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CMB displays a single moment 
of the Universe. Its initial 

conditions at ~400,000 yrs

Dark Ages, Cosmic Dawn & EoR
HI emission from the Dark Ages, Cosmic Dawn & 

EoR traces an evolving “movie” of baryonic 
structure formation. (<109 yrs)
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Short Summary of Constraints on the EoR

Most evidence points at substantial reionization (still) occurring at z<10, 
but its cause/source is unknown: better tracers are needed (i.e. HI itself)

• Scattering optical depths from CMB observations
Ionized medium causes CMB polarization: zeor ~ 10

• High-z galaxies
IR drop-outs give SFR/LF to z~10: SFR rises fast below z~10 but 
there are not enough UV photons to re-ionize the Universe >>> Puzzle!

• High-z QSOs
Gunn-Peterson troughs suggest ~10% neutral HI at z~7, i.e. the end of 
reionization occurs close to the highest z QSO/galaxies that we observe 

• High-z GRBs
GRBs traces massive star formation. Currently rare events, but z~8.2 GRB
has been seen and could be a direct tracer of the SFR. 

• Temperature of the IGM 
Extrapolation of the high-z IGM temperature suggest late reionization 
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Changes in our understanding of 
the CD/EoR eras, since 2004

• Since the SKA Science Book (2004) a dramatic change in our understanding 
   of how the CD/EoR has unfolded (*) “Reionization and the Cosmic Dawn with the SKA”,  
     Mellema, Koopmans et al.,  2013, Exp. Ast.  

     - CMB scattering optical depth gives zEoR~10 rather zEoR~20, bringing
         the Cosmic Dawn into reach of ground-based radio telescope i.e. SKA.
      - First discoveries of objects in the EoR: drop-outs, Ly-alpha emitters,
         QSOs, GRBs, SNae up to z~10.
      - New physical phenomena: e.g. HI bulk-flows at high-z (impact during CD)
      - Much improved simulations (larger and more complete physics).
  
• Guided by these latest results, an updated EoR and Cosmic Dawn 
   science case was written* and recommended - given (although limited) input 
   from current experiments - what the SKA-low design should be in order to 
   study the CD/EoR using both power-spectra AND tomography
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What makes SKA special? 
It allows study of the Cosmic Dawn & Tomography of the EoR!

Dark Ages

Cosmic Dawn

Reionization

DM power-spectrum evolution
DM annihilation physics
Baryonic Bulk Flows
Physics of Gravity/GR

Appearance of first stars (PopIII?)
Ly-α radiation field
Impact of Baryonic Bulk Flows
First X-ray heating sources

Reionization by stars & mini-quasars
IGM feedback (e.g. metals)
PopIII - PopII transition
Emergence of the visible universe

Present day
Telescopes

SKA/ELT/
JWST

Space/Moon based
Interferometers

2013

~2030

~2020
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The quantity that can be measured with SKA along a 
given line of sight is given by:

The HI 21-cm intensity is set by a complex interplay between 
cosmology and (g)astrophysics.

Hydrogen Brightness Temperature

Ionization

Cosmology

(G)astrophysics Peculiar velocities/Bulk-flows
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Hydrogen Brightness Temperature
Global Signal
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TMT8 may provide a glimpse of the Universe at z ! 12
they peer through a narrow field of view and are unlikely
to touch upon redshifts z ! 20. As we will show, 21
cm global experiments could potentially provide crude
constraints on even higher redshifts at a much lower cost.
The structure of this paper is as follows. In §II, we

begin by describing the basic physics that drives the evo-
lution of the 21 cm global signature and drawing atten-
tion to the key observable features. We follow this in §III
with a discussion of the foregrounds, which leads into our
presenting a Fisher matrix formalism for predicting ob-
servational constraints in §IV. In §V and §VI we apply
this formalism to the signal from reionization and the
first stars, respectively. After a brief discussion in §VII
of the prospects for detecting the signal from the dark
ages before star formation, we conclude in §VIII.
Throughout this paper where cosmological parameters

are required we use the standard set of values !m = 0.3,
!! = 0.7, !b = 0.046, H = 100h km s!1Mpc!1 (with
h = 0.7), nS = 0.95, and !8 = 0.8, consistent with the
latest measurements [14].

