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The	
  Foreground	
  Problem	
  

Parsons	
  et	
  al.	
  (2012)	
  

Bright	
  Foregrounds	
  
(but	
  smooth)	
  

HI	
  signal	
  extremely	
  faint	
  
(but	
  not	
  smooth)	
  



Fourier	
  Space	
  and	
  Delay	
  Spectrum	
  

Parsons	
  et	
  al.	
  (2012)	
  
Thyagarajan	
  et	
  al.	
  2015a	
  



Mo7va7on	
  for	
  High	
  Precision	
  Modeling	
  	
  

Beardsley	
  et	
  al.	
  (2013)	
  Thyagarajan	
  et	
  al.	
  (2013)	
  

•  >10-­‐sigma	
  sta7s7cal	
  detec7on	
  expected	
  with	
  ~1000	
  hours	
  data	
  
•  Currently	
  heavily	
  limited	
  by	
  foregrounds	
  and	
  instrument	
  systema7cs	
  (e.g.	
  

PAPER64	
  -­‐	
  Ali	
  et	
  al.	
  2015,	
  Pober	
  et	
  al.	
  2015;	
  MWA	
  –	
  Dillon	
  et	
  al.	
  2013)	
  



Precision	
  Radio	
  Interferometry	
  Simula7ons	
  
(PRISim)	
  

	
  	
  	
  	
  	
  	
  	
  	
  Objec7ves	
  with	
  PRISim:	
  
– Comprehensive	
  all-­‐sky	
  simula7ons	
  (with	
  good	
  match	
  to	
  
data)	
  

– Role	
  of	
  Wide-­‐field	
  measurements	
  

– Role	
  of	
  compact,	
  diffuse	
  foregrounds	
  
– Role	
  of	
  instrument	
  such	
  as	
  antenna	
  aperture	
  and	
  
its	
  chroma7city	
  

– Solu7ons	
  to	
  mi7gate	
  systema7cs	
  



Model-­‐Data	
  Agree	
  well	
  



Impact	
  of	
  diffuse,	
  compact	
  emission	
  with	
  LST	
  	
  

Diffuse	
  Emission	
   Point	
  sources	
  



Mi7ga7on	
  of	
  systema7cs	
  via	
  Antenna	
  Geometry	
  

Thyagarajan	
  et	
  al.	
  (2015a)	
  

Foreground	
  spillover	
  from	
  	
  
Pitchfork	
  drops	
  significantly	
  

(e.g.	
  PAPER)	
   (e.g.	
  MWA)	
   (e.g.	
  HERA)	
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(a) 150 MHz subband (z ≈ 8.47)
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(b) 170 MHz subband (z ≈ 7.36)

Figure 5. EoR signal and foreground delay power spectrum in units of K2(h−1 Mpc)3 in 150 MHz (top) and 170 MHz (bottom) subbands
(Beff = 10 MHz) on eight unique baseline lengths of HERA-19 at arbitrary sky pointings. The length and orientation of the baseline vector
corresponding to each panel is annotated on the top right corner. EoR models 1 and 2 are shown in cyan and gray respectively. The
foregrounds obtained with achromatic, Airy and simulated chromatic antenna beams are shown in black, red and blue respectively. EoR
sensitivity is highest for antenna beam with least chromaticity and vice versa. Even for the simulated chromatic antenna beam pattern,
which has the highest chromaticity among the antenna beam models considered, foreground power will be lower than signal power from
the two independent EoR models by more than two orders of magnitude for |k∥| ! 0.2h Mpc−1 on all HERA baselines.
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•  Differences	
  seen	
  only	
  due	
  to	
  spectral	
  differences	
  in	
  Antenna	
  beam	
  
