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Surprises may signal new physics 





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… 









The First Dwarf Galaxies Form at z~30 

molecular 
hydrogen in 
Jeans mass 
objects  

Yoshida et 
al. 2003 



Observing the Stars 



Observed Growth of Stellar Mass Budget  

~1% at z~5 

cosmic 
variance 



Redshift Record of Observed Galaxies 
(Bouwens et al., arXiv:0912.4263) 

Prediction from Barkana & Loeb (2000): 

Most SFR  at z>10 is in galaxies fainter than 0.25nJy! 
(AB>31.4 at 0.6-3.5 micron, an order of magnitude fainter than 
WFC3/IR sensitivity) 



Launch date: 2014 

Mirror diameter: 6.5 
meter 

Material: beryllium 

18 segments 

Wavelength coverage: 
0.6-28 micron 

L2 orbit 



Extremely Large Telescopes (24-42 meters) 

•  GMT=Seven mirrors, each 8.4m in diameter 
•  TMT, EELT – segmented 20-40m aperture  



Bromm, Yoshida, Hernquist, & McKee (2009) 

Theoretical Simulations of the First Stars 



Population III Binaries 

Stacy, Greif, & Bromm 2009 Turk, Abel, & O’Shea 2009 



The Initial Mass Function of Stars 
Populations I/II 

Populations III:  

Bestian 
et al. 
(2010) 

with CMB temperature floor 



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 ) 



Number of ionizing photons (>13.6eV) 
per baryon incorporated into stars: 

Massive, metal free stars 

Salpeter mass function 

Bromm, Kudritzki, & Loeb 2001, ApJ, 552, 464  

Metal free 



Bromm, Kudritzki, & Loeb (2001) 



•  IGM around the mini-halos 
hosting the first stars 

•  Supershells around starburst 
galaxies 

Dijkstra & Loeb 2008 

(i) Lya line center redshifted relative to 
other nebular/metal lines  

(ii) Asymmetric line profile towards red 
wing 

 backscattering from HI supershell 



High mass 
(Pop-III) stars 

Low mass 
(Pop-I/II) stars 

Atomic cooling (CII, OI)  

Dust, molecules (CO)  

Milky-Way halo metal-poor stars: 

but: 



First Galaxies Were Strongly Clustered on 
Scales of up to ~100 comoving Mpc  

Collapse threshold 

  z=20 



Munoz, Trac, & Loeb 2009 



First Galaxies Were Strongly Clustered on 
Scales of up to ~100 comoving Mpc  

Collapse threshold 

  z=10 

100 comoving Mpc 



Enrichment of Primordial Gas with  
Heavy Elements was Highly Inhomogeneous 

early enrichment 

late enrichment 

early enrichment 

 early Pop-III   late Pop-III   early Pop-III  



Zahn et al. 2006 

Z=8.16 

Z=7.68 

Z=6.89 

HI Density 

Trac, Cen, & Loeb 2008 

T(z) x_HI(z) PopII/Pop III 



Imprints of inhomogeneous reionization: 

•  The minimum virial temperature of galaxies was 
increased up to ~100,000K inside ionized regions 

•  Change in the clustering of galaxies (Babich & 
Loeb 2006; Wyithe & Loeb 2007) and the star 
formation rate density (Barkana & Loeb 2000) 



Loeb, arXiv:0811.2222, 2008 



Stellar mass seed requires ~billion years to 
grow to an SDSS quasar (              ) 

…But a billion year is the Hubble time at z~6, and 
feedback from star formation and quasar activity as well 
as BH kicks are likely to suppress continuous accretion… 



Gravitational Wave Recoil 



Gravitational Wave Recoil 

Anisotropic emission of gravitational waves  
momentum recoil 

GWs 



Gravitational Wave Recoil 

Recoil speed (~tens-4000 km/s) is independent of 
remnant black hole mass    low-mass halos may 
easily lose their low-mass seeds after several mergers  







 test particles with                  remain bound 



escape(dwarf) <<kick ~hundreds of km/s <<escape(MW) 