II. PHYSICS OF THE 21 CM GLOBAL SIGNAL

The physics of the cosmological 21 cm signal has been
described in detail by a number of authors [15, 16] and
we focus here on those features relevant for the global
signal. It is important before we start to emphasise our
uncertainty in the sources of radiation in the early Uni-
verse, so that we must of necessity extrapolate far beyond
what we know to make predictions for what we may find.
Nonetheless the basic atomic physics is well understood
and a plausible understanding of the likely history is pos-
sible.
The 21 cm line frequency "21 cm = 1420MHz redshifts

for z = 6 ! 27 into the range 200-50 MHz. The signal
strength may be expressed as a di"erential brightness
temperature relative to the CMB

Tb = 27xHI

!

TS ! T!

TS

"!

1 + z

10

"1/2

" (1 + #b)

#

$rvr
(1 + z)H(z)

$

!1

mK, (1)

where xHI is the hydrogen neutral fraction, #b is the over-
density in baryons, TS is the 21 cm spin temperature, T!

is the CMB temperature, H(z) is the Hubble parameter,
and the last term describes the e"ect of peculiar velocities
with $rvr the derivative of the velocities along the line
of sight. Throughout this paper, we will neglect fluctua-
tions in the signal so that neither of the terms #b nor the
peculiar velocities will be relevant. Fluctuations in xH

8 http://www.tmt.org/

and #b will be relevant for the details of the signal, but
are not required to get the broad features of the signal,
on which we focus here.

FIG. 1: Evolution of the 21 cm global signal for di!erent
scenarios. Solid blue curve: no stars; solid red curve: TS !
T! ; black dotted curve: no heating; black dashed curve: no
ionization; black solid curve: full calculation.

The evolution of Tb is thus driven by the evolution of
xH and TS and is illustrated for redshifts z < 100 in
Figure 1. Early on, collisions drive TS to the gas temper-
ature TK , which after thermal decoupling (at z # 1000)
has been cooling faster than the CMB leading to a 21 cm
absorption feature ([TS ! T! ] < 0). Collisions start to
become ine"ective at redshifts z $ 80 and scattering of
CMB photons begins to drive TS % T! causing the sig-
nal to disappear. In the absence of star formation, this
would be the whole story [17].
Star formation leads to the production of Ly% photons,

which resonantly scatter o" hydrogen coupling TS to TK

via the Wouthysen-Field e"ect [18, 19]. This produces
a sharp absorption feature beginning at z $ 30. If star
formation also generates X-rays they will heat the gas,
first causing a decrease in Tb as the gas temperature is
heated towards T! and then leading to an emission sig-
nal, as the gas is heated to temperatures TK > T! . For
TS & T! all dependence on the spin temperature drops
out of equation (1) and the signal becomes saturated.
This represents a hard upper limit on the signal. Finally
reionization will occur as UV photons produce bubbles
of ionized hydrogen that percolate, removing the 21 cm
signal.
We may thus identify five main events in the history

of the 21 cm signal: (i) collisional coupling becoming in-
e"ective (ii) Ly% coupling becoming e"ective (iii) heat-
ing occurring (iv) reionization beginning (v) reionization
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ending. In the scenario described above the first four of
these events generates a turning point (dTb/dz = 0) and
the final event marks the end of the signal. We reiterate
that the astrophysics of the sources driving these events
is very uncertain, so that when or even if these events
occur as described is currently unknown. Figure 2 shows
a set of histories for di!erent values of the X-ray and Ly!
emissivity, parametrized about our fiducial model by fX
and f! representing the product of the emissivity and the
star formation e"ciency following Ref. [16]. Clearly the
positions of these features may move around both in the
amplitude of Tb and the frequency at which they occur.

FIG. 2: Dependence of 21 cm signal on the X-ray (top panel)
and Ly! (bottom panel) emissivity. In each case, we consider
examples with the emissivity reduced or increased by a factor
of up to 100. Note that in our model fX and f! are really the
product of the emissivity and the star formation e!ciency.

We view this to be the most likely sequence of events
for plausible astrophysical models. We are reassured in
this sequencing since, in the absence of Ly! photons es-
caping from galaxies [20], X-rays will also produce Ly!
photons [21, 22] and so couple TS to TK and, in the ab-
sence of X-rays, scattering of Ly! photons heats the gas
[23]. In each case the relative sequence of events is likely
to be maintained. We will return to how di!erent models
may be distinguished later and now turn to the presence
of foregrounds between us and the signal.

