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The Dark Ages Signal
• Low frequencies require 

space-based observatory

• Compared with EoR/CD 
redshifts:
• Signal is ~ 10 times fainter (in 

mK) than EoR/CD
• Foregrounds ~3 orders of 

magnitude brighter 
• Noise ~3 orders of magnitude 

higher
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Ground Based Experiments
• Numerous experiments have pursued a 

detection of the EoR and (more recently) 
post-EoR 21 cm signal for nearly a decade

• Need to compare performance with 
prediction, translate lessons to space-based 
trade studies



Lessons from the ground (1)

• Foregrounds are not uniformly 
distributed across the power 
spectrum domain

• Potential for “foreground 
avoidance” – just use modes 
unaffected by instrumental 
contamination
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Barry et al. (2016)



The Wedge Paradigm at Other Redshifts

• Wedge slope is a function of redshift:

• X converts from radians (primary beam) to Mpc

• Y converts from Hz (bandwidth) to Mpc

• Depend on on angular diameter distance, Hubble constant

• Wedge slope is 3.9 at z = 9.5, but 11 at z = 50!

The Astrophysical Journal, 782:66 (25pp), 2014 February 20 Pober et al.

can be partially mitigated by a more frequency-independent
instrument design (although at the expense of sensitivity at
higher frequencies).

It should be pointed out that for snapshot observations,
the large-sized HERA dishes prevent measurements of the
largest transverse scales. At 150 MHz (z = 8.5), the minimum
baseline length of 14 m corresponds to a transverse k mode of
k⊥ = 0.0068 h Mpc−1. This array will be unable to observe
transverse modes on larger scales, without mosaicking or
otherwise integrating over longer than one drift through the
primary beam. The sensitivity calculation used in this work
does not account for such an analysis and therefore will limit
the sensitivity of the array to larger-scale modes. For an
experiment targeting unique cosmological information on the
largest cosmic scales (e.g., primordial non-Gaussianity), this
effect may prove problematic. For studies of the EoR power
spectrum, the limitation on measurements at low k⊥ has little
effect on the end result, especially given the near ubiquitous
presence of foreground contamination on large scales in our
models (Section 2.2).

The integration time t on a given k mode is determined by the
length of time any baseline in the array samples each uv pixel
over the course of the observation. Since we assume a drift-
scanning telescope, the length of the observation is set by the
size of the primary beam. The time it takes a patch of sky to
drift through the beam is the duration over which we can average
coherently. For the ∼10◦ primary beam model above, this time
is ∼40 minutes.

We assume that there exists one Galactic cold patch spanning
6 hr in right ascension suitable for EoR observations, an
assumption that is based on measurements from both PAPER
and the MWA and on previous models (e.g., de Oliveira-
Costa et al. 2008). There are thus nine independent fields of
40 minutes in right ascension (corresponding to the primary
beam size calculated above) that are observed per day. We
also assume EoR-quality observations can only be conducted
at night, yielding ∼180 days per year of good observing.
Therefore, our thermal noise uncertainty (i.e., the 1σ error bar
on the power spectrum) is reduced by a factor of

√
9 × 180 over

that calculated from one field, whereas the contribution to the
errors from sample variance is only reduced by

√
9.

2.2. Foregrounds

Because of its spectral smoothness, foreground emission is
expected to contaminate low-order line-of-sight Fourier modes
in the power spectrum. Of great concern, however, are chromatic
effects in an interferometer’s response, which can introduce
spectral structure into foreground emission. However, recent
work has shown that these chromatic mode-mixing effects do not
indiscriminately corrupt all the modes of the power spectrum.
Rather, foregrounds are confined to a wedge-shaped region in
the 2D (k⊥, k∥) plane, with more k∥ modes free from foreground
contamination on the shortest baselines (i.e., at the smallest k⊥
values; Datta et al. 2010; Vedantham et al. 2012; Morales et al.
2012; Parsons et al. 2012b; Trott et al. 2012), as schematically
diagrammed in Figure 2. Power spectrum analysis in both Dillon
et al. (2013b) and Pober et al. (2013a) reveal the presence of
the wedge in actual observations. The single-baseline approach
(Parsons et al. 2012b) used in Pober et al. (2013a) yields a
cleaner EoR window, although at the loss of some sensitivity
that comes from combining nonredundant baselines.