O’Leary & Loeb, arXiv:0809.4262  



Massive Black Hole Seeds: Suppressed Fragmentation 
in Galaxies Just Above the Atomic Cooling Threshold 

Add Bromm 

Numerical simulations: Bromm & Loeb 2002 

Recent work: Dijkstra et al. 2008; Regan & Haehnelt 2009 

Unusual environments:                                    ; binary black holes may form –LISA sources 



Collapse of  a Massive Star 
(accompanied by a supernova )  



             Existing finder: Swift;   Proposed: EXIST  
•  Key observational question: how to efficiently identify 

high-z GRBs ? 
•  Key theoretical question: Pop-III progenitors?  
•  Requirements:   sufficient angular momentum to make 

a disk around the central black hole & loss of 
progenitor’s envelope, so that central engine would still 
be active upon jet exit. Related issues: binarity, winds. 



A Bright Explosion 620 Million Years after the Big Bang  

z~8.3 



Detectability of Afterglow Emission Near the Lya Wavelength 
Photometric redshift identification: based on the Lya trough 

z=15 

z=5 
z=11 z=7 z=9 

JWST 
sensitivity 

Barkana & 
Loeb 2003 
astro-ph/0305470 



But associated DLAs hide Lya 
absorption from the IGM… 



Searches for high-z Galaxies: 
•  Lyman-break  
•      
•  Other lines (      , CO, CII, OI, He) 

Rybicki & Loeb 1999;   Dijkstra & Loeb arxiv:0711.2312  

Collapsing gas cloud 



Observing the Diffuse Gas 





Hydrogen 

spin 

e- 
p 

p 

p 

e- 

e- 

Ground level 

Spin Temperature 

excitation rate= (atomic collisions)+(radiative coupling to CMB) 
Couple            to       Couples           to  

Mapping the Cosmic Distribution of  



Observed wavelength distance 



Separating the Physics from the Astrophysics 



Testing gravity: measuring the 
gravitational growth of 
perturbations on small scales 
(not probed so far) which are 
still in the linear regime at 
high redshifts (1<z<15) 



absorption 

emission 

ionization 
fraction 

temperatures 

(Pritchard & Loeb 2008) 





Observatory Parameters 



Murchison Wide-Field Array:  21cm 
emission from diffuse hydrogen at z=6.5-15 

•  4mx4m tiles of 16 dipole antennae, 80-300MHz 
•  500 antenna tiles with total collecting area 8000 sq.m. at 

150MHz across a 1.5km area; few arcmin resolution 



When Was the Universe Ionized? 

•  Based on Lya forest at z<6 and CMB data 
Pritchard, Loeb, & Wyithe, arXiv:0908.3891 



The Next Decade Will be Exciting! 

•  Large-aperture infrared telescopes and radio 
arrays will image the galaxies as well as the 
diffuse cosmic gas during the epoch of 
reionization over the coming decade. (21cm 
brightness fluctuations are expected to be anti-
correlated with infrared galaxies during 
reionization). 

•  Adequate simulations of reionization will describe 
large (>100Mpc) boxes with high resolution for 
source identification.  





On small scales the universe is clumpy 

Mean 
Density 

Early times 

Intermediate  times 

Late times 



Collapse of  a Massive Star 
(accompanied by a supernova )  

Existing finder: Swift;   Proposed: EXIST (high-z GRBs) 

Key questions: Pop-III progenitors? (binarity, metal-free wind) 

GRB080319B –Visible to the naked eye at the edge of the Universe  



Mao et al. 2008 

Loeb & Wyithe 2008 (Tegmark 2008) 



Power-Spectrum Sensitivity 

SKA 
LOFAR MWA 

-1 

signal 

McQuinn et al. 2006 



Cooling Rate of Primordial Gas  

n=0.045 cm^-3 

Atomic 
cooling 

H_2 
cooling 



23.5pc 0.5pc 

Bromm & Loeb, 
astro-ph/0312456 

Resolving 
accretion 
flow down 
to ~0.03 pc 

Final stellar mass is feedback limited (radiation, wind) 