III. FOREGROUNDS

At the frequencies of interest (10-250 MHz), the sky
is dominated by synchrotron emission from the galaxy.
A useful model of the sky has been put together by Ref.
[24] using all existing observations. The sky at 100 MHz

is shown in Figure 3, where the form of the galaxy is
clearly visible. In this paper, we will be focusing upon
observations by single dipole experiments. These have
beam shapes with a typical field-of-view of tens of de-
grees. The lower panel of Figure 3 shows the beam of
dipole (approximated here as a single cos2 " lobe) sit-
ting at the MWA site in Australia (approximate latitude
26!59’S), observing at zenith, and integrated over a full
day. Although the dipole does not see the whole sky at
once it does average over large patches. We will therefore
neglect spatial variations (although we will return to this
point in our conclusions).

FIG. 3: Top panel: Radio map of the sky at 100 MHz gen-
erated from Ref. [24]. Bottom panel: Ideal dipole response
averaged over 24 hours.

Averaging the foregrounds over the dipole’s angular re-
sponse gives the spectrum shown in the top panel of Fig-
ure 4. First note that the amplitude of the foregrounds is
large ! 100K compared to the 10 mK signal. Nonethe-
less, given the smooth frequency dependence of the fore-
grounds we are motivated to try fitting the foreground
out using a low order polynomial in the hope that this
leaves the signal behind. This has been shown by many
authors [e.g. 25, 26] to be a reasonable procedure in the
case of 21 cm tomography. There the inhomogeneities
fluctuate rapidly with frequency, so that only the largest
Fourier modes of the signal are removed. In the case of
the global 21 cm signal our signal is relatively smooth in
frequency, especially if the bandwidth of the instrument
is small. Throwing the signal out with the foregrounds
is therefore a definite concern.

Throughout this paper, we will fit the foregrounds us-

The history of Tb can vary; hence measuring Tb as function of redshift/time, 
provides a handle on SF, Ly-α coupling (WF), (X-ray) heating, etc.

X-rays

Ly-alpha

Extreme 
assumptions

Hydrogen Brightness Temperature
Global Signal

Increased  
Lyα coupling

Decreased  
X-ray heating

Pritchard & Loeb 2011
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Pritchard & Loeb 2009; see also Santos et al. 2008, 2010, 2011

Intensity Fluctuations
EoR

EoR
Cosmic Dawn

Cosmic Dawn
Dark Ages

Dark Ages

Intensity Fluctuations

Hydrogen Brightness Temperature
Power-Spectrum
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Hydrogen Brightness Temperature
Tomography & Power-spectrum

Rough detection box for SKA

z=10

z=25

Sensitivity limits are scale dependent but Δ2
noise~few mK2 is where

current instruments aim for in ~1000 hrs. SKA can go to Δ2
noise~0.1 mK2

Credit: Mesinger 
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Hydrogen Brightness Temperature
Tomography & Power-spectrum

Cosmic Dawn

Mesinger 2010

The first stars form in ~108 Msun

haloes and start coupling the spin 
temperature (locally) to the cold 
gas temperature (W-F). After some 
time X-ray sources(?) heat the gas 
and cause the spin-temperature 
to rise again.

At high-z HI is seen in absorption
with fluctuations sourced by baryonic
density fluctuations. Some time later
locally the gas is heated by X-rays 
and locally couples to the spin-temp.
causing patches in absorption and
emission, sourcing Tb fluctuations.
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Hydrogen Brightness Temperature
Tomography & Power-spectrum

Mesinger 2010

Reionization

After a while X-ray heating is completed
and HI is only seen in emission and is 
still mostly neutral. Fluctuations are 
sourced again by density fluctuations
and peculiar velocities. 

Finally ionization sets in and causes 
bubbles to occur. The strong contrast
between bubbles and neutral patches
is another sources of Tb fluctuations.
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For SKA1 to be transformational and not a statistical HI 
detection instrument like its pathfinders MWA, PAPER, 
LOFAR, GMRT, it should be able to:

(1) Study the Cosmic Dawn (to z~25) via tomography on 
     large scale and via power-spectra on smaller scales.

(2) Enable tomography on all scales (few arcmin-degrees) 
     during the full Epoch of Reionization (z~6-15).   

SKA1: Transformational or not?
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Top-level Science Requirements

• Angular scales for power-spectrum & tomography: 
• arcminute - degrees - Allow PS measurement on degree 

            scales over the full freq. range and tomography on degree 
            scale at z=25 and on all scales >5’ at z=10. 