•  Beam	
  chroma7city	
  worsens	
  foreground	
  contamina7on	
  
•  HERA	
  is	
  sensi7ve	
  to	
  EoR	
  nevertheless	
  

Simulated	
  ChromaJc	
  HERA	
  beam	
  Uniform	
  Disk	
  Airy	
  PaQern	
  



Design	
  Specs	
  on	
  Reflec7ons	
  in	
  Instrument	
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Figure 3. Lower limit on attenuation of reflected foreground
power (in dB) from dish-feed reflections required to keep the re-
flected foreground power below EoR Hi signal power for all k∥-

modes greater than 0.1h Mpc−1 (solid), 0.15h Mpc−1 (dashed)
and 0.2h Mpc−1 (dotted). This is obtained on 14.6 m antenna
spacing for EoR model 1 at 150 MHz (z ≈ 8.47) and foreground
power obtained with an achromatic antenna beam model. When
the attenuation on dish-feed reflections is higher than these limits
(outside the shaded regions), EoR will be detectable in respective
k∥-modes despite these reflections.

6.1. Sensitivity on Baseline-k∥ Parameter Space

We present the sensitivity of HERA against fore-
grounds obtained with three antenna beams of differ-
ent chromaticities in two-dimensional parameter space of
baseline lengths (transverse spatial scales) and k∥ (line-
of-sight spatial scales). Fig. 5a and 5b show the EoR
signal and foreground power in 150 MHz and 170 MHz
subbands respectively. EoR models 1 and 2 are shown in
cyan and gray respectively. The foreground delay power
spectra obtained with achromatic, Airy and simulated
chromatic antenna patterns are shown in black, red, and
blue respectively. Each panel corresponds to a unique
baseline vector, same as in Fig. 2.
Due to narrower subbands, the resolution of the fore-

ground delay spectrum is coarser and the central re-
gion of foreground contamination extends to |k∥| !

0.2 h Mpc−1. The coarsening of delay resolution signifi-
cantly absorbs the distinct differences caused by beams
of different chromaticities as seen in the full band fore-
ground delay spectra outside the foreground wedge in
Fig. 2. In other words, the foreground spillover wings
that extend beyond the horizon even in the case of full-
band simulated chromatic beam are on spectral scales
larger than the 10 MHz effective bandwidth of the sub-
bands. Hence, this results in an EoR signal-foreground
crossover at |k∥| " 0.2 h Mpc−1 independent of different
antenna beam chromaticities used in this analysis.
From Fig. 5, it is clearly demonstrated that HERA has

significant sensitivity on all baselines in both subbands to
detect EoR by more than two orders of magnitude above

foreground contamination obtained with any level of an-
tenna beam chromaticity. While this clearly includes
foregrounds obtained with the currently simulated chro-
matic beam pattern, the sensitivity against foregrounds
obtained with achromatic and Airy antenna power pat-
terns are even higher by many orders of magnitude. This
only further reiterates that efforts to keep lowering sys-
tematic spectral effects in the antenna beam must be
undertaken continuously, as is the case with HERA.

6.2. Sensitivity on Baseline-RA Parameter Space

We investigate the EoR sensitivity in two dimensional
parameter space formed by baselines and pointings in
Right Ascension (RA≡ α) to highlight capabilities of
HERA and provide clues for the best observing window.
In this section, we assume that the Hi power spec-

trum is isotropic (no sample variance) and hence, in-
dependent of α. However, it is dependent on the cen-
ter of the subband, f0, where f0 = f21/(1 + z). The
foreground delay power spectra depends on both f0 and
α. Thus, we rewrite the EoR Hi and foreground delay
power spectra explicitly as a function of these quantities
as PHi(|b|, k∥, f0) and PFG(b, k∥, f0,α) respectively.
We define baseline-dependent k∥-modes of interest for

foreground avoidance as |k∥| > kFA∥ (b), with:

kFA∥ (b) =
2π f21H0 E(z)

c(1 + z)2

(

|b|

c
+

ζ

Beff

)

, (12)

where, the first term inside the parenthesis denotes the
horizon limit, the second relates to the resolution due
to subband bandwidth, Beff, and ζ denotes a buffer to
ensure kFA∥ (|b|) threshold “safely” avoids the main lobe
of foreground power.
We estimate the worst case sensitivity in the b–α pa-

rameter space as:

ρ(b, f0,α) = min
|k∥|>kFA

∥ (|b|)

{

PHi(|b|, k∥, f0)

PFG(b, k∥, f0,α)

}

(13)

We consider the foreground power spectrum obtained
with the simulated chromatic antenna beam, and EoR
models 1 and 2, in each of the 150 MHz and 170 MHz sub-
bands. Fig. 6 shows the worst case sensitivity, ρ(b, f0,α),
for all 30 unique HERA baselines over 24 hours of α for
the two EoRmodels and two subbands used in this study.
In general, sensitivity increases with longer baselines.

