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The initial conditions 
of the Universe can be 

summarized on a 
single sheet of paper, 
yet thousands of books 
cannot fully describe 

the complex structures 
we see today… 

Avi Loeb 



“Then	  the	  miracle	  goes	  away,	  which	  is	  sad,	  but	  that	  
is	  science.”	  

-‐-‐	  Alexander	  Heger	  



Jonathan Tan 



Mike Norman 







“Ques;on:	  What	  is	  with	  the	  mayonnaise	  and	  paperclip?”	  
“Those	  are	  examples	  of	  metals	  in	  the	  local	  universe.”	  

-‐-‐	  Mark	  Dijkstra	  



“We	  can	  measure	  a	  lot	  of	  things	  with	  good	  data.”	  
-‐-‐	  Tim	  Beers	  



Tim Beers 
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The First Stars 
nomenclature 

Pop III.1 : forms only under the effect of cosmology	

Pop III.2 : formation affected by non cosmological effects	

Pop III.2α : formation affected by cosmic rays	

Pop III.2β : formation affected by electrons	

Pop III.2γ : formation affected by radiation	


Pop III.2γԱ : formation affected by Lyman-Werner	

Pop III.2γԲ : formation affected by ionizing radiation	


Pop III.2♬ : formation affected by mechanical feedback	

Pop III.2☹   : formation affected by magnetic fields	

Pop III.2✂ : formation affected by loss of grant	

Pop III.2♻ : formation affected by insufficient resolution	


Massimo Stiavelli 



“The	  rule	  in	  the	  NSF	  is	  that	  if	  you	  have	  a	  very	  good	  
idea	  they	  don’t	  give	  you	  money.”	  

-‐-‐	  Shri	  Kulkarni	  



“We’ll	  have	  fun	  this	  morning	  blowing	  things	  up.”	  
-‐-‐	  Craig	  Wheeler	  



Alexander Heger 
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The First Stars - 1 

* We expect Population III stars to form in mini-halos due to 
molecular Hydrogen cooling. Individual Pop III stars are too faint 
to be observed  directly with JWST except when they explode as 
supernovae. We will discuss SNae separately.	

* JWST might be able to identify spectroscopically the abundance 
pattern signatures of PISN enrichment.	


It would be useful to have a 
sample ready of z>7 QSOs 
for studying their LOS.	


From Heger & Woosley 2002 
for stars with mass 140-260 
M⊙.	
 Massimo Stiavelli 



“We	  don’t	  have	  a	  lot	  of	  observa;ons	  of	  these	  events,	  so	  we	  
can’t	  see	  where	  the	  models	  are	  wrong.	  That	  makes	  for	  easy	  
modeling.” 	   	   	   	  -‐-‐	  Daniel	  Kasen	  



SN 2007bi – a Pair Instability Supernova 
in a Nearby Metal-Poor Dwarf Galaxy 

•  Nickel mass of  ~4-7         (ejecta mass of 100         ) ; kinetic energy of 
•  Dwarf  galaxy at z=0.128 with M_B=-16.3 mag, and 12+[O/H]=8.25 

Gal-Yam et al., Nature (arXiv:1001.1156 ) 
Avi Loeb 



Can	  JWST	  observe	  [dark	  star,	  PISNe,	  etc.]?	  

•  We	  need	  to	  know	  three	  things:	  
1.  How	  bright?	  
2.  How	  common?	  
3.  How	  can	  we	  tell?	  

•  Without	  both	  1	  &	  2	  we	  probably	  can’t	  even	  
search	  for	  candidates.	  



“The	  Universe	  is	  very	  big	  and	  radia;on	  goes	  further	  
than	  metals.”	  

-‐-‐	  Mike	  Norman	  



Jason Tumlinson 



Michele Trenti 



“This	  is	  not	  a	  rela;vis;c	  calcula;on,	  so	  I	  can	  go	  
faster	  than	  the	  speed	  of	  light.”	  

-‐-‐	  Chris	  Fryer	  



Why the Early Universe? Grand Questions 

•  What - reionized the universe and were star-forming 
 galaxies the primary agents?  

•  When - did reionization occur? Was it a sudden,  
 protracted or even two-stage process? 

