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Why	
  Cosmic	
  Dawn?

z~30? z~1100

Reionization Dark	
  Ages Recom
bination

Cosmic	
  Dawn

z~6???

Potentially	
  some	
  fundamental	
  questions:	
  When	
  did	
  the	
  first	
  generations	
  of	
  
galaxies	
  form?	
  What	
  were	
  their	
  properties?	
  How	
  did	
  they	
  interact	
  with	
  each	
  
other	
  and	
  the	
  intergalactic	
  medium?	
  	
  What	
  is	
  the	
  structure	
  of	
  the	
  intergalactic	
  
medium?	
  	
  What	
  is	
  the	
  thermal	
  and	
  ionization	
  history	
  of	
  the	
  baryons?	
  



Outline
• What	
  we	
  know	
  now…	
  
– Clues	
  to	
  the	
  timing	
  of	
  reionization	
  from	
  galaxies,	
  
QSOs	
  and	
  the	
  CMB	
  

• What	
  we	
  will	
  know	
  soon…	
  
– The	
  full	
  picture	
  from	
  the	
  cosmic	
  21	
  cm	
  signal!



When?
• Two	
  main	
  classes	
  of	
  probes	
  

1. Integral	
  CMB	
  constraints	
  (e.g.	
  τe,	
  kinetic	
  SZ)
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History	
  of	
  Thompson	
  scattering	
  optical	
  depth	
  
measurements

Planck	
  2016

WMAP1	
  2003

<—	
  later	
  reionization



History	
  of	
  Thompson	
  scattering	
  optical	
  depth	
  
measurements

Planck	
  2016

WMAP1	
  2003

~2020	
  –	
  negative	
  tau:	
  Reionization	
  never	
  happened!

<—	
  later	
  reionization



History	
  of	
  Thompson	
  scattering	
  optical	
  depth	
  
measurements

Planck	
  2016

WMAP1	
  2003

<—	
  later	
  reionization



What	
  does	
  this	
  tell	
  us	
  about	
  when	
  reionization	
  
occurred?

Greig	
  &	
  AM	
  2016

1σ
2σ

2σ



When?
• Two	
  main	
  classes	
  of	
  probes	
  

1. Integral	
  CMB	
  constraints	
  (e.g.	
  τe,	
  kinetic	
  SZ)	
  

2. Astrophysical	
  ‘flashlights’	
  (e.g.	
  high-­‐z	
  
galaxies,	
  QSOs)



Astrophysical	
  flashlights:	
  Lyα
Post-­‐reionization	
  IGM

HI



We	
  can’t	
  directly	
  observe	
  the	
  EoR	
  in	
  Lyα

Lyα forest	
  saturates	
  at	
  z>5,	
  when	
  the	
  Universe	
  becomes	
  too	
  dense.	
  
Even	
  trace	
  amounts	
  of	
  HI,	
  xHI	
  ~>	
  10-­‐5	
  result	
  in	
  no	
  flux	
  being	
  detected	
  in	
  the	
  forest.

Fan+	
  (2006)



But…	
  damping	
  wing!

Dijkstra	
  2014



~	
  kpc

Lyman	
  alpha	
  line	
  emerging	
  from	
  
galaxies	
  is	
  shaped	
  by	
  the	
  ISM/CGM	
  
(winds,	
  infall,	
  dust,	
  geometry..)

e.g.	
  Dijkstra,	
  AM+2011

Lyα	
  damping	
  wing	
  absorption	
    
as	
  a	
  probe	
  of	
  the	
  EoR



~	
  kpc

30
0	
  
M
pc

during	
  reionization,	
  cosmic	
  HI	
  patches	
  absorb	
  
Lyα	
  photons	
  in	
  the	
  damping	
  wing	
  of	
  the	
  line

Lyα	
  damping	
  wing	
  absorption	
    
as	
  a	
  probe	
  of	
  the	
  EoR



~	
  kpc

30
0	
  
M
pc

exp[−τreion]

during	
  reionization,	
  cosmic	
  HI	
  patches	
  absorb	
  
Lyα	
  photons	
  in	
  the	
  damping	
  wing	
  of	
  the	
  line

Lyα	
  damping	
  wing	
  absorption	
    
as	
  a	
  probe	
  of	
  the	
  EoR



QSOs:	
  the	
  brightest	
  cosmic	
  flashlights

figure	
  courtesy	
  of	
  D.	
  Mortlock

f	
  =	
  A	
  e-­‐τ

QSO	
  spectra	
  can	
  be	
  analyzed	
  individually,	
  
unlike	
  galaxies	
  which	
  require	
  a	
  statistically	
  
significant	
  sample



wavelength for these lines.  The heavy element lines are therefore most likely internal to the quasar host 
itself and not physically coincident with the neutral gas.