We attribute this to the much steeper dependence of fore-
ground emission on baseline length than that of EoR Hi
power. This is also confirmed from Fig. 5 where the peak
and sidelobe levels of foreground power obtained with the
simulated chromatic antenna beam on the 14.6 m base-
line, which is sensitive to diffuse emission, progressively
drops by two orders of magnitude on the 58.4 m base-
line where diffuse emission is not as dominant. Hence,
from a foreground contamination standpoint, the short-
est baselines are less sensitive than the longer ones in the
HERA-19 layout.
However, in all four cases considered here, the worst

case signal-noise ratio lies above unity in most of this
parameter space. It demonstrates that HERA will detect
the EoR signal with a very high signal-noise ratio on all
baselines in a vast majority of the pointings.

•  Reflec7ons	
  are	
  inevitable	
  
in	
  electrical	
  systems	
  

•  Reflec7ons	
  extend	
  
foregrounds	
  and	
  
contamina7on	
  in	
  delay	
  
spectrum	
  

•  Require	
  reflected	
  
foregrounds	
  to	
  be	
  below	
  
HI	
  signal	
  levels	
  

•  HERA	
  will	
  beat	
  these	
  
specs	
  comfortably	
  

Thyagarajan	
  et	
  al.	
  (2016),	
  	
  
under	
  HERA	
  collaboraJon	
  review	
  



EoR	
  Observing	
  Window	
  Efficiency	
  

150	
  MHz	
  subband	
  (z=8.47)	
   170	
  MHz	
  subband	
  (z=7.36)	
  

•  All	
  HERA	
  baselines	
  sensi7ve	
  to	
  EoR	
  for	
  most	
  of	
  observing	
  window	
  
•  Robust	
  to	
  different	
  models	
  and	
  redshils	
  
•  HERA	
  has	
  extreme	
  control	
  over	
  instrumental	
  systema7cs	
  and	
  foreground	
  

contamina7on	
  



Summary	
  
•  PRISim	
  –	
  high	
  precision	
  simula7ons	
  for	
  wide-­‐field	
  radio	
  interferometry	
  –	
  

publicly	
  available	
  	
  (hmps://github.com/nithyanandan/PRISim)	
  	
  
•  Discovery	
  of	
  new	
  instrument	
  +	
  foreground	
  physics:	
  
–  Foregrounds	
  through	
  the	
  instrument	
  are	
  not	
  smooth	
  
–  Wide-­‐field	
  effects	
  lead	
  to	
  pitchfork	
  effect	
  -­‐	
  diffuse	
  emission	
  near	
  

horizon	
  even	
  on	
  long	
  baselines	
  

	
  
–  Contamina7on	
  significant	
  from	
  far	
  away	
  from	
  primary	
  field	
  of	
  view	
  due	
  

to	
  small	
  but	
  non-­‐zero	
  beam	
  response	
  
–  Antenna	
  beam	
  chroma7city	
  and	
  reflec7ons	
  worsen	
  contamina7on	
  
	
  
	
  

•  Solu7ons	
  to	
  tackle	
  systema7cs	
  and	
  the	
  way	
  forward	
  for	
  HERA	
  and	
  SKA-­‐low:	
  
o  Cri7cal	
  to	
  explore	
  antenna	
  apertures	
  and	
  spectral	
  features	
  in	
  future	
  designs	
  	
  
o  Baseline	
  weigh7ng	
  technique	
  prospec7ve	
  for	
  power	
  spectrum	
  es7ma7on	
  

methods	
  
o  HERA	
  design	
  robust	
  to	
  systema7cs	
  -­‐	
  offers	
  great	
  promise	
  for	
  EoR	
  detec7on	
  