•  How - did it proceed? What processes defined the  
 emerging mass function of galaxies 

•  Then What? - Implications for the subsequent 
 development of galaxies and the IGM 

Mostly a review, but with some collaborative material from: 

Brant Robertson (CIT), Dan Stark (IoA), Masami Ouchi (OCIW), Eiichi Egami 
(Arizona), Andy Bunker (Oxford), Jim Dunlop & Ross McLure (Edinburgh),       
Jean-Paul Kneib (Marseilles), Johan Richard (Durham),  Richard Ellis 



WFC3/IR	  vs	  NICMOS	  

WFC3/IR	  has	  a	  discovery	  
	  efficiency	  ~40X	  NICMOS	  

comparing	  the	  old	  and	  new	  Hubble	  infrared	  cameras	  

WFC3/IR	  

NICMOS	  

to	  find	  a	  z~7	  galaxy	  took	  ~100	  orbits	  with	  NICMOS	  
–	  with	  WFC3/IR	  it	  takes	  a	  few	  orbits	  

WFC3/IR	  is	  ~6X	  larger	  in	  
area	  than	  	  NICMOS	  and	  
much	  beler	  matches	  ACS	  

2.2	  arcmin	  

3.4	  arcmin	  

ACS	  

z~7	  galaxies	  	  	  	  	  	  	  	  	  	  	  	  2.2′′ x  2.2′′	  

NICMOS	  

WFC3/IR	  

FS&G	  	  	  	  	  	  galaxies	  in	  the	  first	  billion	  years	  	  	  	  	  GDI	  	  	  	  	  firstgalaxies.org	  Oesch	  et	  al	  	  

Garth Illingworth 



“I	  am	  humbled	  to	  be	  speaking	  amer	  all	  this	  amazing	  WFC3	  
data,	  but	  I’m	  afraid	  we	  will	  have	  to	  return	  to	  theory	  land.”	  

-‐-‐	  Zoltan	  Haiman	  



WFC3 Progress – I: Continued SF decline 3 < z < 8 

Bouwens et al astro-ph/0909.1803 



evolved	  galaxies	  not	  significant	  at	  
z>4?	  

there	  is	  NOT	  a	  con;nuum	  of	  UV	  
slopes:	  	  =>	  if	  there	  are	  evolved	  
galaxies	  or	  dusty	  galaxies	  at	  z>4	  they	  	  
must	  have	  dis7nctly	  different	  UV	  
proper;es	  or	  be	  quite	  rare	  

selec;on	  efficiency	  

“redder”,	  evolved	  	  sources	  could	  be	  
detected	  in	  these	  ~0.1L*	  to	  ~2L*	  
samples	  at	  z~4	  and	  z~5+	  

FS&G	  	  	  	  	  	  galaxies	  in	  the	  first	  billion	  years	  	  	  	  	  GDI	  	  	  	  	  firstgalaxies.org	  

Garth Illingworth 



UV color 

Luminosity 

red 

 blue 

bright faint 

“more dusty” 

“more dust-
free” 

z~7 galaxies from ultra-deep WFC3/IR observations of the HUDF:	

What about their UV colors?	


Bouwens et al. 2010 

 dust free 

not fit with standard 
stellar population 

models 

Bouwens et al. 2009 



“We	  know	  where	  dust	  forms.	  Well,	  Eli	  knows	  anyway.”	  
-‐-‐	  Ranga-‐Ram	  Chary	  



these	  galaxies	  probably	  formed	  stars	  much	  earlier	  	  

Hubble	  

WFC3/IR	  Hubble	  and	  Spitzer	  results	  also	  
combine	  to	  show	  us	  that	  z~8	  galaxies	  could	  
well	  have	  been	  forming	  stars	  two-‐three	  
hundred	  million	  years	  earlier	  (at	  z>10-‐11)	  	  