Quantitative chemical abundance estimates are usually impossible for z > 5.5 quasar absorbers 
because the benchmark neutral hydrogen line is severely blended and saturated in the forest of 
neighboring Ly! systems.  However the damping wing near the emission redshift of ULAS J1120 offers a 
unique opportunity to measure its H I column density.  In conjunction with upper limits on the heavy 
element column density, this yields a straightforward upper limit on the chemical abundance of metals.

The H I column density estimate is sensitive to the detailed shape of the damping profile, which is 
fitted to the ratio of emitted to observed flux (the ratio of the red to black lines in Figure 1).  This ratio 
depends critically on how the intrinsic (i.e. unabsorbed) shape of the quasar’s Ly! emission line is 
modeled, including both its absolute flux density and its redshift, which fixes the location of the emission 
peak.  The details of this procedure are described in the Supplementary Online Material, but to 
summarize, we experimented with several different prescriptions, including four different quasar 
composite spectra generated from low redshift surveys14–17, and additionally a principal-component 
analysis fit18 extrapolated over the Lyman alpha region.  For each of these continua, we calculated the H I 
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Figure 1: FIRE spectrum of ULAS J1120+0641, alongside our estimate of the intrinsic source 
spectrum and a composite model including foreground absorption. The unabsorbed continuum us 
shown in red, and the blue curve includes the absorption.  The continuum is constructed from a 
composite of quasars in the Sloan Digital Sky Survey14,16.  C IV absorption intrinsic to the quasar 
host galaxy is seen to the red of the labeled CIV emission peak.  However, the C IV emission line 
is anomalously blueshifted6 in ULAS J1120, so we compute the redshift  distance between the 
absorber and quasar host  using its MgII6 or [C II] (ref 25) redshift.  Bottom Left: The Lyman alpha 
region of the spectrum with unabsorbed continuum model (red) and absorbed continuum (blue).  
The vertical arrow marks the location of Ly! absorption at z = 7.04.  Bottom right: Detail of the 
damping wing with HI absorption fit.  The quasar’s emission redshift25 (7.0842) is indicated with 
the vertical dashed line.  Two additional optically thin Ly! absorbers (labeled 1 and 2) are apparent 
in the quasar’s near zone at z = 7.0721±0.0001 and z = 7.0855±0.0001 ("v = -424, +161 km / s 
from the host, see Supplementary Information).  These data have not been continuum normalized, 
so a slight downward slope is visible toward redder wavelengths.

Damping	
  wing	
  in	
  QSO	
  spectra
• Caution:	
  We	
  must	
  jointly	
  sample	
  the	
  
uncertainties	
  in	
  the	
  intrinsic	
  (pre	
  IGM	
  
absorption)	
  QSO	
  emission	
  together	
  with	
  the	
  
sightline	
  to	
  sightline	
  scatter	
  of	
  the	
  EoR

f	
  =	
  A	
  e-­‐τ observed

Simcoe+2012

z=7.1	
  spectra A	
  =	
  intrisic
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  spectra
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  the	
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  the	
  intrinsic	
  (pre	
  IGM	
  
absorption)	
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  together	
  with	
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  EoR
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wavelength for these lines.  The heavy element lines are therefore most likely internal to the quasar host 
itself and not physically coincident with the neutral gas.

Quantitative chemical abundance estimates are usually impossible for z > 5.5 quasar absorbers 
because the benchmark neutral hydrogen line is severely blended and saturated in the forest of 
neighboring Ly! systems.  However the damping wing near the emission redshift of ULAS J1120 offers a 
unique opportunity to measure its H I column density.  In conjunction with upper limits on the heavy 
element column density, this yields a straightforward upper limit on the chemical abundance of metals.

