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simulation by B. Ciardi, et al.

fluctuations in the 21 cm temperature
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21 cm Lensing Preliminaries 

assumption: redshift or frequency slices are statistically independent

limitations: number of independent redshift slices
   observations are hard
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Two Sources of Error in the Shear and Convergence Estimators

Foreground Noise - 

 Noise from instrumental and foreground sources.  

 Depends on parameters of the telescope, observation strategy

Intrinsic Noise - 

Set by the number of independent redshift or frequency slices.
  
Depends on reionization history of the universe and telescope  
       resolution

 
Reached when the brightness temperature is accurately 
   mapped within each band.



Planned Experiments
MWA-LFD - Mileura Widefield  Array Low frequency demonstrator
 D = 1.5 km    Δθmin ~  5.5’ (1+z)/(1+10)
 fcover ~ 0.005 

21CMA (aka PAST) -  21 cm Array
 core size D ~ 0.3 km   Δθmin ~  10’ (1+z)/(1+10)
 fcover ~ 0.008

LOFAR - Low Frequency Array
 Dmax ~ 300 km
 core size D ~ 2 km   Δθmin ~  4’ (1+z)/(1+10)
 fcover ~ 0.016  

SKA - Square Kilometer Array
 Dmax ~  3,000 km
 inner core size D ~ 1 km   Δθmin ~  7.9’ (1+z)/(1+10)
 fcover ~ 0.03

  outer core size D ~ 6 km   Δθmin ~  1.3’ (1+z)/(1+10)
 fcover ~ 0.015  
    

Straw Models

LOFAR-like

D = 2 km
fcover ~ 0.016
uniform telescope 
distribution
ν > 0.11 GHz
z < 11.5

SKA-like

D = 6 km 
fcover = 0.02
uniform telescope 
distribution
ν > 0.10 GHz
z < 13



telescope like the core array of LOFAR

30 days of observations
90 days of observations

Convergence Power Spectrum Estimation 
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spectruml 

10% of the sky surveyed

D = 2 km with covering fraction of 1.6% νmin = 110 Mhz
reionization at z=7
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30 days of observations
90 days of observations

Convergence Power Spectrum Estimation 
telescope like the core array of SKA

sample variance limited region

10% of the sky surveyed

D = 6 km with covering fraction of 2% νmin = 100 Mhz
reionization at z=7
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3 dimensional matter power spectrum 

wave number (1/Mpc) wave number (1/Mpc)
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LOFAR-like telescope SKA-like telescope

Measuring the expansion history of the universe
     uncorrelated modes of the structure growth function 

signal-to-noise for first 20 modes signal-to-noise for first 20 modes
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Constraints on Dark Energy

DUNE-like 
galaxy lensing 
survey

Tomographicly combined data 
from both surveys 

SKA-like lensing survey
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Table 1. Forecast constraints on cosmological parameters for full sky surveys. All constraints scale with sky coverage as f
!1/2
sky except

that the dark energy figure of merit, FOM, scales as fsky . The quantities in parentheses are the marginalized uncertainties for constant
w (wa = 0). Both the high redshift 21 cm emission and the lensed galaxy population are assumed to have been binned into ten disjoint
redshift intervals when making the corresponding parameter estimates.

lnA ns ! "! wo wa FOM
assumed values -9.6 (!8 = 0.75) 1 0.19 0.3 -0.95 0

LOFAR-3yr 0.11 0.017 0.0059 0.016 0.77 (0.27) 4.5 0.8

SKA-3yr 0.0061 0.00093 0.00033 0.0019 0.035 (0.021) 0.27 171

LOFAR-3yr 0.017 0.0029 0.00093 0.00066 0.0094 (0.0093) 0.10 1030
+ galaxies

SKA-3yr 0.0040 0.00055 0.00022 0.00033 0.0057 (0.0057) 0.052 3384
+ galaxies

galaxy lensing 0.056 0.0063 0.0031 0.00084 0.017 (0.015) 0.39 165

Table 2. As Table 1 except that the sky coverage of the 21 cm lensing surveys is taken to be 10% and that of the galaxy lensing survey
to be 48%.

lnA ns ! "! wo wa FOM
assumed values -9.6 (!8 = 0.75) 1 0.19 0.3 -0.95 0

LOFAR-3yr 0.034 0.0056 0.0017 0.0011 0.016 (0.016) 0.19 341
+ galaxies

SKA-3yr 0.011 0.0015 0.00060 0.00071 0.012 (0.011) 0.13 675
+ galaxies

galaxies 0.080 0.0090 0.0045 0.0012 0.026 (0.022) 0.57 80

c! 0000 RAS, MNRAS 000, 000–000

Cosmological parameter estimation

errors  are 
marginalized 
over all other 
parameters21 cm lensing survey - 10% of sky         galaxy lensing survey - 50%

dark energy density                                                           flat universe 

       dark energy equation of state                       power spectrum shape parameter

slope of the primordial density powers spectrum                  independent of:

normalization of the primordial power spectrum                             Hubble parameter 
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The Importance of Reionization History

- The earlier reionization happens the fewer independent redshift.

- Strong non-Gaussianity in temperature during reionization

Complications:

Foreground subtraction

- Galactic synchrotron radiation is ~ 5 orders of magnitude larger
 than the signal.

- Terrestrial interference

- Pose no more difficulty to lensing than it does to making 
temperature maps



Conclusions:
- Gravitational lensing can be measured in the low frequency radio  
 data by stacking up the signal from many statistically 
 independent redshift slices

- Many cosmological parameters could be measured with more 
 precision than with any other proposed method

- need sky coverage 
- need wide frequency, or redshift, range before the 
  completion of reionization  

- A telescope like the core of LOFAR should be able to measure 
 gravitational lensing 

- An SKA-like telescope should be able to map dark matter on 
 arcminute scales if the reionization history of the 
  universe is favorable.
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