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Hernquist,	
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The	
  overcooling	
  problem	
  (z=0)	
  

“Baryon	
  conversion	
  efficiency”	
  without	
  effecLve	
  feedback:	
  
• 	
  Close	
  to	
  100%	
  of	
  the	
  cosmic	
  baryon	
  fracLon	
  
	
  	
  	
  is	
  in	
  stars	
  at	
  Mhalo>≈1012Msun	
  

• 	
  ‘Numerical	
  quenching’	
  with	
  (standard)	
  SPH	
  

Scannapieco+	
  2012	
  Vogelsberger+	
  2013	
  

Arepo	
  &	
  
RAMSES	
  

Gadget	
  



The	
  computaLonal	
  challenge	
  

• 	
  To	
  “resolve”	
  galaxies/ISM	
  -­‐>	
  at	
  least	
  ~1kpc	
  

• 	
  To	
  probe	
  dense	
  environments	
  and	
  get	
  staLsLcal	
  samples	
  -­‐>	
  

at	
  least	
  ~(100Mpc)3	
  

	
  However,	
  usually	
  it	
  is	
  only	
  feasible	
  to	
  use	
  up	
  to	
  ~2×5123	
  

resoluLon	
  elements	
  (to	
  z=0)	
  	
  	
  	
  ==>	
  

	
  	
  	
  In	
  a	
  (100Mpc)3	
  box:	
  

• 	
  1010	
  halos	
  with	
  only	
  ~20	
  resoluLon	
  elements	
  

• 	
  Worse	
  than	
  ~1kpc	
  spaLal	
  resoluLon	
  



The	
  Illustris	
  SimulaLons	
  

• 	
  (75Mpc/h)3	
  

• 	
  N-­‐body+hydro	
  with	
  Arepo	
  (Springel	
  2010)	
  

• 	
  WMAP-­‐7	
  cosmology	
  

• 	
  ~10	
  M>1014Msun	
  halos	
  @	
  z=0	
  

• 	
  >103	
  M~1012Msun	
  halos	
  @	
  z=0	
  

Genel+	
  in	
  prep.	
  
Sijacki+	
  in	
  prep.	
  
Vogelsberger+	
  
in	
  prep.	
  



Illustris	
  simulaLons:	
  
resoluLon,	
  flavors	
  &	
  status	
  

“Resolved	
  
halos”	
  mass	
  
[Msun/h]	
  

Baryonic	
  
resolu+on	
  
element	
  
mass	
  
[Msun/h]	
  

Gravita+onal	
  
so@ening	
  
[ckpc/h]	
  

DM-­‐
only	
  

Non-­‐
radia+ve	
  

Full	
  Physics	
  

18203	
   1.7×108	
   9×105	
   1.0-­‐>0.5	
   DONE	
   Pending	
   z~0.3	
  
ETA:	
  
September	
  

9103	
   1.4×109	
   7×106	
   2.0-­‐>1.0	
   DONE	
   DONE	
   DONE	
  

4553	
   1.1×1010	
   6×107	
   4.0-­‐>2.0	
   DONE	
   DONE	
   DONE	
  

Overall:	
  ~40Mcpu-­‐hours,	
  ~400TB	
  



Illustris	
  galaxy	
  formaLon	
  physics	
  

• 	
  Star	
  formaLon	
  and	
  evoluLon:	
  mass	
  loss,	
  SN	
  rates	
  

• 	
  Chemical	
  enrichment	
  following	
  9	
  elements	
  

• 	
  Primordial	
  +	
  metal	
  line	
  cooling	
  

• 	
  UV/X-­‐ray	
  cosmic	
  background	
  +	
  	
  

	
  	
  	
  self-­‐shielding	
  +	
  AGN	
  proximity	
  effects	
  

• 	
  GalacLc	
  winds	
  (hydro-­‐decoupled,	
  energy-­‐driven)	
  
• 	
  BH	
  growth	
  +	
  	
  
	
  	
  	
  quasar	
  &	
  radio-­‐mode	
  feedback	
  

Vogelsberger,	
  Genel+	
  2013	
  











Towards	
  realisLc	
  galaxy	
  populaLons	
  

Cosmic	
  
SFH	
  

Baryon	
  
Conversion	
  
efficiency	
  

Constraints	
  used	
  for	
  tuning	
  feedback	
  parameters:	
  

M-­‐Z	
  relaLon	
  

Vogelsberger,	
  Genel+	
  2013	
  



Towards	
  realisLc	
  galaxy	
  populaLons	
  

Stellar	
  mass	
  
funcLon	
  

Tully-­‐Fisher	
  
relaLon	
  

Black	
  hole	
  
mass	
  -­‐	
  
stellar	
  mass	
  
relaLon	
  

SFR	
  -­‐	
  
stellar	
  mass	
  

relaLon	
  

Torrey,	
  Vogelsberger,	
  
Genel+	
  2013	
  

tension	
  



Towards	
  realisLc	
  galaxy	
  populaLons	
  

Stellar	
  mass	
  –	
  halo	
  mass	
  relaLon	
  @	
  z	
  >	
  0	
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Genel+	
  in	
  prep.	
  