The H I column density estimate is sensitive to the detailed shape of the damping profile, which is 
fitted to the ratio of emitted to observed flux (the ratio of the red to black lines in Figure 1).  This ratio 
depends critically on how the intrinsic (i.e. unabsorbed) shape of the quasar’s Ly! emission line is 
modeled, including both its absolute flux density and its redshift, which fixes the location of the emission 
peak.  The details of this procedure are described in the Supplementary Online Material, but to 
summarize, we experimented with several different prescriptions, including four different quasar 
composite spectra generated from low redshift surveys14–17, and additionally a principal-component 
analysis fit18 extrapolated over the Lyman alpha region.  For each of these continua, we calculated the H I 
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Figure 1: FIRE spectrum of ULAS J1120+0641, alongside our estimate of the intrinsic source 
spectrum and a composite model including foreground absorption. The unabsorbed continuum us 
shown in red, and the blue curve includes the absorption.  The continuum is constructed from a 
composite of quasars in the Sloan Digital Sky Survey14,16.  C IV absorption intrinsic to the quasar 
host galaxy is seen to the red of the labeled CIV emission peak.  However, the C IV emission line 
is anomalously blueshifted6 in ULAS J1120, so we compute the redshift  distance between the 
absorber and quasar host  using its MgII6 or [C II] (ref 25) redshift.  Bottom Left: The Lyman alpha 
region of the spectrum with unabsorbed continuum model (red) and absorbed continuum (blue).  
The vertical arrow marks the location of Ly! absorption at z = 7.04.  Bottom right: Detail of the 
damping wing with HI absorption fit.  The quasar’s emission redshift25 (7.0842) is indicated with 
the vertical dashed line.  Two additional optically thin Ly! absorbers (labeled 1 and 2) are apparent 
in the quasar’s near zone at z = 7.0721±0.0001 and z = 7.0855±0.0001 ("v = -424, +161 km / s 
from the host, see Supplementary Information).  These data have not been continuum normalized, 
so a slight downward slope is visible toward redder wavelengths.

z=7.1	
  spectra

A e-­‐τ post-EoR

Simcoe+2012
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  spectra
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  together	
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wavelength for these lines.  The heavy element lines are therefore most likely internal to the quasar host 
itself and not physically coincident with the neutral gas.

Quantitative chemical abundance estimates are usually impossible for z > 5.5 quasar absorbers 
because the benchmark neutral hydrogen line is severely blended and saturated in the forest of 
neighboring Ly! systems.  However the damping wing near the emission redshift of ULAS J1120 offers a 
unique opportunity to measure its H I column density.  In conjunction with upper limits on the heavy 
element column density, this yields a straightforward upper limit on the chemical abundance of metals.

The H I column density estimate is sensitive to the detailed shape of the damping profile, which is 
fitted to the ratio of emitted to observed flux (the ratio of the red to black lines in Figure 1).  This ratio 
depends critically on how the intrinsic (i.e. unabsorbed) shape of the quasar’s Ly! emission line is 
modeled, including both its absolute flux density and its redshift, which fixes the location of the emission 
peak.  The details of this procedure are described in the Supplementary Online Material, but to 
summarize, we experimented with several different prescriptions, including four different quasar 
composite spectra generated from low redshift surveys14–17, and additionally a principal-component 
analysis fit18 extrapolated over the Lyman alpha region.  For each of these continua, we calculated the H I 
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Figure 1: FIRE spectrum of ULAS J1120+0641, alongside our estimate of the intrinsic source 
spectrum and a composite model including foreground absorption. The unabsorbed continuum us 
shown in red, and the blue curve includes the absorption.  The continuum is constructed from a 
composite of quasars in the Sloan Digital Sky Survey14,16.  C IV absorption intrinsic to the quasar 
host galaxy is seen to the red of the labeled CIV emission peak.  However, the C IV emission line 
is anomalously blueshifted6 in ULAS J1120, so we compute the redshift  distance between the 
absorber and quasar host  using its MgII6 or [C II] (ref 25) redshift.  Bottom Left: The Lyman alpha 
region of the spectrum with unabsorbed continuum model (red) and absorbed continuum (blue).  
The vertical arrow marks the location of Ly! absorption at z = 7.04.  Bottom right: Detail of the 
damping wing with HI absorption fit.  The quasar’s emission redshift25 (7.0842) is indicated with 
the vertical dashed line.  Two additional optically thin Ly! absorbers (labeled 1 and 2) are apparent 
in the quasar’s near zone at z = 7.0721±0.0001 and z = 7.0855±0.0001 ("v = -424, +161 km / s 
from the host, see Supplementary Information).  These data have not been continuum normalized, 
so a slight downward slope is visible toward redder wavelengths.

