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Overview
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Epoch of Reionization



HI during EoR
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EoR power spectrum
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Spherical symmetry
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Symmetry separation
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EoR k-space coverage

Survey speed with compact antenna distribution

Table 1.

At|dA At|NA
dA|At B |u| t

Power Spectrum S/N A2
t A

3/2
t (dA)−1/2 ∝ FOV B1/2 |u| n̄(|u|) t

Note. — This table lists the scaling relationships of the key equations. In order, the variables in each column are: total array area
holding the size of each antenna constant At|dA (adding antennas), total array area holding the number of antennas and distribution
constant At|NA

(increasing antenna size), the size of each antenna with the total array area held constant dA|At (dividing area into more
small antennas), the total bandwidth B, the sensitivity as a function of wavenumber length |u|, and the total observing time t.

Morales (2005)



Bowman, Morales & Hewitt (2005)

0

1

2

3

4

5

6

7

8
x 10

8

P
 [

J
y

2
 H

z
2
]

0

1

2

3

4

5

6

7

8
x 10

8

10
-3

10
-2

10
-1

10
0

10
1

10
-1

10
0

10
1

10
2

10
3

k [M pc
-1

]

(k
3
 P

 /
 2
!

t2
)1

/2
 [

M
p

c
-3

/2
 J

y
 H

z
]

10
-3

10
-2

10
-1

10
0

10
1

10
-1

10
0

10
1

10
2

10
3

Power spectrum

z = 8, 360 hours of integration



MWA sensitivity vs. redshift
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MWA vs. MWA5000
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McQuinn

Power spectrum dynamics



PS dynamics

Alvarez



PS dynamics

Alvarez



PS dynamics

Alvarez



Dark energy with HI

Wyithe & Loeb (2007)

4 Wyithe & Loeb
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Figure 1. Models for the reionization of the IGM and the subsequent post-overlap evolution of the ionizing radiation field. In each panel
two cases are shown, corresponding to different values for the critical overdensity prior to the overlap epoch (∆c = 5, thin dark lines;
and ∆c = 20, thick grey lines). We show the cases for the mean IGM with δ = 0. Upper Left Panel: The ionization rate as a function
of redshift. The observational points are from Bolton et al. (2007b). Upper Right Panel: The volume (lower curves) and mass (upper
curves) averaged fractions of neutral gas in the universe. Also shown (dotted lines) is the fraction of the IGM yet to overlap (1−Qi). The
observational points for the volume averaged neutral fraction are from Bolton et al. (2007b), while the observed mass-fractions are from
the damped Lyα measurements of Prochaska et al. (2005). Lower Left Panel: The mean-free-path for ionizing photons computed using
the formalism in § 2. The data points are based on Storrie-Lombardi et al. (1994). Lower Right Panel: The evolution of the mean 21cm
brightness temperature (in mK) with redshift (solid lines). For comparison, the fraction of IGM yet to overlap (1− Qi) is overplotted.

may then be written as

dnγ

dt
= f",escNγ

dF
dt

(z)ρb, (7)

where ρb is the co-moving mass-density of baryons.

3 RESULTS

Figure 1 shows example models for the reionization of the
IGM and the subsequent post-overlap evolution of the ion-
izing radiation field. Two cases are shown, corresponding
to two different values for the critical overdensity prior to
the overlap epoch (∆c = 5 and ∆c = 20), with values of
f",esc = 0.0048 and f",esc = 0.0038 respectively. These cases
do not represent the best fit to the data, but rather bracket
the range of the overlap epoch redshifts (6 ! z ! 7) for
which our model is consistent with observations at z ! 6
(without invoking an additional population of more massive
stars at high redshift; e.g. Wyithe & Loeb 2003). The ex-
amples have different values of ∆c, and thus illustrate the
mild dependence of our results on this unknown parame-
ter. We note that the values of f",esc required for our model
to reproduce existing observations are in excellent agree-
ment with external considerations. In particular our value
of f",esc ∼ a few ×10−3 corresponds to product of recent

estimates for the escape fraction (a few ×10−2; Gnedin,
Kravtsov, & Chen 2007), with estimates of the average star-
formation rate (∼ 10−1 from the ratio between the mass den-
sity in stars and baryons; Fukugita, Hogan & Peebles 1998).