Labbé/Gonzalez	  et	  al	  

z~8	  summed	  Spitzer	  images	  	  

3.6	  μm	  	  	  	  	  	  	  	  	  4.5	  μm	  

some	  individual	  z~8	  Spitzer	  3.6	  μm	  images	  	  

Spitzer	  

Model	  fit	  is	  BC03	  	  CSF	  	  0.2Z log	  M	  =	  9.3	  
z~7.7	  and	  300	  Myr	  (SFH	  weighted	  age	  =	  t/2)	  

z~8	  

FS&G	  	  	  	  	  	  galaxies	  in	  the	  first	  billion	  years	  	  	  	  	  GDI	  	  	  	  	  firstgalaxies.org	  
Garth Illingworth 



Bright 

LBGs vs LAEs: Very Different Evolution 

Bouwens et al  

Shimasaku, Ouchi 

LBGs: Marked decline in UV luminosity 
density with redshift over 3<z<6 

LAE: no evolution to z~5.7 

Increasing dominance of Lyα emission 
at high z 

Reduced dust; HI covering fraction, 
 faster duty-cycle of SF?  

increasing z 

Richard Ellis 



“Can	  we	  see	  galaxies	  at	  z=10?	  
	  -‐-‐	  An	  unequivocal	  maybe.”	  

-‐-‐	  Garth	  Illingworth	  



Chary: First Stars & Galaxies  
Mar 2010 

33/14 

Minimum Required Evolution of UV Luminosity 
Density for Reionization 

Slow 

Fast 

Ranga-Ram Chary 



“We	  are	  at	  the	  start	  of	  a	  revolu;on.”	  
-‐-‐	  Chris	  Carilli	  



•   STELLAR SEEDS 

   uninterrupted near-Eddington accretion 
        - continuous gas supply  
        - avoid radiative feedback depressing accretion rate 
        - must avoid ejection from halos  

•  DIRECT COLLAPSE 
   rapid formation of 105-106 M black holes either by           
   direct collapse of gas or super-Eddington accretion onto 
   a lower-mass seed 
        - gas must be driven in rapidly (deep potential)  
        - must avoid fragmentation 
        - transfer angular momentum 

Zoltan Haiman 



1.    Explaining z=6 quasar SMBHs with ~109M⊙ is a challenge, requiring 

optimistic assumptions, unique to these objects 

           (i) stellar seeds common, embedded in dense gas, can   

               grow at Eddington rate without interruption,   or 

         (ii) rapid “direct collapse” in rare special environment 

               in “second generation” halo with no metals or H2,   or 

        (iii) global instabilities and supersonic turbulence (?) 

2.    Extra challenge: not to overproduce number of ~105-6M⊙ SMBHs.      (i) 
seed formation stops at ultra-high z~25 ? 

         (ii) internal feedback always maintains MBH - σ relation? 

3.    Direct detections (optical/radio/X-ray) down to ~105-6M⊙ at z=10 

       0-30  LISA merger events/yr   +  Indirect reionization signatures (21cm) 
Zoltan Haiman 



“I’ll	  follow	  the	  theme	  of	  the	  mee;ng	  and	  talk	  about	  
our	  new	  favorite	  observatory.”	  

-‐-‐	  Jason	  Tumlinson	  
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HST/ACS 
Viz 

HST/NICMOS 
 J H 

JWST/NIRCam 

Viz 

JWST/NIRCam 

J H 

Massimo Stiavelli 
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JWST-Spitzer image comparison 

Spitzer, 25 hour per band (GOODS 
collaboration) 

1’x1’ region in the UDF – 3.5 to 5.8 µm  

JWST, 1000s per band (simulated) 

Massimo Stiavelli 



Jason Tumlinson 



Live	  update	  every	  60	  seconds	  	  hlp://www.jwst.nasa.gov/webcam.html.	  



Sneak	  preview:	  Astronomy	  Picture	  of	  the	  Day	  for	  tomorrow.	  



“Can	  you	  put	  error	  bars	  on	  the	  word	  ‘Reasonable’	  
and	  propagate	  them	  through	  your	  models?”	  