• Brightness temperature: 
• dTb ~ 1 mK rms between bubbles; ~10 mK on/off bubbles

            [set by state-of-the art simulations plus CMB/G-P limits]

• Redshift/Freq. Range: 
• z~25-6 - trace the Cosmic Dawn prior to EoR and the 

            EoR till full reionization (z~5-6) [motiv.: CMB-pol, G-P]. 

THE SQUARE KILOMETREARRAY DESIGN 
REFERENCE MISSION: SKA PHASE 1
Document	  number	  .................................................................	  SCI-‐020.010.020-‐DRM-‐002	  
Revision...........................................................................................................................	  3	  
Author	  ...................................................................................	  SKA	  Science	  Working	  Group	  
Date	  ................................................................................................................	  2012-‐05-‐28	  
Status	  ............................................................................................	  Requirements	  Baseline	  

In excellent agreement with
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z=25 z=8z=15 z=10z=20

SKA
Tomography 

Tomography is feasible 
on 10’ scales over the 
redshift z<15 range.

Tomography is feasible 
on 1o scales over the 
redshift z=6-25 range.

Tomography is feasible 
on 5’ scales over the 
redshift z<8 range.

EoR: z<15
In 1000hr with a BW=1MHz 
or matches to angular scales,
one can do tomography to
the required level of ~1mK
on scale >~10’

Cosmic Dawn: 15<z<25
Idem, on scales >~1o.
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Assuming the current SKA baseline design

simulation at z=10 w/21cmfast

arcmin-scalesdegree-scales

SKA-low: noise + sample variance

Acoll = 0.8km2

Dstat =35m
866 stations 
   inside ~3km
tint=1000hrs
BW=10MHz

Measuring the EoR HI-Tb Power-
Spectrum at z=10

SKA1	  SYSTEM	  BASELINE	  DESIGN	  
Document	  number	  ..........................................................................	  SKA-‐TEL-‐SKO-‐DD-‐001	  
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SKA Power-Spectrum Sensitivity for Single Beam

Different core diameters 
and station densities

z=10

More 
compact 

core
Increasing 

A/T

More 
stations
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SKA versus Current Arrays
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SKA1-AA-low Power-spectrum sensitivity
(current baselines design)

Mesinger et al. 2013

Sensitivity of SKA1 versus pathfinders (2000hrs)
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SKA1-AA-low Power-spectrum sensitivity
(current baselines design)

Mesinger et al. 2013

Sensitivity of SKA1 versus pathfinders (2000hrs)
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Mesinger et al. 2013

S/N for different heating and halo models (nominal Mmin=108 Msun/fX=1 model is a red star)

SKA1-AA-low Power-spectrum sensitivity
(current baselines design)

S/N>100 with SKA1 for 
all models
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Impact on the Design of SKA-low

FoV/Station size

- CD/EoR simulations suggest that scales ~1’ to ~1 degree can show dTb~1mK 
   fluctuations. Limiting the sample variance and loss in structure in tomography   
   requires at least FoV>>1 degree.

- A larger FoV/smaller station for fixed Acoll, leads to a better uv-coverage, which
  helps instantaneous calibration. 

- A too large FoV/too small station, might lead to a sky that is only calibratable    
  around bright sources => analogy with MC-AO systems!

- Multi-beaming can only partly recover scales > station beam, but can build 
   up power-spectrum sensitivity on scale inside the beam and do tomography.

- Too many small stations cost much more correlator/computing power
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SCIENCE REQUIREMENTS
Long Baselines

- Calibration using long baselines reduces model degeneracies. The sky 
   is “simpler” at long baselines, whereas the science is at short baselines. 
   Hence the danger of covariance between calibration and EoR parameters 
   is reduced

- Information content in uv plane is much larger when going 
  from say 3 km diameter array to a 45 km diameter array; by factor
  (D2core x (4+Nstat,outer)/(4D2core) ~ 1 + (1/4)xNstat,outer ~ 10x. Much
  more if uv-plane is filled.

- Modeling of high-DR slightly resolved sources improves dramatically.
   One is sensitive to FWHM/sqrt[S/N] for any source. Especially bright
   sources need exquisite modeling

- Confusion “noise” on short baselines can be reduced by subtracting
   sources observed at higher spatial resolution prior to MW-FG removal.

