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Surprises could signal unexpected 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…





On small scales the universe is clumpy

Mean 
Density

Early times

Intermediate  times

Late times



Evidence that Most Matter is EM DarkEvidence that Most Matter is EM Dark

Diffusion damping of smallDiffusion damping of small--scale scale fluctuatonsfluctuatons in the baryonin the baryon--

photon fluid prior to cosmic recombination  implies that galaxiephoton fluid prior to cosmic recombination  implies that galaxies s 

could not have formed in our Universe without dark matter!could not have formed in our Universe without dark matter!



The First Dwarf Galaxies Form at z~30

molecular 
hydrogen in 
Jeans mass 
objects 

Yoshida et 
al. 2003
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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



Hubble Ultra Deep Field (HUDF)



Searching for the First Galaxies:Searching for the First Galaxies:
James Webb Space Telescope

Launch date: 2013

Mirror diameter: 6.5 
meter

Material: beryllium

18 segments

Wavelength coverage: 
0.6-28 micron

L2 orbit



Extremely Large Telescopes (20-40 meters)

• GMT=Seven mirrors, each 8.4m in diameter

• TMT, EELT – segmented 20-40m aperture 



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
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Cooling Rate of Primordial Gas

n=0.045 cm^-3

Atomic 
cooling

H_2 
cooling



Virial Temperature of Halos

1-sigma 2-sigma

3-sigma

Atomic cooling

H_2 cooling



Massive Accretion by PopMassive Accretion by Pop--III ProtoIII Proto--StarsStars

23.5pc 0.5pc

Bromm & Loeb, 
astro-ph/0312456

Resolving 
accretion 
flow down 
to ~0.03 pc
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Final stellar mass is feedback limited (radiation, wind)



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

!7850 & "#9!"

!) & "##!"

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

(ii) Asymmetric line profile towards red 
wing

!!!! backscattering from HI supershell



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



How do massive stars end their life?

Heger et al. 2003

Pair-
instability 
Supernova



Threshold Threshold MetallicityMetallicity

.
./0

High mass 
(Pop-III) stars

Low mass 
(Pop-I/II) stars

Atomic cooling (CII, OI) !!!!

Dust, molecules (CO) !!!!
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Milky-Way halo metal-poor stars: .23 ! "#$$."

.4-5 , "#$*."but:



Early Galaxies:Early Galaxies: ParametrizingParametrizing Our IgnoranceOur Ignorance

• 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)
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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 is 

likely to suppress continuous accretion, and also…
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Massive Black Hole Seeds: Suppressed Fragmentation 
in Galaxies Just Above the Atomic Cooling Threshold

Add Bromm

Low-spin systems: Eisenstein & Loeb 1995; Numerical simulations: Bromm & Loeb 2002

8 1 "A4

!" ! (#( & "#9!"

!( ! *#" & "#9!"

9 & ###$

:( ?BAA1:??:CUnusual environments:                                    ; binary black holes may form –LISA sources



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



First Galaxies Were Strongly Clustered on 

Scales of up to ~100 comoving Mpc

Collapse threshold

z=20



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 



Searches for high-z Galaxies:

• Lyman-break 

•

• Other lines (      , CO, CII, OI, He)3;

D>;

A future frontierA future frontier: polarized              halosD>;

Rybicki & Loeb 1999;   Dijkstra & Loeb arxiv:0711.2312 

Collapsing gas cloud



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 )

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

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



GRB080319B at higher redshifts

Bloom et al. 
arXiv:0803.3215



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





So far, the hydrogen was only probed by quasars

Fan et al. 2005



21cm Mapping of Cosmic History21cm Mapping of Cosmic History



Hydrogen
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excitation rate= (atomic collisions)+(radiative coupling to CMB)
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PredictedPredicted by 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

("4+ & !" H @%



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:



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & Ali, astro-ph/0401206

Peculiar velocity changes 

!!!! Power spectrum is not isotropic   (“Kaiser effect”)
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Counting  Modes in Cosmological SurveysCounting  Modes in Cosmological Surveys

Mao et al. 2008

Loeb & Wyithe 2008 (Tegmark 2008)



absorption

emission

ionization 
fraction

temperatures

(Pritchard & Loeb 2008)



21 cm Absorption During the Dark Ages21 cm Absorption During the Dark Ages

Loeb & Loeb & ZaldarriagaZaldarriaga, Phys. Rev. , Phys. Rev. LettLett., 2004., 2004
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Fluctuations in 21cm Fluctuations in 21cm 

brightness are sourced by brightness are sourced by 

fluctuations in gas density fluctuations in gas density 

(no Silk damping)(no Silk damping)

degree arcsecond~Jeans scale



Zahn et al. 2006

Z=8.16

Z=7.68

Z=6.89

HI Density 21cm Mapping of Epoch of Reionization

Mellema et al. 2006

Trac, Cen, & 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 MeterwaveMeterwave Radio Telescope)Radio Telescope)

India/CITA/Pittsburg

*PAPERPAPER

UCB/NRAO

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

International



Murchison Wide-Field Array: mapping 

cosmic hydrogen through its 21cm emission

• 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



Power-Spectrum Sensitivity

SKA

LOFAR MWA

-1

signal

McQuinn et al. 2006



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
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Babich & Loeb 2006, ApJ, 640, 1

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

! "#;.



Highlights

• Large-aperture infrared telescopes and radio arrays will 
probe reionization over the coming decade.

• Simulations of reionization require large (>100Mpc) 
boxes and high resolution for source identification. 

• 21cm brightness fluctuations are expected to be anti-
correlated with infrared galaxies during reionization

• Reionization leaves an imprint on the clustering of star-
forming galaxies at intermediate redshifts. This might 
compromise the use of these galaxies for precision 
cosmology (e.g. acoustic oscillations/dark energy).