-‐-‐	  Daniel	  Wolf	  Slavin	  



First-light science in the era 
of large telescopes 

Thirty Meter Telescope 

TMT first-light IR 
instruments that will 
tackle first light: 

• IRMS: 2 arcminute 
field-of-view; can use 
for narrow-band 
imaging 
• IRIS: 16-arcsecond 
fov DL imager/
0.26-3.2 arcsecond 
IFU 

Betsy Barton 



IRMS: InfraRed Multi-object 
Spectrograph 

•  Based on Keck/MOSFIRE 
•  0.95-2.45 µm 
•  All of Y, J, H, or K at once 
•  2 arcminute field of view 
•  46 reconfigurable cryogenic slits 
•  0.06-0.08 arcsecond sampling 
•  80% energy in 2x2 pixels 
•  R ~ 4660 

Betsy Barton 



IRIS: InfraRed Imaging 
Spectrograph 

IFU: 
•  64 x 64 “pixel” IFU; up to 128 x 128 in some modes (?) 
•  0.84-2.45 µm requirement 
•  4 plate scales: 4, 9, 25, 50 mas 
•  4 fields of view for IFU, at least: 0.26, 0.64, 1.60, 3.20 arcsec 
•  Full Y, J, H, or K coverage at once 
•  R ~ 4000 
•  Design currently lenslet AND image slicer 

IMAGER: 
–  16 arcsecond fov 
–  4 mas sampling 

(Taylor & Prieto) 

Betsy Barton 



“Follow	  the	  dust.”	  
-‐-‐	  Francoise	  Combes	  



ALMA Status 
• Antennas, receivers, correlator in 
production: best submm receivers and 
antennas ever! 
• Site construction well under way:  
Observation Support Facility, Array 
Operations Site, 3 Antenna 
interferometry at high site! 
•  Early science call Q1 2011 

EVLA Status 
• Antenna retrofits 70% complete 
(100% at ν ≥  18GHz). 
• Early science in March 2010 
using new correlator (2GHz)  
• Full receiver complement 
completed 2012 + 8GHz 

Chris Carilli 



Francoise Combes 



Francoise Combes 



“My	  predic;on	  is	  somewhere	  between	  0	  and	  100%,	  
inclusive.”	  

-‐-‐	  Brian	  O’Shea	  





Observed wavelength distance 

Avi Loeb 



“If	  dark	  maler	  is	  not	  self-‐annihila;ng	  then	  
everything	  I	  am	  saying	  is	  wrong.	  Maybe	  that	  is	  why	  
they	  put	  me	  at	  the	  end.”	  

-‐-‐	  Fabio	  Iocco	  



I’d	  like	  to	  thank	  my	  collaborators:	  
Google	  images,	  and	  	  
You:	  



“Obesity	  was	  ubiquitous	  in	  the	  early	  Universe.”	  
-‐-‐	  Ranga-‐Ram	  Chary	  



Scien&fic	  Organizing	  Commi1ee	  	  
•  Timothy	  Beers	  (MSU)	  	  
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•  Lars	  Hernquist	  (Harvard/CfA)	  	  
•  Ralf	  Klessen	  (ITA/Heidelberg)	  	  
•  Avi	  Loeb	  (Harvard/CfA)	  	  
•  John	  Mather	  (NASA/GSFC)	  	  
•  Chris	  McKee	  (Berkeley)	  	  
•  Milos	  Milosavljevic	  (UT	  Aus;n)	  	  
•  Ken'ichi	  Nomoto	  (IPMU/U	  Tokyo)	  	  
•  Michael	  Norman	  (UCSD)	  	  
•  Mar;n	  Rees	  (Cambridge)	  	  
•  Raffaella	  Schneider	  (Arcetri)	  	  
•  Massimo	  S;avelli	  (STSci)	  	  
•  Masayuki	  Umemura	  (U	  Tsukuba)	  	  
•  Rogier	  Windhorst	  (ASU)	  	  

Local	  Organizing	  Commi1ee	  
•  Volker	  Bromm	  (UT	  Aus;n)	  	  
•  Naoki	  Yoshida	  (IPMU)	  	  
•  Daniel	  Whalen	  (LANL)	  	  
•  Debbie	  Winegarten	  (UT	  Aus;n)	  	  
•  Monica	  Kidd	  (UT	  Aus;n)	  	  
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•  Andreas	  Pawlik	  (UT	  Aus;n)	  	  
•  Chalence	  Safranek-‐Shrader	  (UT	  

Aus;n)	  	  
•  Athena	  Stacy	  (UT	  Aus;n)	  	  


