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Great Observatories for the coming 
decades  

Atacama Large Millimetre Array (ALMA): mm/
submm 
Chajnantor Plateau @ 17,000 ft 
Early science now 
Inaugurated on 13th March 2013 



Great Observatories for the coming 
decades  

James Webb Space Telescope: due for launch in 2018 



Great Observatories for the coming 
decades  

Square Kilometre Array: radio 
Construction start 2017/18 



Specialised “experiments” 

EUCLID: 
~€1B, launch 2020 

LSST 
~$750M, operational ~2020 
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How did we choose the site? 



How did we choose the site? 



Karoo Radio Astronomy Reserve 

11 

500 km 



Murchison Radio Astronomy Observatory 

; size of the Netherlands 

 => 0.002 km-2  



The Science Working Groups 

•  Astrobiology (“The Cradle of Life”) 
–  Project Scientist: Tyler Bourke  
–  Working Group Chair: Melvin Hoare 

•  Galaxy Evolution – Continuum  
–  Project Scientist: Jeff Wagg  
–  Working Group Chairs: Nick Seymour & Isabella 

Prandoni 
•  Cosmic Magnetism 

–  Project Scientist: Jimi Green  
–  Working Group Chairs: Melanie Johnston-Hollitt & 

Federica Govoni 
•  Cosmology 

–  Project Scientist: Jeff Wagg  
–  Working Group Chair: Roy Maartens 

•  Epoch of Reionisation & the Cosmic Dawn 
–  Project Scientist: Jeff Wagg  
–  Working Group Chair: Leon Koopmans 

•  Galaxy Evolution – HI  
–  Project Scientist: Jimi Green  
–  Working Group Chairs: Lister Staveley-Smith & Tom 

Osterloo 
•  Pulsars (“Strong field tests of gravity”) 

–  Project Scientist: Jimi Green  
–  Working Group Chairs: Ben Stappers & Michael Kramer 

•  Transients 
–  Project Scientist: Tyler Bourke  
–  Working Group Chair: Rob Fender 



How does SKA1 baseline redefine 
state-of-art? 

  JVLA MeerKAT SKA1,
mid ASKAP SKA1,

survey 
LOFAR,
NL 

SKA1,
low 

Aeff/Tsys m2/K 265 321 1630 65 391 61 1000 

Survey>FoV deg2 0.14 0.48 0.39 30 18 6 6 

Survey>Speed>
FoM 

deg21m41

K22 
0.98×104 5.0×104 1.0×106 1.3×105 2.8×106 2.2×104 6.0×106 

Resolution arcsec 1.4 11 0.22 7 0.9 5 11 

 Aeff/Tsys:            6xJVLA        6xASKAP  16xLOFAR 
Survey Speed:        100x         22xASKAP   270x 

              280xJVLA 



Sensitivity comparison 



Survey speed comparison 



SKA1: facility versus “experiment” 

• Configura)on*op)misa)on*for*broad*performance*“sweet7spot”*
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• SKA17SUR*possible*configura)on*of*core*and*remote*spiral*



SKA Key Science 

•  Strong-field Tests of Gravity with Pulsars and Black Holes 
Phase 1 headline science 

•  Galaxy Evolution, Cosmology, & Dark Energy 
Phase 1 headline science 

•  Emerging from the Dark Ages and the Epoch of Reionization 
Phase 1 headline science 

•  The Cradle of Life & Astrobiology 
•  The Origin and Evolution of Cosmic Magnetism 

With design philosophy of Exploration of the Unknown 



Cosmic Origins 
Probing the early universe with the 
21cm HI Line 

Dark 
Ages 

500 MHz"100"50"10"5"

50"

−50"

−100"

T
b  (m

K)"

100" 10"
1 + z!