In the top left panel of Figure 1 we show the evolution
of the ionization rate. The observational points are from
the simulations of Bolton et al. (2007b; based on the obser-
vations of Fan et al. 2006). In the top-right panel we plot
the corresponding volume (lower curves) and mass (upper
curves) averaged fractions of neutral gas in the universe.
Also shown (dotted lines) is the fraction of the IGM yet
to overlap (1 − Qi). The redshift where these curves drop
to zero is normally quoted as the redshift of reionization,
and these curves correspond approximately to the standard
semi-analytic calculation (e.g. Haiman & Loeb 1997). How-
ever our formalism allows for the calculation of both mass
and volume averaged neutral fractions to lower redshifts.
The observational points for the volume averaged neutral
fraction are from Bolton et al. (2007b), while the observed
mass-fractions are from the damped Lyα measurements of
Prochaska et al. (2005), and therefore represent lower limits
on the total HI content of the IGM. Both curves show excel-
lent agreement with these quantities, despite their differing
by 3 orders of magnitude. In the lower left panel we plot the
evolution of the ionizing photon mean-free-path. The data

c© 0000 RAS, MNRAS 000, 000–000
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Part 2:  making it work



Faint point sources

Galactic emission

Radio recombination lines

RFI

Others!

Foregrounds



325 MHz polarized flux, 6° x 6°,
4’ beam, 5 K peaks (de Bruyn)

Lonsdale (2004)

Ionosphere & Polarization



Astrophysical foregrounds



Galactic emission



Bright sources

Subtract bright 

sources–

deconvolution 



Bowman et al. (2008)

Bowman (2007) & 

Bowman et al. (2008)

Subtraction of 

confusion level 

sources with freq. 

dependent effects 

for MWA.

Confusion level 
sources



Symmetry separation
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Morales, Bowman & Hewitt (2006)



Morales, Bowman & Hewitt (2006)

Signal extraction



〈Ps(η)〉 = 2ΘdΩB2

[

σ2
a

π2η4
+

σ2

b

π2η2
+ σ2

c′δ
k(η)

]

∆S(f) = ∆a df2 + ∆b df + ∆c

Signal extraction



Signal extraction
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Observational foregrounds

RF Environment



Western Australia

Very radio quiet



Western Australia

Very radio quiet



Ionospheric calibration

Up to 1500 sources with known location, fit every 8 seconds ! rubber sheet

(Doeleman, Ting)



Ionospheric calibration

Up to 1500 sources with known location, fit every 8 seconds ! rubber sheet

(Doeleman, Ting)



Mode mixing

Chromatic array beam (PSF) & residual 

source flux, residual frequency ripple

Polarized foreground & polarization mis-

calibration, flux leakage from Q & U " I

Antenna beam dependence & point 

sources, decorrelation of visibilities at 

different frequencies
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Position

Mis-subtracted
source

Representative
line of sight !



Mode mixing

If both instrumental response and foregrounds were spectrally 
smooth, subtraction would be straight!forward

Frequency dependent instrumental e"ects mix the position!
dependent foreground into a frequency ripple

Measurement fidelity of 10!4 # 10!6, via combination of:

Calibration

Determination of foreground

Can be either calibration and/or measurement of foreground, it 

is the product that is important
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Radio k-space sensitivity
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1st gen. radio noise sensitivity
k

k

max baseline1/FOV

1/freq. res.

cosmic
evolution
  z = 0.5

k

k

ang. resolution1/FOV

1/redshift
resolution

cosmic
evolution
  z = 0.5

k

k

k

k

Foregrounds

k

k

Narrowband Lya

R
ad

io

k

k

R
ad

io

k

k

R
ad

io

k

k

R
ad

io

Short baselines



Radio foreground limitations
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OIR k-space sensitivity
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Narrowband Ly!
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‘Photo-z’ OIR
k

k

max baseline1/FOV

1/freq. res.

