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The History of Hydrogen Gas 

Image: Scientific American 2006 
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21 cm power spectrum vs. redshift 

Pritchard & Loeb 2008 

Dark Energy and structure 

Inflationary physics 

Reionization/dark ages 

Synch. spectrum 



21-cm observations are three 
dimensional and can cover 
huge co-moving volumes 



Data from 
Parkes 

Telescope 
NGC 3419 

Milky Way 



21 cm galaxy images,  
Form the VIVA project. 

Very  Large Array 



Alfalfa redshift survey 

Large scale structure matches 
optical surveys 



Baryon Acoustic Oscillations – Dark 
Energy Probe 

•  CMB acoustic 
oscillations: 
imprinted 
standard ruler, 
400 Mly. 

WMAP5	  and	  other,	  Nolta	  et	  al	  (2008)	  



Baryon Wiggles 
Detected by 

SDSS and 2df 

Eisenstein etal 2009 



Spherical Shell in 3d 
correlation space. 



Intensity Mapping 

•  Sethi, 2005 
•  Chang, Pen, JP, McDonald 2008 
•  Loeb, A. & Wyithe 2008 





Green Bank Telescope 
West Virginia 

• DEEP2 Fields 2,4 
deg x 0.5 deg 
fields 

• 50 hours 
observation at z=1 
• 10 hours at z=1.5 

• 15 arcmin angular 
resolution at z=1 
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Raw spectra 
GBT  

(pre-June 2009) 

Analysis: 
– Deal with instrument 

instabilities 
– Remove RFI 
– Remove Foregrounds 

•  Galactic Synchrotron 





21cm – DEEP2 cross correlation 

Chang, Pen, Bandura, JP, 2010 



Results from GBT 

•  2 x 10^14 solar masses HI detected at 
z~0.8 

•  Omega HI ~4.5 10^-4 
•  Intensity Mapping seems productive 



Current program 
at GBT 

-Attempt to detect 21 cm structure  
without use of optical survey 

-Sweep Horizontally across 
Wigglz fields, rising, setting and transit 

-Use CMB cross linked imaging algorithm 

-Use PCA to remove modes with common 
Freq. structure. 

-Residual rms about twice the expected 
21 cm signal. 



Arecibo RFI 



CMU 800 MHz feed at Arecibo 



Use compact feed to fill 
the first fresnel zone of 

the spherical surface 



Parameters 
of CRT  

•  Aperture filling: ~50% 
•  Size: 50-100 m 
•  Sky coverage:  >10,000 sq degrees 
•  Number of data streams: 64-8,000 
•  Freq Range: start at ~700 MHz, allow 

300-1500 
•  Instantaneous Bandwidth 100 MHz 
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Simulated Results 

N. Gnedin                                R. Ansari, etal           







Other Science Goals for CRT 

•  Pulsar Search 
•  Map Magnetic Fields via 

Rotation Measure 
•  SETI 
•  Stepping stone for HERA 
•  Cutting-edge high-throughput 

radio astronomy 



CMU	  cylinders	  in	  opera>on:	  	  
	  J.	  Peterson,	  K.	  Bandura,	  U-‐L	  	  Pen,	  K.	  Sigurdson,	  U	  
Seljak	  











Antenna and LNA 



Correlaltion computer 
(Sigurdson) 
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Sun Galactic HI, order zero 

Galactic HI, order one 

Frequency step 100 kHz 

Radio Source 
residual 

































Next steps for CRT 

•  3 Cylinders 15x30 m in China 
•  Use existing 40 chan. Correlator 
•  512 chan. Correlator proposed to NSF ($2M) 
•  Map 21 cm Large Scale structure at z~1, Attempt to 

measure 21 cm velocity distortions and BAO 
•  Demonstrate successful foreground subtraction 
•  Choose a site for full CRT 
•  Full Funding ($20M) 



Possible Sites for CRT 



Conclusions. 
•  21cm intensity mapping is a very promising tool for 21st century 

cosmology 
•  Foregrounds are bright but can be removed. 
•  Intensity Mapping: without detecting individual galaxies, large 

structures may be detectable.  
•  We report detection of HI emission with GBT at z~0.8 
•  Baryon Acoustic Oscillations – geometric measure of the 

universe and dark energy 
•  21 cm particularly useful in the optical redshift desert z = 1-3. 
•  Cylinder telescopes are a promising technology. 
•  Cylinder Prototype built, working, observations beginning.  
•  Next step in China. 


