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EoR and Cosmic Dawn
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Pritchard+CD/EoR	
  SWG	
  (2015)

Cosmic	
  Dawn
z	
  ~	
  12	
  -­‐>	
  28

Growth	
  of	
  structure;	
  high	
  sky	
  temp.	
  (1000s	
  
K);	
  completely	
  unchartered	
  territory

Epoch	
  of	
  HeaOng

Epoch	
  of	
  ReionisaOon
Framed	
  by	
  CMB	
  Thompson	
  scaUering	
  (z=11)	
  
and	
  z=6	
  quasar	
  spectra;	
  lower	
  sky	
  temp.	
  

(100s	
  K);	
  chartered	
  but	
  relaOvely	
  unexplored	
  
(MWA,	
  LOFAR,	
  PAPER...)
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Bartolomeu	
  Velho,	
  1568	
  

Terra	
  (Western)	
  
Australis	
  Incognita z=6-28
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EoR and Cosmic Dawn
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Bartolomeu	
  Velho,	
  1568	
  

Terra	
  (Western)	
  
Australis	
  Incognita z=6-28

Australia (missing)
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Mission statement
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A	
  SKA	
  CD/EoR	
  KSP	
  should:

• Quan6fy	
  observa6onally	
  and	
  understand,	
  via	
  theory	
  and	
  
simula6ons,	
  the	
  forma6on	
  and	
  evolu6on	
  of	
  the	
  first	
  stars,	
  
galaxies,	
  black	
  holes,	
  stellar	
  remnants,	
  IGM/ISM	
  (HI	
  and	
  
metals)	
  and	
  the	
  underlying	
  DM	
  distribu6on,	
  including	
  
feedback	
  processes	
  and	
  physical	
  mechanisms,	
  covering	
  the	
  
Dark	
  Ages,	
  Cosmic	
  Dawn	
  and	
  Epoch	
  of	
  Reioniza6on.	
  Carry	
  
this	
  program	
  out	
  in	
  the	
  context	
  of	
  the	
  LCDM	
  model	
  (or	
  
alterna6ves	
  or	
  modifica6ons	
  thereof)	
  in	
  the	
  redshiQ	
  regime	
  
of	
  z>5,	
  and	
  connect	
  this	
  to	
  observa6ons	
  and	
  understanding	
  
of	
  the	
  Universe	
  at	
  z<5	
  and	
  that	
  beyond	
  the	
  Dark	
  Ages	
  and	
  
Recombina6on.
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FT

FT

FT
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SKA EoR experiments
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HI tomography
(imaging)
- direct imaging of brightness 
temperature fluctuations
- provides “local” structural 
information
- weak signal requiring 
SKA-scale sensitivity

Power spectrum
- integrates signal for each 
spatial scale
- lower signal-to-noise ratio
- retains scale information
- yields “cosmic-scale” 
information

FT

FT

FT
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SKA EoR experiments
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Science Details

Imaging/tomography

Power Spectrum

HI Absorption

Direct imaging of HI 
structures; z=5-28

100 sq. deg.; 5000/Nbeams hours; 
200MHz BW; z=5-28; Δν=0.1MHz

2D and 1D power 
spectra of TB 
fluctuations

Medium: 1,000 sq. deg.  (100h per 
field)

Shallow: 10,000 sq deg. (10h per 
field)

Narrow HI systems 
along LOS to z~6 

radio sources

1,000h integrations toward select 
z=6 radio sources. Study small scale 

HI distribution.
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Chapters Challenges

Imaging/tomography

Power Spectrum

HI Absorption

Mellema et al.; Wyithe 
et al.

Instrument calibration; surface 
brightness sensitivity; good lines-of-

sight; beam models

Koopmans et al.; Pritchard 
et al.; Mesinger et al.; 
Subrahmanyan et al.