Neutral(Hydrogen*21*cm*

spin7flip*transi)on*provides*

probe*of*neutral*

intergalac)c*medium*

before*and*during*

forma)on*of*first*stars*

Cosmic*
Dawn*

EoR*

ν = 1420 MHz/(1 + z) 
λ = 21 cm (1 + z) 



HI surveys of the EoR/Cosmic-Dawn 
Universe 

• Detec1ng(EoR(structures(in(imaging(mode((as(dis1nct(from(sta1s1cally)(on(

5(arcmin(scales(with(1(mK(RMS(

•  Probing(the(Cosmic(Dawn(sta1s1cally(or(possibly(even(imaging(in(ultraF

deep(

Figure 13: Simulated maps of 21cm signal at two different redshifts. Each map is 425 cMpc/h on a side
(corresponding to ⇠ 4�). The two images are drawn from the full cube at z = 7.5 (left, mean ionized
fraction x

i,M

= 0.5) and z = 6.8 (right, x
i,M

= 0.8). The results have been smoothed with a Gaussian
beam of 20 and a freqency bandwidth of 0.3 MHz. It can be seen that typical structures are captured at
scales of 1–2�. Courtesy of G. Mellema and I. T. Iliev.

A further important point is that although the line of sight direction can be well sampled to
measure small-scale fluctuations, the largest scales we can extract are limited by the light cone
effect (Section 3.5). Above which scale this becomes important depends on how fast structures
evolve. Simulations suggest that in the worst case modes below k ⇠ 0.1 Mpc�1 are affected
(Datta et al., 2011). The frequency direction is further restricted by foreground removal, which
removes large scale modes. For the largest wavelength modes (small k values) all sensitivity
thus has to come from the angular modes on the sky.
Another important requirement is that the observational volume needs to be considerably larger
than the characteristic scale of ionized regions during reionization and of heated regions during
the cosmic dawn. Theoretical studies and simulations show that ionized bubbles have charac-
teristic sizes in the range 1-20 cMpc during reionization, corresponding to angular scales from
below an arcminute up to ⇠ 10 arcminutes. This is illustrated in Figure 13, which shows the
ionization, density, 21 cm signal, and galaxy distributions through a slice of a numerical simula-
tion. These panels are 1.2� across at z = 7.32 and give an indication of the structures that SKA
would image. The larger patterns in ionized regions correspond to scales of ⇠ 100 cMpc which
corresponds to angular scales of ⇠ 1� (see e.g. Zaroubi et al., 2012). Again, there is a clear
requirement for SKA fields that are several degrees across to provide a representative sampling
of the ionized structures (see also Section 5.3). Large fields further maximize the possibility of
serendipitous discovery of rare objects, for example, radio bright high redshift objects, within
the main survey volume.

37



Finding all pulsars in the Milky Way… 

*

*7*~30,000*normal*pulsars*

*7*~2,000*millisecond*psrs**

*7*~100*rela)vis)c*binaries*

*7*first*pulsars*in*Galac)c*Centre*

*7*first*extragalac)c*pulsars*

(Cordes*et*al.*2004,*Kramer*et*al.*2004,*Smits*et*al.*2008)*

•  Timing*precision*is*expected**to*increase*by*factor*~100*
•  Rare*and*exo)c*pulsars*and*binary*systems:*including*PSR7BH*systems!*
•  Tes)ng*cosmic*censorship*and*no7hair*theorem*
•  Current(es1mates(are(that(~50%(of(en1re(Galac1c(popula1on(in(reach(of(SKA1(



The transient radio sky 

•  Four*celes)al*“FRB”*events*now*detected*(a^er*first*“Lorimer”*burst):* *
*S*=*0.5*–*1.3*Jy,*Δt*=*1*–*6*msec,*DM*=*550*–*1100*cm73*pc*

•  Es)mated*event*rate:*1x104*sky71*day71**
•  Completely*unknown*origin,*possibly*at*cosmological*distances**

DOI: 10.1126/science.1236789
, 53 (2013);341 Science
 et al.D. Thornton
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A daily SKA1 all-sky transient 
survey 

