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T21 ~ -0.5K at Z~17EDGES
21cm = 1,420 MHz



Initial conditions 
forming first 
stars/galaxies
are known!



quasar

Lyman-a Absorption of Quasar



Precision measurements of
reionization

made by 
CMB experiments
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Theoretical prediction of the reionization

Ng&Ng ApJ 96

Reionization bump
Damping e-𝜏

Optical depth 𝞽

Optical depth 𝝉
(from z=0 to the 
last scattering 
surface at 
z=1090)



Zreionization ~  20 (too big to be true?) 



Planck CMB Power Spectra 2015



Best-fit  6-parameter 
ΛCDM model   2015

Density perturbation (scalar)

• The 5 parameters determine the initial conditions for the formation of 
first stars/galaxies

• The optical depth 𝝉 (from z=0 to the last scattering surface at 
z=1090) constrains the process of reionization by first stars/galaxies



History of the ionization fraction 
of hydrogen atom

recombinationreionization





Atomic Hydrogen (HI) 21cm Emission

(1420 MHz)

n=1

Hyperfine splitting



TR~TCMB



Wouthuysen-Field Effect

n=1

n=2

how to populate 
the “u” and “l”
states 

-1 -1 -1 -1



Temperatures versus redshift without first stars

Tgas

TCMB

TCMB > Ts > Tgas



gas heated up by first stars



Experiment to 
Detect the 
Global 
Epoch of reionization 
Signature

@ Western Australia



signals (21-cm absorption) +
foreground (Galactic synchrotron emission) +
noise (instrument)

remove foreground remove foreground and signal

recovered 
signal (S/N=37) d + c
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After removing foreground

(Fig. a).

(Fig. c).



at z=17.2 at 99% C.L.



EDGES 21-cm absorption signal 

Theoretical expectation
3.8 𝞼 above measured



(Tgas)

(21-cm emission)



21-cm Angular Power Spectrum



On-going and

?



Secondary CMB anisotropy and B-mode polarization 
due to patchy reionization

Smith, Ferraro 16 Dvorkin, Hu, Smith 09

kinematic 
Sunyaev-Zel’dovich

lens – lensing of E-mode polarization
scr – screening of E-mode polarization
sca – scattering of quadrupole anisotropy

Can be correlated to
21-cm sky fluctuations

Guo-Chin Liu et al. 2001



Extended sources:
CMB versus 21cm

• λmax= 1cm
• l pol. peak = 1000 
• Shortest baseline = 

160 cm
• Biggest dish size  = 

160 cm (increase 
sensitivity)

• FoV=1/160 
• Single-dish focal 

plane array to 
increase FoV 

• λmax= 210 cm (z=10)
• l peak = 4000 
• Shortest baseline = 

1.34 km
• Dish size = 2.1 m (say, 

determined by budget)

• FoV=1/10
• Dipole or phased 

array to increase FoV

CBI
AMiBA



2006
John Mather
George Smoot

1978
Arno Penzias
Robert Wilson

Plus many other 
experiments!!

AT&T Bell

NASA

NASA

CMB Milestones

2010
Charles Bennett
Lyman Page
David Spergel

ESA    Planck2013

Plus many ground-
based experiments