Probing Reionization with MW Satellites 

Munoz, Madau, Loeb & Diemand 2009 



Effect of Recoil on BH Growth and Feedback 
440 km/s 740 km/s 

Blecha & Loeb 
arXiv:0805.1420 

Only a 10% increase in 
BH mass 



Virial Temperature of Halos 

1-sigma 2-sigma 

3-sigma 

Atomic cooling 

H_2 cooling 



Line-of-Sight Anisotropy of 21cm Flux Fluctuations 

terms allow separation of powers 
Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & Ali, astro-ph/0401206 

Peculiar velocity changes  

 Power spectrum is not isotropic   (“Kaiser effect”) 

observer 



•  Terrestrial: radio broadcasting 
•  Galactic synchrotron emission  
•  Extragalactic: radio sources 



21cm Cosmology After 
Reionization? 

Damped Lya absorbers: 

 on 10cMpc 

Acoustic peak: constrain dark energy at 0<z<15 

z=5 z=3.5 

Wyithe & Loeb 2007 



Acoustic Oscillations 

•  Correlation across the radiation sound horizon, left over from 
coupling of gas to CMB at z>1000. 

•  Standard ruler- sensitive probe to contribution from dark energy at 
redshifts 0-200  

Inflation: t=0 

Gas is freed to fall into dark matter 
potential fluctuations at z~1000 

Wyithe & Loeb 2007; Barkana & Loeb 2005 



Weighting Neutrinos with a 21cm Survey at z<6 

Loeb & Wyithe 
arXiv:0801.1677 



From the Subaru Deep Field at z=6.6 

But subject to uncertianties due to 
detailed radiative transfer effects:                 
see Dijkstra et al, arXiv:astro-ph/0701667 

n



TIME Magazine cover story, 9/06 





Number of independent patches: 

while Silk damping limits the 
primary CMB anisotropies to 
only  

Noise due to foreground sky brightness: 





Computational Challenge for Simulations: 
Unusually Large Fluctuations in the Statistics of 

Galaxy Formation at High Redshifts 

L 

Bias in numerical simulations: 



Self-Regulated Star Formation 
Virial temperature < 10,000K 

 destruction by starlight (10.2<E<13.6 eV) 

Evaporation of gas cloud by photo-ionization 
heating to >10,000K 

As observed for local dwarf galaxies  

Virial temperature > 10,000K 



Binding Energy of Dark Matter Halos 

1-sigma 2-sigma 

3-sigma 

Supernova 



Wyithe & Loeb (2006) 

Galaxy/Quasar 

HI hole 

Cross-correlation between 21cm 
brightness and galaxy density 



Clustering 
of Lya 

Emitters 

McQuinn et al. 
arXiv:0704.2239 



The Imprint of Reionization on 
Galaxy Clustering 

Babich & Loeb 2006, ApJ, 640, 1 

Inhomogeneous photo-ionization heating to                            
modulates the minimum mass of galaxies on scales of tens of 
comoving Mpc 



degree arcsecond~Jeans scale 



So far, the hydrogen was only probed by quasars 

Fan et al. 2005 



GRB080319B at higher redshifts 

Bloom et al. 
arXiv:0803.3215 



         Cosmic Microwave Background (WMAP5) 

The polarization data indicates that the first stars must 
have formed 400 million years after the big bang, when 
the universe was only a few percent of its current age! 

Dunkley et al. 2008 



How do massive stars end their life? 

Heger et al. 2003 

Pair-
instability 
Supernova 



•  Mass function of dark matter halos:  N-body simulations.  
•  Minimum halo mass for star formation:                                
      200K – H2 cooling 
             K -- atomic H cooling 
             K --  assembly of gas from a photo-ionized IGM 
•   Star formation efficiency:       
•  # of ionizing photons/baryon in stars: 
    ~4000 – Pop I/II;    ~          -- Pop III (metal free) 

Star Formation 