•  Integra)on*of*≈50*seconds*per*posi)on*
•  Sensi)vity*for*2*msec*bursts*is*160x*worse:*27*mJy,*8*mJy*rms * **

•  Compu)ng*strategy*most*s)ll*be*developed*for*such*a*mode!*

•  Predicted(FRB(detec1ons:(5(per(day,(with(localisa1on(to(a(frac1on(of(arcsec(



Cosmology with SKA1:  
Integrated Sachs-Wolfe effect 

•  Constraining non-Gaussianity of primordial fluctuations 
with the Integrated Sachs-Wolfe effect: correlation of 
foreground source populations with CMB structures 



Cosmology with SKA1:  
Complementarity with Euclid 

•  Constraining*non7Gaussianity*of*primordial*fluctua)ons*with*the*Integrated*Sachs7
Wolfe*effect*

•  Achieving*2*μJy*rms*would*provide*≈4*galaxies*arcmin72*(>10σ)*

•  Almost*uniform*sky*coverage*of*3π*sr*is*excep)onal*

• Major(enhancement(over(Euclid(alone((

ISW

σ[fNL ]

Euclid

Euclid
+SKA 
5µJy Euclid

+SKA 
2.5µJy

Euclid
+SKA 
1µJy

Survey

Planck

(Bacon*2013)*



Cosmology with SKA1:   
Weak Gravitational Lensing 

•  Constraining the Dark Energy Equation of State with 
Weak Gravitational Lensing 



Cosmology with SKA1: 
Complementarity with Euclid 

•  Constraining the Dark Energy equation of state with a weak 
gravitational lensing measurement of cosmic shear 

•  Achieving 1 µJy rms would provide ≈6 galaxies arcmin-2 (>10σ) 
•  PSF is excellent quality circular Gaussian from about 0.6” 
•  Major enhancement in DE Figure-of-Merit  

Lensing (Cosmic Shear)

Δw

Δγ

At SKA2 stage, can match most Euclid objects. 
Why do this?

Euclid
inc. RSD
σw=0.017
σγ=0.02

Euclid
+SKA1
lensing
σw=0.03
σγ=0.017

Amendola et al 13

(B
a
co
n
*2
0
1
3
)*



Cosmology with SKA1:  
Baryon Acoustic Oscillations 

•  Constraining Dark Energy models with redshift-resolved 
BAO measurements 

(Blake*&*Moorfield)*



A wide-field HI emission survey for 
BAO and ΩHI(z) 

•  Detect*107.1*galaxies*<z>*≈*0.3,*105.1*galaxies*<z>*≈*1*
•  Density*≈*2500*galaxies*deg72*,*1*arcmin72*

•  Compare*SDSS:*106.2*galaxies*with*<z>*≈*0.1*over*15,000*deg2**

•  Compare*WigglesZ*105.2*galaxies*with*<z>*≈*0.6*

• Major(contribu1on(to(BAO(science,(complementary(systema1cs(versus(Opt/IR(

(A
b
d
a
lla
*e
t*a

l*2
0
1
0
)*



Cosmology with SKA1:   
 complementarity with optical 

•  Correlation functions of HI detections demonstrate much 
lower bias and excellent prospects for Redshift-space 
distortion measurements once interesting sample sizes 
are achieved with SKA1 

(Papasterigis et al. 2013) ALFALFA HI versus SDSS blue and red samples  

– 25 –

Fig. 14.— The two-dimensional correlation function, ξ(σ,π), of the ALFALFA parent sample (MHI >
107.5 M!). Note that ξ(σ,π) is calculated in linear bins of separation, with σmin = πmin = 0.15 h−1

70 Mpc
and bin size ∆σ = ∆π = 1.25 h−1

70 Mpc. The contours are logarithmically spaced, starting at a value of 0.05
and increasing by a factor of 2 every three contours up to a factor of 6.3. Note also that all the information
of ξ(σ,π) is contained in one quadrant of the plot; the other three quadrants are just mirrored copies.