However, there is still considerable debate about where to
define the “edge” of the wedge. Our three foreground models,

Figure 2. Schematic diagram of the wedge and EoR window in 2D k space; see
Section 2.2 for explanations of the terms.

summarized in Table 2, differ in their choice of “wedge
edge.” Our pessimistic model also explores the possibility that
systematic effects discussed in Hazelton et al. (2013) could
prevent coherent addition of partially redundant baselines. It
should be noted that although we use the shorthand “foreground
model” to describe these three scenarios, in many ways these
represent foreground removal models since they pertain to
improvements over current analysis techniques that may better
separate foreground emission from the 21 cm signal.

2.2.1. Foreground Removal Models

At present, observational limits on the edge to the foreground
wedge in cylindrical (k⊥, k∥) space are still somewhat unclear.
Pober et al. (2013a) find the wedge to extend as much as
∆k∥ = 0.05–0.1 h Mpc−1 beyond the “horizon limit,” i.e., the k∥
mode on a given baseline that corresponds to the chromatic sine
wave created by a flat-spectrum source of emission located at
the horizon. (This mode in many ways represents a fundamental
limit as the interference pattern cannot oscillate any faster for
a flat-spectrum source of celestial emission; see Parsons et al.
2012b for a full discussion of the wedge in the language of
geometric delay space.) Mathematically, the horizon limit is

k∥,hor = 2π

Y

|b|
c

=
(

1
ν

X

Y

)
k⊥, (2)

where |b| is the baseline length in meters, c is the speed
of light, ν is the observing frequency, and X and Y are
the previously described cosmological scalars for converting
observed bandwidths and solid angles to h Mpc−1, respectively,
defined in Parsons et al. (2012a) and Furlanetto et al. (2006b).
Pober et al. (2013a) attribute the presence of “suprahorizon”
emission, emission at k∥ values greater than the horizon limit, to
spectral structure in the foregrounds themselves, which creates
a convolving kernel in k space. Parsons et al. (2012b) predict
that the wedge could extend as much as ∆k∥ = 0.15 h Mpc−1

beyond the horizon limit at the level of the 21 cm EoR signal.
This suprahorizon emission has a dramatic effect on the size
of the EoR window, increasing the k∥ extent of the wedge by
nearly a factor of four on the 16λ baselines used by PAPER in
Parsons et al. (2013).

Others have argued that the wedge will extend not to the
horizon limit but only to the edges of the field of view, outside

4

Foreground avoidance is a losing battle at high 

z.  Sensitivity will depend on how well 

foreground subtraction works!



Lessons from the ground (2)
• Potential gains from “non-traditional” interferometry

• Delay/delay rate filters (Parsons and Backer 2009)
• Redundant arrays (Parsons et al. 2012a)
• Fringe-rate filtering (Parsons et al. 2016)



PAPER-64 Revisions



PAPER-64 Revisions



What happened…?

Empirical Covariance Matrices

• Frequency-frequency 
covariance matrix calculated 
from time average of data

• Need lots of time samples for 
empirical covariance to 
converge to true covariance

Fringe Rate Filter

• Sinc-like time average of data, 
characteristic width of ~ 1 hour

• Reduces the number of 
independent time samples to 
increase sensitivity

Cheng et al. (in prep.)



pyuvsim

• Open source, massively parallelized visibility simulator
• All-sky “brute force” evaluation of the interferometer 

measurement equation
• Use for end-to-end testing of full analysis pipelines

• Power spectrum is our metric for trade studies!



pyuvsim
• Will support non-

terrestrial observers
• No assumptions about 

horizons, sidereal rates, 
etc.

• Use to explore:
• Observing strategies
• Antenna placement and 

construction tolerances
• Sensitivity gains from 

advanced analysis 
techniques



pyuvsim Team
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