cosmic
evolution
  z = 0.5

k

k

ang. resolution1/FOV

1/redshift
resolution

cosmic
evolution
  z = 0.5

k

k

k

k

Foregrounds

k

k

Narrowband Lya

R
ad

io

k

k

R
ad

io

k

k

R
ad

io

k

k

R
ad

io

!z " 0.1 gives only 

2 modes overlap 

in k parallel



‘Spectroscopic’ OIR
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Lessons

Similar length scales is not sufficient, need 

k-space overlap for cross-correlations

Requires good OIR spectral resolution

Need good survey volume overlap 

(advantage LOFAR)



Murchison Widefield Array
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Murchison Widefield Array 
512 16 dipole 
antennas

80#300 MHz

Radio quiet 
Murchison site

Very wide 20°# 40° 
field of view

Full cross!correlation 
of all 512 antennas

Strict attention to 
systematics



Goals of MWA

Key science drivers:

Epoch of Reionization

Heliospheric science $ FR & IPS

Radio transients

!



MWA antenna distribution

Bowman (2007)



MWA antenna distribution

Bowman (2007)

1.5 G visibilities every 1/2 second; 19 GB/s
!!



Instrumental calibration

Gain from one 
antenna to rest of 
array, simultaneously 
for all antennas & 100 
sources



32T prototype
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Wayth



6 Castelletti et al.: New VLA images of the SNR Puppis A
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Fig. 3. Radio continuum image of SNR Puppis A at 327 MHz obtained with the VLA in the CnB configuration in 1988 and
now re-processed. The interferometric data were combined with single dish data from MPIfR Bonn radiotelescope (at 408 MHz,
Haslam et al. 1982). The final beam size is 90′′ × 45′′ (shown at lower left) at a position angle of 164◦, and the rms noise level
is 10 mJy beam−1. The grayscale ranges from 35 to 350 mJy beam−1.

Fig. 4. Radio spectrum of Puppis A from the scaled flux den-
sity values listed in Table 1. The data from this paper are
shown by filled circles (327 and 1425 MHz). The linear fit to
the values of flux density indicates a global spectral index of
−0.52 ± 0.03. The dashed line shows the linear fit extrapolated
to 19 and 86 MHz, at which frequencies no correction has been
applied to bring the measured values to the Baars et al. (1977)
scale.

0.1 mJy beam−1 between frequency pairs. Therefore, no
further correction was applied.

Table 1. Integrated flux densities for the SNR Puppis A

Frequency Scaled flux References
(MHz) density (Jy)

19 800 ± 160(a) Rishbeth (1958)
86 690 ± 100(a) Mills et al. (1960)
327 263 ± 20 This work(b)

408 235 ± 20 Haslam et al. (1982)
635 180 ± 29 Milne & Hill (1969)
843 144 ± 10 Arendt et al. (1990)
960 130 ± 12 Harris (1962)
1410 129 ± 20 Milne & Hill (1969)
1425 114 ± 8 This work(b)

1440 166 ± 17 Mathewson et al. (1962)
1515 118 ± 10 Dubner et al. (1991)
2650 92 ± 14 Milne & Hill (1969)
2700 78 ± 12 Milne (1971)
4750 59 ± 5 Milne et al. (1993)
5000 67 ± 7 Milne & Hill (1969)
5000 61 ± 7 Milne (1971)
8400 38 ± 4 Milne et al. (1993)

(a) No correction to Baars et al. (1977) scale was applied.
(b) Flux density scale from VLA Calibrator Manual,

http:/www.aoc.nrao.edu/∼gtaylor/calib.html.

Based on these images, we carried out the spatial spec-
tral analysis. This was done using two different methods

Wayth; Castelletti et al. (2006)

vs. VLA & Bonn image (327 & 408)



Williams

Primary EoR field