Foregrounds; sample variance; 
polarization leakage

Ciardi et al.
Identifying high-z sources (z=10); S/N 
for broad systems; contamination by 

spatially-coincident T fluctuations
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KSP Key Design: working model
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Single	
  KSP	
  covering	
  CD/EoR	
  experiments

Ra6onale:	
  Manage	
  data	
  processing	
  and	
  analysis	
  (common	
  
refined	
  dataset	
  to	
  provide	
  many	
  scien6fic	
  goals)

•	
  Redundancy
•	
  Focus	
  Groups
•	
  Membership	
  rights	
  and	
  responsibili6es
•	
  Publica6on	
  rights	
  and	
  responsibili6es

Data processing:
-- direction-dependent calibration
-- foreground subtraction
-- curvature terms
-- calibrated visibilities (5 kHz/5-10s)

Signal extraction and interpretation
-- Error analysis
-- Modelling
-- Synergies with other facilities
-- Simulations
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10,000 sq. deg = 4 sr; b>30 degrees; BW = 50-250 MHz
10 hours/field; drift scan; Δt = 5-10s;  Δν = 5 kHz (averaged to 40-100kHz)

1,000 sq. deg; b>30 degrees; BW = 50-250 MHz
100 hours/field; pointed; Δt = 5-10s;  Δν = 5 kHz (40-100kHz)

Po
w

er
 S

pe
ct

ru
m

To
m

og
ra

ph
y

100 sq. deg; b>30 degrees; BW = 50-250 MHz
1000 hours/field; pointed; Δt = 5-10s;  Δν = 5 

kHz (40-100kHz)

Shallow
2 beams

Medium*
2 beams

Deep
2 beams

HI Forest: absorption line; targetted toward 
high-z continuum AGN

1000 hours; Δν = 1 kHz; 50-250 MHz

H
I a

bs
or

pt
io

n
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10,000 sq. deg = 4 sr; b>30 degrees; BW = 50-250 MHz
10 hours/field; drift scan; Δt = 5-10s;  Δν = 5 kHz (averaged to 40-100kHz)

2,500 hours

1,000 sq. deg; b>20 degrees; BW = 50-350 MHz
100 hours/field; pointed; Δt = 5-10s;  Δν = 5 kHz (40-100kHz)

5,000 hours**

Po
w

er
 S

pe
ct

ru
m

To
m

og
ra

ph
y

100 sq. deg; b>30 degrees; BW = 50-250 MHz
1000 hours/field; pointed; Δt = 5-10s;  Δν = 5 

kHz (40-100kHz) 2,500 hours

Shallow
2 beams

Medium*
Single beam

Cosmology
Continuum
HI ExtraG

Deep

HI Forest: absorption line; targetted toward 
high-z continuum AGN

1000 hours**; Δν = 1 kHz; 50-350 
MHz

H
I a

bs
or

pt
io

n
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MWA EoR fields

•Avoid	
  Galac6c	
  Plane
•Higher	
  frequencies:	
  ionosphere,	
  smaller	
  FOV	
  -­‐-­‐>	
  closer	
  to	
  GP?
•All	
  of	
  southern	
  sky,	
  b>20-­‐30	
  degrees,	
  within	
  2	
  hours	
  of	
  zenith	
  
(dipole	
  response)
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50 MHz 350 MHz

50 MHz 350 MHz

50 MHz 350 MHz

188 MHz

Single
w Cosmology, 
Continuum,

HI Extragalactic

Two beams

Two beams
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Data products and processing model
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Low-­‐Level	
  Data	
  Products:

1.Flagged/Calibrated	
  full-­‐Stokes	
  visibility	
  data	
  from	
  50-­‐250	
  
(350)	
  MHz	
  (z=27.4-­‐4.7	
  (3.0))	
  for	
  all	
  baselines	
  with	
  5-­‐10	
  
sec	
  and	
  5	
  kHz	
  resolu6on	
  over	
  a	
  (mostly)	
  con6guous	
  150	
  
MHz	
  BW	
  and	
  various	
  other	
  compressed	
  (in	
  6me/freq/
spa6al	
  scale)	
  data-­‐sets.

2.Direc6onally-­‐dependent	
  complex	
  gain	
  solu6ons	
  
(instrument	
  and	
  ionosphere)	
  as	
  func6on	
  of	
  6me	
  and	
  
frequency.

3.Visibili6es	
  for	
  absorp6on	
  21-­‐cm	
  line	
  spectra	
  in	
  selected	
  
direc6ons	
  with	
  kHz	
  spectral	
  resolu6on	
  with	
  lower	
  
temporal	
  resolu6on.
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Outputs	
  from	
  SDP:	
  integra(on	
  of	
  KSP/SWG	
  with	
  SDP	
  
for	
  EoR	
  pipeline
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-­‐-­‐	
  Further	
  development	
  of	
  foreground	
  model
-­‐-­‐	
  Tes6ng	
  of	
  pipelines	
  and	
  ini6al	
  interroga6on	
  of	
  data
-­‐-­‐	
  “Super-­‐shallow”	
  commissioning	
  survey
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Foregrounds: “removal is not separation”
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Foreground contamination is a major impediment for 
EoR/CD detection and estimation (along with 
instrumental systematics)