z=7.1	
  spectra

A e-­‐τ post-EoR

e-­‐τ EoR

Simcoe+2012

OR



Analysis	
  of	
  z=7.1	
  QSO	
  ULASJ1120
• Step	
  1:	
  reconstruct	
  the	
  intrinsic	
  Lyα	
  emission	
  of	
  
ULASJ1120	
  by	
  sampling	
  a	
  covariance	
  matrix	
  of	
  
emission	
  line	
  properties	
  built	
  from	
  ~1700	
  high	
  S/
N	
  BOSS	
  spectra	
  (Greig,	
  AM+	
  2016a)
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Analysis	
  of	
  z=7.1	
  QSO	
  ULASJ1120
• Step	
  1:	
  reconstruct	
  the	
  intrinsic	
  Lyα	
  emission	
  of	
  
ULASJ1120	
  by	
  sampling	
  a	
  covariance	
  matrix	
  of	
  
emission	
  line	
  properties	
  built	
  from	
  ~1700	
  high	
  S/
N	
  BOSS	
  spectra	
  (Greig,	
  AM+	
  2016a)	
  

• Step	
  2:	
  run	
  large-­‐scale,	
  state-­‐of-­‐the-­‐art	
  
simulations	
  of	
  reionization,	
  spanning	
  a	
  range	
  of	
  
uncertainties	
  in	
  the	
  EoR	
  topology	
  (AM+	
  2016)



Analysis	
  of	
  z=7.1	
  QSO	
  ULASJ1120
• Step	
  1:	
  reconstruct	
  the	
  intrinsic	
  Lyα	
  emission	
  of	
  
ULASJ1120	
  by	
  sampling	
  a	
  covariance	
  matrix	
  of	
  
emission	
  line	
  properties	
  built	
  from	
  ~1700	
  high	
  S/
N	
  BOSS	
  spectra	
  (Greig,	
  AM+	
  2016a)	
  

• Step	
  2:	
  run	
  large-­‐scale,	
  state-­‐of-­‐the-­‐art	
  
simulations	
  of	
  reionization,	
  spanning	
  a	
  range	
  of	
  
uncertainties	
  in	
  the	
  EoR	
  topology	
  (AM+	
  2016)	
  

• Step	
  3:	
  Simultaneously	
  sample	
  intrinsic	
  emission	
  
+	
  IGM	
  absorption,	
  in	
  a	
  Bayesian	
  framework	
  (Greig,	
  
AM+	
  2016b)



Analysis	
  of	
  z=7.1	
  QSO	
  ULASJ1120

Greig,	
  AM+	
  2016b



Analysis	
  of	
  z=7.1	
  QSO	
  ULASJ1120

Greig,	
  AM+	
  2016b

First	
  detection	
  of	
  ongoing	
  reionization!!!	
  
<xHI>	
  =	
  0.40-­‐0.32+0.41	
  (2	
  σ)



putting	
  it	
  all	
  together…	
   
When	
  did	
  the	
  Universe	
  reionize?

Greig	
  &	
  AM	
  (2016)	
  
see	
  also	
  Planck	
  2016;	
  
Price+2016;	
  Mitra+2016

We	
  now	
  have	
  a	
  reasonable	
  handle	
  on	
  when…



What	
  and	
  how??

we	
  don’t	
  really	
  know…

stellar	
  populations	
  vs	
  AGN,	
  IMF	
  in	
  first	
  galaxies,	
  role	
  of	
  SNe	
  and	
  radiative	
  feedback,	
  
metal	
  pollution,	
  efficiency	
  of	
  star	
  formation,	
  IGM	
  structures,	
  UVB	
  evolution	
  etc..



