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On small scales the universe is clumpy
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Current Composition of the Universe

Silk damping of smallSilk damping of small--scale scale fluctuatonsfluctuatons in the baryonin the baryon--photon photon 
fluid prior to cosmic recombination  implies that galaxies couldfluid prior to cosmic recombination  implies that galaxies could
not have formed in our Universe without dark matter!not have formed in our Universe without dark matter!



The First Dark Matter Objects in the Universe

Smallest dark matter clumps: 
~0.1 Jupiter mass

Loeb & Zaldarriaga, 
astro-ph/0504112

Diemand, Moore & Stadel
astro-ph/0501589 



Emergence of the First Star Clusters

molecular 
hydrogen in 
Jeans mass 
objects 

Yoshida et 
al. 2003
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Observing the Cosmic 
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
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Sources of 21cm fluctuationsSources of 21cm fluctuations
Density inhomogeneties (Loeb & Zaldarriaga 04) and peculiar velocities (Barkana & Loeb 04)   
Ionized bubbles (Madau,Meiksin &Rees 1997;Furlanetto et al. 2004; Gnedin & Shaver 2003) 
Emision from mini-halos (Iliev, Shapiro, et al. 2002)                                         
Fluctuations in Lya flux, and gas temperature  (Barkana & Loeb 2004) 





21 cm Absorption by Hydrogen Prior to Structure Formation21 cm Absorption by Hydrogen Prior to Structure Formation

Loeb & Loeb & ZaldarriagaZaldarriaga, Phys. Rev. , Phys. Rev. LettLett., 2004; ., 2004; 
Scott & Rees, MNRAS, 1990Scott & Rees, MNRAS, 1990

Observed wavelength=21cm (1+z)  3D tomography (slicing the universe in redshift )
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Fluctuations in Fluctuations in 
21cm brightness are 21cm brightness are 
sourced by sourced by 
fluctuations in gas fluctuations in gas 
densitydensity



Largest Data Set on the SkyLargest Data Set on the Sky

Loeb & Loeb & ZaldarriagaZaldarriaga, Phys. Rev. , Phys. Rev. LettLett., 2004; astro., 2004; astro--ph/0312134ph/0312134

Number of independent patches:
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while Silk damping limits the 
primary CMB anisotropies to 
only ø 107

Noise due to foreground sky brightness:



21cm Tomography of Ionized Bubbles During Reionization is like

Slicing Swiss CheeseSlicing Swiss Cheese

Observed wavelength distance

H IIH II H IH I

21cm â (1 + z)



Zahn et al. 2006

Z=8.16

Z=7.68

Z=6.89

HI Density 21cm Brightness

Mellema et al. 2006



ExperimentsExperiments
*MWA (MWA (MileuraMileura WideWide--Field Array)Field Array)

MIT/ATNF/CfA

*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



Mileura 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



Primary challenge: foregroundsPrimary challenge: foregrounds
• Terrestrial: radio broadcasting
• Galactic synchrotron emission 
• Extragalactic: radio sources                       

(Di-Matteo et al. 2004)

Although the sky brightness (>10K) is much larger than the 21cm Although the sky brightness (>10K) is much larger than the 21cm 
signal (<10mK), the foregrounds have a smooth frequency dependensignal (<10mK), the foregrounds have a smooth frequency dependence ce 
while the signal fluctuates rapidly across small shifts in frequwhile the signal fluctuates rapidly across small shifts in frequency ency 
(=(=redshiftredshift). Preliminary estimates indicate that the 21cm signal is ). Preliminary estimates indicate that the 21cm signal is 
detectable with the forthcoming generation of lowdetectable with the forthcoming generation of low--frequency arrays frequency arrays 
((ZaldarriagaZaldarriaga et al. astroet al. astro--ph/0311514; Morales & Hewitt astroph/0311514; Morales & Hewitt astro--ph/0312437ph/0312437))



Power-Spectrum Sensitivity

SKA
LOFAR MWA
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McQuinn et al. 2006



Observing the Stars



Hubble Ultra Deep Field (HUDF)



James Webb Space Telescope (successor to Hubble Space 
Telescope): Searching for the First LightSearching for the First Light

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 



Wyithe & Loeb (2006)

Galaxy/Quasar

HI hole

Cross-correlation between 21cm 
brightness and galaxy density



The Correlation Between Unresolved 
Star Formation and 21cm Emission 

During the Reionization Epoch

Wyithe, Loeb, & 
Schmidt 2007

Space-based



Clustering 
of Lya

Emitters

McQuinn et al. 
arXiv:0704.2239

http://arxiv.org/abs/0704.2239v2


x i < 0:5at2 à û
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

http://arxiv.org/abs/astro-ph/0701667v2


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

ø 104K



The Imprint of Reionization on 
Galaxy Bias

Because of the modulation in the minimum galaxy mass, gas is 
converted into stars later in overdense regions (reionized earlier)

Wyithe & Loeb, arXiv:0706.3744





Enough about the past…
what does the future hold?



The Long Term Future of Extragalactic Astronomy

us

c

Accelerating

source

All galaxies beyond a redshift of z=1.8 are already outside our 
horizon (no cell phone communication to z>1.8!).            (Loeb 2001)



How many galaxies will reside within 
our event horizon in 100 billion years?

Answer: one surrounded by vacuum

The merger product of the 
Andromeda and Milky-Way 



The Forthcoming Collision Between the The Forthcoming Collision Between the 
MilkyMilky--Way and AndromedaWay and Andromeda

• The merger product is the only cosmological object 
that will be observable to future astronomers in 100 
billion years

• Collision will occur during the lifetime of the sun,
• The night sky will change
• Simulated with an N-body/hydrodynamic code (Cox 

& Loeb 2007)
• The only paper of mine that has a chance of being 

cited in five billion years…







The Future Collision between the The Future Collision between the 
Milky Way and Andromeda Milky Way and Andromeda 

GalaxiesGalaxies



The Last Billion Years of Star 
Formation in the Visible 

Universe



Summary
• 21cm brightness fluctuations are expected to be anti-

correlated with infrared galaxies during reionization
• Lya galaxies should show excess clustering due to a 

neutral IGM (but subject to radiative transfer effects in 
the infall region around them)

• Light from unresolved Lya galaxies should also be anti-
correlated with 21cm fluctuations but its detection is 
challenging 

• Reionization leaves an imprint on the clustering of star-
forming galaxies at intermediate redshifts. This 
compromises the use of galaxy surveys for precision 
cosmology (e.g. inflation,acoustic oscillations/dark 
energy).
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