A major component of EoR/CD data processing is 
foreground “treatment”

Subtract (peel from visibilities) measured point sources, 
diffuse emission model, polarised structures
--> “treat” remaining foregrounds with statistical 
models/parametric models/non-parametric models
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Foregrounds: input polarised/total intensity catalogue
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MWA	
  GLEAM	
  survey	
  has	
  surveyed	
  whole	
  southern	
  sky	
  between	
  
73-­‐230MHz	
  to	
  50mJy

Survey	
  released	
  end	
  of	
  2015

Wayth+	
  (2015)

GLEAM 1: 2013/14 
+90 0 h 6 h 12 h 18 h 

GLEAM 1.1 
Aug 2013 

GLEAM 1.2 
Nov 2013 

GLEAM 1.3 
Mar 2014 

GLEAM 1.4 
Jun 2014 

As at June 2014 

0 

-90 
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Foregrounds: GLEAM all-sky survey
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MWA	
  GLEAM	
  survey	
  has	
  surveyed	
  whole	
  southern	
  sky	
  between	
  
73-­‐230MHz	
  to	
  50mJy

Survey	
  released	
  end	
  of	
  2015

N.	
  Hurley-­‐Walker	
  +	
  GLEAM	
  team
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Commensality and key relationships
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•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!

Commensality, shared techniques, 
shared tools, shared resources

Total time: 10,000 hours over 5 years 
(including experiments of other WG)



SKA Key Science Workshop - August  27, 2015
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Commensal incoherent transients dataset from all EoR 
data. Siphon off data early in process and analyse.

Potential for Transients to provide archive/database of 
variable sources in EoR fields for our foreground 

modelling.

•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!
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Continuum 31,000 sq. degrees survey. Confusion-limited 
at 8” resolution.

Commensal with SHALLOW survey (50-250MHz) and 
MEDIUM survey (50-350MHz) away from Galactic Plane.

•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!
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z = 3-6 intensity mapping with LOW in interferometric 
mode.

Commensal with MEDIUM survey (50-350MHz) away 
from Galactic Plane.

•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!
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Exoplanet cyclotron emission. Cross-correlation of 
known exoplanets with Stokes V circular polarisation.

Commensal with all surveys away from Galactic Plane. 
Can target many exoplanets within 100 pc. Stokes V not 

confusion-limited. Multi-epoch observations useful.

Siphon data early in process and perform simple 
calibration.

•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!
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Exoplanet cyclotron emission. Cross-correlation of 
known exoplanets with Stokes V circular polarisation.

Commensal with all surveys away from Galactic Plane. 
Can target many exoplanets within 100 pc. Stokes V not 

confusion-limited. Multi-epoch observations useful.

Siphon data early in process and perform simple 
calibration.

•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!

+ Our Galaxy
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LOW absorption survey over 1000 sq. deg. with ~5 kHz 
spectral resolution.

Commensal with MEDIUM survey (50-350MHz) away 
from Galactic Plane.

•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!
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List not exhaustive!

•	
  Transients

•	
  Con6nuum

•	
  Cosmology

•	
  Cradle	
  of	
  Life

•	
  HI	
  extragalac6c	
  
science

•	
  Others!
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Resourcing and planning
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•	
  SWG	
  currently	
  in	
  discussions	
  with	
  SDP	
  to	
  inform/contribute	
  to	
  
development	
  of	
  EoR	
  data	
  pipeline
•	
  Lessons	
  from	
  pathfinder	
  instruments	
  (LOFAR,	
  MWA,	
  PAPER	
  
etc.)
•	
  Lessons	
  from	
  EoR/GLEAM	
  projects	
  at	
  MRO	
  (ionosphere,	
  fields,	
  
observing	
  strategies)
•	
  Science	
  Use	
  Case/ECPs	
  to	
  ensure	
  commensal	
  data	
  products	
  
available	
  to	
  all	
  shared	
  programs
•	
  Science	
  Use	
  Case/ECPs	
  to	
  ensure	
  performance	
  of	
  instrument	
  
for	
  desired	
  science
•	
  Science	
  Use	
  Case/ECPs	
  to	
  use	
  real-­‐6me	
  (LOW)	
  data	
  to	
  assess	
  
ionospheric	
  condi6ons	
  and	
  dynamically-­‐schedule	
  telescope	
  
(TM).