What	
  and	
  how?
• Galaxy	
  candidates	
  have	
  been	
  found	
  out	
  to	
  z~10.	
  	
  	
  Are	
  these	
  the	
  stellar	
  
populations	
  responsible	
  for	
  the	
  Cosmic	
  Dawn	
  and	
  reionization?	
  
Estimates	
  suggest	
  they	
  are	
  too	
  few…

Bouwens+	
  (2015)
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  -­‐22

MAB=	
  -­‐18

MAB=	
  -­‐14
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  6

Hubble	
  limit
JWST	
  limit hidden	
  population	
  of	
  

abundant	
  ,faint	
  galaxies??

HERE THERE BE MONSTERS!

H-­‐cooling	
  threshold

H2	
  cooling

Note:	
  this	
  is	
  a	
  log	
  plot!



Get	
  ready	
  for	
  the	
  revolution: 
the	
  cosmic	
  21	
  cm	
  signal



21	
  cm	
  line	
  from	
  neutral	
  hydrogen

Hyperfine	
  transition	
  in	
  the	
  ground	
  state	
  of	
  neutral	
  hydrogen	
  
produces	
  the	
  21cm	
  line.



Widely	
  used	
  to	
  map	
  the	
  HI	
  content	
  of	
  our	
  
galaxy	
  and	
  nearby	
  galaxies

Circinus	
  Galaxy
ATCA	
  HI	
  image	
  by	
  B.	
  Koribalski	
  (ATNF,	
  CSIRO),	
  K.	
  Jones,	
  M.	
  Elmouttie	
  (University	
  of	
  
Queensland)	
  and	
  R.	
  Haynes	
  (ATNF,	
  CSIRO).



Cosmic	
  21-­‐cm	
  signal

use	
  the	
  CMB	
  as	
  a	
  background.	
  	
  measure	
  the	
  difference	
  in	
  
intensities	
  of	
  the	
  CMB	
  and	
  the	
  cosmic	
  HI,	
  the	
  so-­‐called	
  
brightness	
  temperature	
  offset	
  from	
  the	
  CMB:

Recom
bination

CMB	
  backlight

z	
  =	
  0	
   z~1100	
  

HI

Signal	
  contains	
  both	
  ASTROPHYSICAL	
  and	
  	
  
COSMOLOGICAL	
  terms



Cosmic	
  21-­‐cm	
  signal
Recom

bination

z	
  =	
  0	
   z~1100	
  

Dark%Ages%Lyα%coupling%X4ray%hea6ng%Reioniza6on%

1"Gyr" 100"Myr" 20"Myr"300"Myr"

Evolu7on#of#21cm#Structure#(EOS)#2016#data#release.#Mesinger+#(2016)#

Signal	
  contains	
  both	
  ASTROPHYSICAL	
  and	
  	
  
COSMOLOGICAL	
  terms

AM+	
  2016



How	
  do	
  we	
  learn	
  about	
  the	
  hidden	
  sources?

• Galaxy	
  clustering	
  +	
  stellar	
  properties	
  à evolution	
  of	
  
large-­‐scale	
  EoR/CD	
  structures

McQuinn+	
  2007

Abundant,	
  faint	
  galaxies Rare,	
  bright	
  galaxiesvs

94	
  Mpc



Patterns	
  in	
  the	
  Epoch	
  of	
  Heating
75
0	
  
M
pc

‘hard’	
  SED	
  ~	
  HMXBs ‘soft’	
  SED	
  ~	
  hot	
  ISM

Pacucci,	
  AM+	
  2014

High-­‐energy	
  processes	
  in	
  the	
  first	
  galaxies	
  are	
  also	
  encoded	
  in	
  the	
  cosmic	
  21-­‐cm	
  signal

differences	
  are	
  easily	
  detectable	
  with	
  HERA	
  and	
  the	
  SKA



How	
  to	
  quantify	
  what	
  we	
  will	
  learn??