- An imprint of the array equal to the FoV of a core station allows the
  ionosphere to be modeled in 3D through 3D tomography.

Monday, October 7, 13



UV-plane Information Content per Channel
uv-space sky

Maximum # of independent
pieces of information = (Dcore/Dstat)2

[This is true even for >>1 visibility per uv-cell]

Maximum # of independent
pieces of information = (Dcore/Dstat)2

 = (λ/Dstat)2/(λ/Dcore)2

[you can map the full sky, but it will be correlated!]

[i.e. the Nyquist–Shannon sampling theorem]

The sky does not contain more information than the uv-plane (i.e. its Fourier conjugate)
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Current Baseline Design provides:

• A/T ~ 1000 m2/K >100MHz, down to ~150 m2/K @ 50MHz: 
     i.e. Acoll=1km2 Consensus. Tomography needs it, although power-spectra maybe not,
      but SKA1 should take the next steps beyond current pathfinders in 10 years! 

 
• νlow =  50 MHz lower frequency limit
    Consensus. Many new interesting physics seems to take place starting at z~25; 
      risk is higher but reward of detection is very high as well. 
 
• Dstat ~ 35 meter station size in the core 
    Seems sweet-spot for FoV and computational effort. Multi-beaming can not make up 
      loss in FoV if D>>35m. (non-EoR) Stations outside core could be larger.

• Baselines up to ~90 km:
    Needed for calibration and compact-FG using different baselines than those 
      for EoR science. Understand the sky/ionosphere. Information content is small 
      on short baselines. i.e. short-baseline problems are more visible on long-baselines.
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Request for (no) Change

• No RfC in frequency range, resolution or optimal frequency
   Required to cover the CD/EoR eras. 

• No RfC in Aeff as function of radius, apart from maybe minor rearragments
   Required to reach 1-mK Tb levels from 5’ to 1o (from z=6 to z=25)

• No RfC on long baselines of 90 km
   Required for sky, instrument and ionospheric calibration.

• Recommends to put central D=400m core on a regular grid (redundancy/FFT).
   Enables rapid calibration, saves time/comput. costs, possibly enables FFT-type 
   telescope

• Recommends signal fibers to central bunker for flexible beam forming 
   and correlation
   Enables flexible beam-forming as function of experiment/freq./etc.

Overall (see RfC document + science assessment workshop outcome) the CD/EoR ST is 
content with the current BLD, but requests some minor modifications/changes and also 

makes several other recommendations.
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400m

4 km

90 km

~70m

~35m

100%75/95%50%15%

1 km

General Geometry SKA1-AA-low

• Filled inner R=200m core with
   elements on a regular grid
• “Stations” of 35m out to R=2km
   (50% <1km, 75%/95% <2 km)
• Larger (2x2 or 3x3?) clusters
   of 35m stations out to R=45 km
• Elements and stations in core placed
   on regular/repeating grid for 
   redundancy/FFT-type processing
• Maximize instantaneous uv-cover.
   inside the core as much as possible
• Signals of each element in the 
   core goes to a central bunker
   for hierarchical beam-forming
   (freq., case, baseline dependent)
• Stations <2 km for CD/EoR science
   and >2km mostly for sky, instrument
   and ionospheric calibration
• Freq. coverage 50-250+ MHz.

2x2 inner stations

Ns=680/866

Ns=136

Ns=455

Ns=911/1046
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What is detrimental to CD/EoR studies and 
should certainly not be done for SKA1. 

• Reduce Aeff (or A/T) in the core significantly below the current 
   baseline design: SKA(1) would reduce to a power-spectrum instrument and 
    tomography during the EoR will be difficult if not impossible. CD studies will become hard. 

• Reduce the frequency coverage or shift to higher frequencies:
    The Cosmic Dawn starts at z~25-30, i.e. ~50MHz; not going to those freq. will close that 
     window for SKA(1). No other instrument can do this in the future.

   
• Reduce long baselines to <90 km: Experience with LOFAR has shown that 
    longer baselines (~100km) are extremely powerful for creating a sky model, for calibration,
    for ionospheric corrections and for diagnosing the overall system performance and data-quality. 

• Do beam-forming “on-site” and build “the beam” in to the 
   hardware system/layout of the receiver elements: Severely limits the 
    flexibility in the system to adjust to novel/future science cases.
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Thank you!
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