Gas	
  fracLons	
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z=2
z=1
z=0

Tacconi+	
  2013	
  
Genel+	
  	
  
in	
  prep.	
  

Towards	
  realisLc	
  galaxy	
  populaLons	
  



Genel+	
  	
  
in	
  prep.	
  

Williams+	
  2010	
  

Towards	
  realisLc	
  galaxy	
  populaLons	
  

Galaxy	
  size	
  
evoluLon	
  



• 	
  At	
  fixed	
  mass,	
  larger	
  
galaxies	
  are	
  more	
  SF-­‐ing	
  

• 	
  At	
  fixed	
  size,	
  more	
  
massive	
  galaxies	
  are	
  
more	
  quenched	
  	
  

Williams+	
  2010	
  

Towards	
  realisLc	
  galaxy	
  populaLons	
  

Galaxy	
  size	
  
evoluLon	
  



EvoluLon	
  of	
  the	
  sSFR	
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Towards	
  realisLc	
  galaxy	
  populaLons	
  

Observed	
  
data	
  
compiled	
  by	
  
Behroozi+	
  
2013	
  



EvoluLon	
  of	
  the	
  sSFR	
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Towards	
  realisLc	
  galaxy	
  populaLons	
  

Observed	
  
data	
  
compiled	
  by	
  
Behroozi+	
  
2013	
  

0.8tHubble(z)	
  

0.8tHubble(z)	
  

0.8tHubble(z)	
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EvoluLon	
  of	
  the	
  sSFR	
  

Towards	
  realisLc	
  galaxy	
  populaLons	
  

With	
  feedback	
  

No	
  feedback	
  



2×1014Msun	
  halo	
  

1012Msun	
  halos	
  

Marinacci+	
  2013	
  

1.3	
  Mpc	
  

Galaxy	
  bimodality	
  
Genel+	
  in	
  prep.	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  

Color:	
  circularity	
   Color:	
  satellite	
  fracLon	
  

George+	
  2013	
  Wuyts+	
  2011	
  

Genel+	
  in	
  prep.	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  

Color:	
  circularity	
   Color:	
  satellite	
  fracLon	
  

• 	
  Disky	
  star-­‐forming	
  centrals	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  

Color:	
  circularity	
   Color:	
  satellite	
  fracLon	
  

• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  spheroidal	
  massive	
  centrals	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  

Color:	
  circularity	
   Color:	
  satellite	
  fracLon	
  

• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  spheroidal	
  massive	
  centrals	
  

• 	
  Quenched	
  spheroidal	
  satellites	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  

Color:	
  circularity	
   Color:	
  satellite	
  fracLon	
  

• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  spheroidal	
  massive	
  centrals	
  

• 	
  Quenched	
  spheroidal	
  satellites	
  
• 	
  High-­‐SF	
  irregular	
  (interacLng)	
  centrals	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  

Color:	
  circularity	
   Color:	
  satellite	
  fracLon	
  

• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  spheroidal	
  massive	
  centrals	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  
• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  spheroidal	
  massive	
  centrals	
  

distance	
  to	
  similar-­‐
mass	
  companion	
  

M★	
  

kinemaLc	
  
circularity	
  

specific	
  SFR	
  

BH	
  accreLon	
  
rate	
  

z=2	
  z=0	
  

‘quasar-­‐mode’	
  

‘radio-­‐mode’	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  
• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  spheroidal	
  massive	
  centrals	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  
• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  DISKY	
  massive	
  centrals	
  

distance	
  to	
  similar-­‐
mass	
  companion	
  

M★	
  

kinemaLc	
  
circularity	
   specific	
  SFR	
  

BH	
  accreLon	
  
rate	
  

z=0.8	
  z=0	
  



SF	
  acLvity	
  and	
  galaxy	
  structure	
  at	
  z=0	
  

Color:	
  circularity	
  

• 	
  Disky	
  SF-­‐ing	
  centrals	
  
• 	
  Quenched	
  spheroidal	
  massive	
  centrals	
  

Hopkins+	
  2010	
  



•  Match	
  to	
  many	
  statistical	
  galaxy	
  scaling	
  relations	
  and	
  
properties	
  in	
  the	
  Illustris	
  simulations	
  

•  Strong	
  feedback	
  on	
  both	
  ends	
  is	
  required	
  
•  Galaxy	
  bimodality:	
  there	
  exists	
  a	
  close	
  (and	
  evolving)	
  

morphology-­‐SF	
  relation,	
  albeit	
  with	
  scatter	
  and	
  outliers	
  

•  Mass,	
  environment,	
  interactions	
  &	
  AGN	
  all	
  play	
  a	
  role	
  in	
  
determining	
  the	
  relation	
  

Summary	
  