21CMMC	
  (Greig	
  &	
  AM	
  2015,	
  2017)	
  –	
  public,	
  
massively-­‐parallelized	
  MCMC	
  driver	
  for	
  21cmFAST,	
  
based	
  on	
  EMCEE	
  sampler	
  (Forman-­‐Mackey+	
  2013)

21cmFAST	
  (AM+2007,	
  2011)	
  —	
  public,	
  efficient	
  
semi-­‐numerical	
  3D	
  simulation	
  code;	
  extensively	
  
tested	
  and	
  currently	
  used	
  by	
  all	
  21-­‐cm	
  efforts	
  
around	
  the	
  globe

+
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What	
  are	
  astrophysical	
  parameters?

ζ	
  -­‐	
  the	
  ionizing	
  efficiency	
  of	
  galaxies.	
  	
  ζ	
  is	
  proportional	
  to	
  the	
  product	
  of	
  the	
  escape	
  fraction,	
  
specific	
  stellar	
  mass	
  and	
  number	
  of	
  ionizing	
  photons	
  per	
  baryon	
  (set	
  by	
  the	
  IMF)

Greig	
  &	
  AM	
  (2017)



What	
  are	
  astrophysical	
  parameters?

Rmfp - the typical horizon for ionizing photons (mean free path), set by IGM 
recombinations (Lyman limit systems)

Greig	
  &	
  AM	
  (2017)



What	
  are	
  astrophysical	
  parameters?

Tvir - the minimum virial temperature of halos hosting star-forming galaxies (set 
by cooling or feedback…)

Greig	
  &	
  AM	
  (2017)



What	
  are	
  astrophysical	
  parameters?

LX / SFR - the soft-band X-ray luminosity per unit star formation of the first 
galaxies

Greig	
  &	
  AM	
  (2017)



What	
  are	
  astrophysical	
  parameters?

E0 (or NHI) - the minimum X-ray photon energy (corresponding to a typical NHI of 
the first galaxies) capable of escaping the host galaxy into the IGM

Greig	
  &	
  AM	
  (2017)



What	
  are	
  astrophysical	
  parameters?

αX - the X-ray spectral energy index of typical SED

Greig	
  &	
  AM	
  (2017)



Triangle	
  plot	
  from	
  21CMMC

Greig	
  &	
  AM	
  (2017)
• percent	
  level	
  constraints	
  on	
  most	
  astro	
  params	
  and	
  EoR	
  history	
  w.	
  SKA	
  
• no	
  strong	
  degeneracies	
  even	
  with	
  6	
  parameter	
  model



Upcoming….
• 21cmFAST	
  +	
  21CMMC	
  provides	
  a	
  powerful,	
  Bayesian	
  analysis	
  framework	
  for	
  the	
  
21-­‐cm	
  signal.	
  	
  Parameter	
  recovery	
  can	
  provide	
  a	
  figure-­‐of-­‐merit	
  to	
  test	
  
foreground-­‐cleaning	
  algorithms,	
  instrument	
  configurations,	
  antenna	
  design,	
  
observing	
  strategies,	
  etc.	
  

• Bayesian	
  evidence	
  can	
  be	
  used	
  to	
  discriminate	
  between	
  different	
  astrophysical	
  
parameterizations.	
  	
  Can	
  we	
  find	
  a	
  fundamental	
  basis	
  set	
  for	
  Cosmic	
  Dawn	
  
astrophysics?	
  

• The	
  signal	
  is	
  highly	
  non-­‐Gaussian.	
  	
  Since	
  we	
  generate	
  on-­‐the-­‐fly	
  3D	
  simulations,	
  
we	
  can	
  easily	
  replace	
  the	
  PS	
  when	
  computing	
  the	
  likelihood.	
  	
  Are	
  non-­‐Gaussian	
  
statistics	
  a	
  better	
  discriminant	
  for	
  astrophysical	
  parameters?	
  

• Our	
  analysis	
  framework	
  now	
  operates	
  directly	
  on	
  the	
  light-­‐cone,	
  bringing	
  us	
  
closer	
  to	
  an	
  end-­‐to-­‐end	
  pipeline	
  for	
  21-­‐cm	
  interferometers.	
  	
  Can	
  we	
  eventually	
  
forward-­‐model	
  the	
  signal?