Fig. 15.— The two-dimensional correlation function, ξ(σ,π), of the SDSS “blue” sample (see Fig. 3).
The separation bins and contour levels are the same as for Fig. 14.
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Fig. 14.— The two-dimensional correlation function, ξ(σ,π), of the ALFALFA parent sample (MHI >
107.5 M!). Note that ξ(σ,π) is calculated in linear bins of separation, with σmin = πmin = 0.15 h−1

70 Mpc
and bin size ∆σ = ∆π = 1.25 h−1

70 Mpc. The contours are logarithmically spaced, starting at a value of 0.05
and increasing by a factor of 2 every three contours up to a factor of 6.3. Note also that all the information
of ξ(σ,π) is contained in one quadrant of the plot; the other three quadrants are just mirrored copies.

Fig. 15.— The two-dimensional correlation function, ξ(σ,π), of the SDSS “blue” sample (see Fig. 3).
The separation bins and contour levels are the same as for Fig. 14.
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Fig. 16.— The two-dimensional correlation function, ξ(σ,π), of the SDSS “red” sample (see Fig. 3). The
separation bins and contour levels are the same as for Fig. 14.

(e.g. Huang et al. 2012; Catinella et al. 2010; Li et al. 2012b). For example, Huang et al.

(2012) shows that the ALFALFA sample is heavily biased against red-sequence galaxies, while
sampling very well the less luminous and more actively star-forming galaxies galaxies in the

“blue cloud” (their Fig. 11). The main conclusions summarized in points 1-3, therefore,
are a direct consequence of the fact that blue galaxies are significantly less clustered than
red galaxies, irrespective of luminosity (see e.g. Fig 16 in Zehavi et al. 2011). The bias of

blind HI surveys against red-sequence galaxies also helps explain the marked difference in the
shape of ξ(σ, π) between the ALFALFA and SDSS red samples (Figs. 14 & 16, respectively).

Red galaxies are usually found in high density environments, such as clusters of galaxies
and compact groups, and their clustering bears the signs of large and incoherent peculiar

motions which are characteristic of these environments. In particular, the red sample has
an increased number of galaxy pairs that have small physical but large velocity separations;
these pairs produce the strong “finger of god” feature in ξ(σ, π) at σ ≈ 0. On the other

hand, galaxies with blue colors and HI galaxies tend to inhabit the lower density “field”.
As a result, they trace the ordered flow towards matter overdensities without significant

noise from peculiar motions. This is why the characteristic asymmetric shape of ξ(σ, π) at
separations !10 Mpc, which is caused by these systematic motions, is more pronounced in

the blue and HI samples.



An SKA2 HI emission survey for 
precision Cosmology 

• Detect*108.9*galaxies*with*<z>*≈*1,*107.9*with*<z>*≈*2***
• Compare*Euclid*(2020+5?)*target*of*108*spectra*with*<z>*≈*1*

• SKA2(will(provide(an(unrivaled(capability(for(precision(cosmology!(



SKA Key Science 

•  Strong-field Tests of Gravity with Pulsars and Black Holes 
Unique GR constraints, major contributions in Phase 1 and Phase 2 

•  Galaxy Evolution, Cosmology, & Dark Energy 
Cutting edge contributions in non-Gaussianity and Dark Energy  
Complementarity to Euclid, LSST in Phase 1 (reduced systematics) 
Unmatched performance in Phase 2 (Billion Galaxy Surveys) 

•  Emerging from the Dark Ages and the Epoch of Reionization 
Unique EoR imaging capability in Phase 1 
Reaching to Cosmic Dawn in Phase 2 

•  The Cradle of Life & Astrobiology 
•  The Origin and Evolution of Cosmic Magnetism 

With design philosophy of Exploration of the Unknown 

 Unmatched prospects (complement to LSST) in Phase 1 and Phase 2 



Thank you 
 

www.skatelescope.org 
 


