation 
  
Is it the “same as usual” but with eg more gas, or is there a 
new mode of star formation appearing at high z?  

SUMMARY 

HERSCHEL HAS SET THE SCENE FOR ALMA 
 