The	
  time	
  is	
  now!
• 1st	
  gen.	
  interferometers	
  are	
  already	
  taking	
  data,	
  ruling-­‐out	
  

extreme	
  models	
  with	
  no	
  heating

incoherently combine independent power spectrum measure-
ments made at different times and with different baseline
groups using the median statistic. As described in Section 5.4,

we bootstrap over all of these independent measurements, as
well as over the selection of baselines included in the power
spectrum analysis for each baseline group, in order to estimate

Figure 17. Absolute value of the cumulative mean (left) and median (right), as a function of number of modes of the power spectrum band power for k& modes
ranging from −0.49 (red) to h0.44 Mpc 1- (violet). Here, modes are defined as samples from different redundant baseline groups and LSTs. This Allen variance plot
shows modes averaging down as the square root of number of modes combined until a signal floor is reached. The difference in behavior between the mean and
median is an indication of outliers in the distribution of values, likely as a result of foreground contamination. We use the median in the estimation of the power
spectrum in Figure 18, along with a correction factor compensating for the difference between the mean and median in estimating variance.

Figure 18. Measured power spectrum (black dots with 2σ error bars) at z = 8.4 resulting from a 135 day observation with PAPER-64. The dashed vertical lines at
h0.6 Mpc 1- show the bounds of the delay filter described in Section 3.3. The predicted 2σ upper limit in the absence of the a celestial signal is shown in dashed cyan,

assuming T K500sys = . The triangles indicate 2 σ upper limits from GMRT (Paciga et al. 2011) (yellow) at z = 8.6, MWA (Dillon et al. 2014) at z = 9.5 (magenta),
and the previous PAPER upper limit (P14) at z = 7.7 (green). The magenta curve shows a predicted model 21 cm power spectrum at 50% ionization (Lidz
et al. 2008).
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The	
  time	
  is	
  now!
• 1st	
  gen.	
  interferometers	
  are	
  already	
  taking	
  data,	
  ruling-­‐out	
  

extreme	
  models	
  with	
  no	
  heating.	
  We	
  should	
  soon	
  see	
  a	
  
statistical	
  detection	
  of	
  the	
  EoR!	
  

• 2nd	
  gen.	
  interferometers,	
  HERA	
  &	
  SKA1,	
  are	
  coming	
  in	
  the	
  
next	
  few	
  years,	
  bringing	
  high	
  S/N	
  detections	
  throughout	
  
the	
  Cosmic	
  Dawn

first	
  19	
  of	
  planned	
  350	
  HERA	
  dishes rendering	
  of	
  SKA1-­‐Low



Conclusions
• Current	
  probes	
  tell	
  us	
  roughly	
  when	
  reionization	
  occurred.	
  	
  The	
  

strongest	
  constraints	
  come	
  from	
  Planck	
  2016	
  (integral	
  constraints),	
  
and	
  the	
  first	
  detection	
  from	
  QSO	
  ULASJ1120:	
  <xHI>	
  =	
  0.40-­‐0.32+0.41	
  (2	
  σ)	
  
at	
  z~7.	
  	
  But	
  we	
  do	
  not	
  know	
  anything	
  about	
  the	
  astrophysical	
  sources	
  
and	
  sinks.	
  

• The	
  properties	
  of	
  sources	
  and	
  sinks	
  are	
  encoded	
  in	
  the	
  3D	
  EoR	
  
structure.	
  

• To	
  quantify	
  what	
  we	
  can	
  learn,	
  we	
  developed	
  a	
  Bayesian	
  framework	
  
for	
  astrophysical	
  parameter	
  estimation,	
  capable	
  of	
  on-­‐the-­‐fly	
  MCMC	
  
sampling	
  (21CMMC)	
  of	
  3D	
  simulations	
  (21cmFAST).	
  

• Upcoming	
  21-­‐cm	
  interferometers	
  will	
  constrain	
  astrophysical	
  
parameters	
  to	
  per	
  cent	
  level	
  precision	
  

• Our	
  framework	
  can	
  be	
  used	
  to	
  optimize	
  foreground-­‐cleaning	
  
algorithms,	
  instrument	
  configurations,	
  antenna	
  design,	
  observing	
  
strategies,	
  Bayesian	
  evidence	
  model	
  selection,	
  optimal	
  statistics,	
  etc.	
  

• What	
  more	
  can	
  we	
  learn??


