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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

(� 105M�)

The distribution of matter can be The distribution of matter can be 
mapped through:mapped through:

(i)(i) Surveys of galaxies Surveys of galaxies 

(ii)(ii) Surveys of the diffuse Surveys of the diffuse 
(intergalactic) gas(intergalactic) gas



Observing the StarsObserving the StarsObserving the StarsObserving the Stars



Observed Growth of Stellar Mass Budget

~1% at z~5

f_esc
ionizing 
photons 
per baryon       

cosmic 
variance

Labbe et al., arXiv:0911.1536



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

Prediction from Barkana & Loeb (2000):

Most SFR  at z>10 is in galaxies fainter than 1nJy! 
(AB>32.9 at 0.6-3.5 micron, ~10 x fainter than WFC3/IR sensitivity)



James Webb Space Telescope:Searching for the First LightSearching for the First Light

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 2009Turk, Abel, & O’Shea 2009



The Initial Mass Function of Stars
Populations I/II

Populations III: 

Bastian 
et al. 
(2010)

M� � c3s/G 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)

M� M� � 1053ergs



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 

Teff � 105K
L = LE ∝ M

M > 300M�

M > 100M�

� 100, 000

� 40, 000

Metal free

Z = 0.01Z�

� 7, 000

� 3, 500

Gain by up to a factor of ~30!Gain by up to a factor of ~30!



Bromm, Kudritzki, & Loeb (2001)

Spectral signature of PopSpectral signature of Pop--III stars:                                                 III stars:                                                 
strong UV continuum, helium recombination lines – such as 
1640A*(1+z), low metal abundance



Outflows Driven by Outflows Driven by LyaLya Radiation PressureRadiation Pressure

• IGM around the mini-halos 
hosting the first stars

• Supershells around starburst 
galaxies

Dijkstra & Loeb 2008

Mhalo = 10
6M�

M⋆ = 100M�

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

(ii) Asymmetric line profile towards red 
wing

���� backscattering from HI supershell



Threshold Threshold MetallicityMetallicity

Z
Zth

High mass 
(Pop-III) stars

Low mass 
(Pop-I/II) stars

Atomic cooling (CII, OI) ����

Dust, molecules (CO) ����

Zth � 10
�3Z�

Zth < 10
�5Z�

Milky-Way halo metal-poor stars: ZFe � 10
�5Z�

ZC,O > 10�3Z�but:



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

Collapse threshold

z=20



100 100 MpcMpc structure in the simulated structure in the simulated 
distribution of              galaxies at distribution of              galaxies at z=6z=61010M�

Munoz, Trac, & Loeb 2009



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

Collapse threshold

z=10

Challenges for  numerical simulations of Challenges for  numerical simulations of reionizationreionization::

*Resolving dwarf galaxies as sources of ionizing photons

*Simulation box >100 comoving Mpc on a side 

*Following gravity, hydrodynamics, radiative transfer and their interaction

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

ReionizationReionization



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)



The Race Between Stars and Quasars The Race Between Stars and Quasars 
in in ReionizingReionizingCosmic HydrogenCosmic Hydrogen

Loeb, arXiv:0811.2222, 2008



Nuclear Black HolesNuclear Black HolesNuclear Black HolesNuclear Black HolesNuclear Black HolesNuclear Black HolesNuclear Black HolesNuclear Black Holes

tE = M/M� = 4� 107(L/LE)
(�/10%)yearsL = �M� c2

M ∝ exp{t/tE}

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…

109M�



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
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Star Clusters Around Recoiled Black Holes Star Clusters Around Recoiled Black Holes 
in the Milky Way Haloin the Milky Way Halo

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 2003

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

R < 1pc

M1 � 2.2 � 106M�

M2 � 3.1 � 106M�

� = 0.05

H2 suppressedUnusual environments:                                    ; binary black holes may form –LISA sources



Long GammaLong Gamma--Ray Bursts: Ray Bursts: Observing One Star at a TimeObserving One Star at a Time

Collapse of  a Massive Star 
(accompanied by a supernova )



HighHigh--RedshiftRedshiftGammaGamma--Ray BurstsRay Bursts

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=7z=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)H�

Ly�

A future frontierA future frontier: polarized              halosLy�

Rybicki & Loeb 1999;   Dijkstra & Loeb arxiv:0711.2312 

Collapsing gas cloud



Observing the Diffuse GasObserving the Diffuse GasObserving the Diffuse GasObserving the Diffuse Gas



21cm Mapping of Cosmic History21cm Mapping of Cosmic History



Hydrogen

spin

e-
p

p

p

e-

e-

Ground level

21cm = (1.4GHz)�1

0s1/2

1s1/2

n0

n1 =
g0

g1 exp{� Ts

0.068K} (g1/g0) = 3Spin Temperature

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

PredictedPredictedby Van de Hulst in 1944; ObservedObserved by Ewen &Purcell in 1951 at Harvard

Mapping the Cosmic Distribution of 



21cm Tomography of Ionized Bubbles During Reionization is like

Slicing Swiss CheeseSlicing Swiss Cheese

Observed wavelength���� distance

H IIH II H IH I

21cm � (1 + z)



Separating the Physics from the Astrophysics

•• Before the first galaxies (z>25):Before the first galaxies (z>25):mapping of density 
fluctuations through 21cm absorption

•• During During reionizationreionization:: anisotropy of the 21cm power 
spectrum due to peculiar velocities

•• After After reionizationreionization(z<6):(z<6):dense pockets of residual 
hydrogen (DLAs) trace large scale structure

Physics:Physics:initial conditions from inflation;             
nature of dark matter and dark energy

Astrophysics:Astrophysics:consequences of star formation

Three epochs:Three epochs:



Testing gravity:Testing gravity:Testing gravity: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)



ExperimentsExperiments
* MWA (Murchison WideMWA (Murchison Wide--Field Array)Field Array)

MIT/U.Melbourne,ATNF,ANU/CfA/Raman I.

* LOFAR (LowLOFAR (Low--frequency Array)frequency Array)

Netherlands

*21CMA (formerly known as PAST) PAST) 

China

* GMRT  (Giant GMRT  (Giant MeterwaveMeterwaveRadio Telescope)Radio Telescope)

India/CITA/Pittsburg

* PAPERPAPER

UCB/NRAO

* SKA (Square Kilometer Array)SKA (Square Kilometer Array)

International



Observatory Parameters

Status:Status:Status:Status:Status:Status:Status:Status: analogous to CMB analogous to CMB analogous to CMB analogous to CMB 
research prior to COBEresearch prior to COBEresearch prior to COBEresearch prior to COBE



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 Promises to  be Exciting!

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

• Adequate simulations of reionization are starting 
to employ sufficiently large (>100Mpc) boxes with 
sufficient spatial resolution to properly identify  
the ionizing sources. 




