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Great observatories for the coming decades  

E-ELT 
optical/IR 
 
Constructio
n approved 

E-ELT optical/IR 
 
 
 
 
    Programme approved 

ALMA: mm/submm 
Chajnantor Plateau  
@ 17,000 ft 
Early science now 
 
 
 
Inaugurated on 13th March 2013 

James Webb Space Telescope 
 
 
 
 
 
due for launch in 2018 

EUCLID: 
~€1B, launch 2020 

The next major radio observatory …  
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SKA global community  

 
•   Timeline and community participation 



SKA science drivers 
•  Emerging from the Dark Ages and the Epoch of Reionization 

Sensitive EoR imaging capability in Phase 1 
Possibly Reaching to Cosmic Dawn in 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) 

•  Strong-field Tests of Gravity with Pulsars and Black Holes 
Unique GR constraints, major contributions in Phase 1 and 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 
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The first galaxies and AGN: 
Probing the early universe with the 21cm HI Line 

Dark 
Ages 
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Neutral Hydrogen 21 cm 
spin-flip transition provides 
probe of neutral 
intergalactic medium 
before and during 
formation of first stars 
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ν = 1420 MHz/(1 + z) 
λ = 21 cm (1 + z) 



HI surveys of the EoR/Cosmic-Dawn in the early 
Universe 

• Detecting EoR structures in imaging mode (as distinct from statistically) on 
~5 arcmin scales with 1 mK RMS 

•  Probing the Cosmic Dawn statistically or possibly even imaging in ultra-
deep through the power spectrum of fluctuations  

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

Review by Mellema et al. 2013 



HI surveys of the EoR/Cosmic-Dawn in the early 
Universe  

•  Probing the Cosmic Dawn statistically 
(to z < 27) through fluctuations in the 
power spectrum, sensitive to: 

Density of baryons (cosmology) 
 
Peculiar velocities (cosmology) 
 
Neutral fraction (reionization) 
 
Gas temperature (X-ray heating) 
 
Lyman Alpha flux (Lyα sources) 
 
 
 
 
 
 

Pritchard and Loeb 2008, 2010 -  SKA EoR science working group 
https://indico.skatelescope.org/conferenceDisplay.py?confId=259 



SKA HI emission line studies of galaxies   

•  How do galaxies interact with the surrounding `Cosmic Web’ (feeding and 
feedback) 

•   SKA will probe low column density HI in nearby Universe (nHI < 1018 cm-2) 
•  Complementary to high-resolution observations of molecular gas and stellar 

light with ALMA and the E-ELT/TMT  

Images courtesy of Tom Oosterloo 

simulation                                       observed                          simulation                                 observed      



HI emission line surveys with SKA:   
complementarity with optical surveys 

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

(Papastergis 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. 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.

atomic HI SDSS blue galaxies SDSS red galaxies 



W
alter et al. 2013 

A wide-field HI emission survey to measure evolution 
of the HI mass function and galaxy kinematics 

HDF-N

SKA1 

HI galaxy counts: 
Duffy et al. 2012 

• Detect 107.1 galaxies <z> ≈ 0.3, 105.1 galaxies <z> ≈ 1 
• Density ≈ 2500 galaxies deg-2 , 1 arcmin-2 
• Compare SDSS: 106.2 galaxies with <z> ≈ 0.1 over 15,000 deg2  
• Compare WigglesZ 105.2 galaxies with <z> ≈ 0.6 
• Redshifts, HI gas content and galaxy kinematics -> dynamical masses 
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SKA1 intensity mapping 

Talk by Mario Santos 
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W
alter et al. 2013 

HDF-N

SKA1 SKA2 

A wide-field HI emission survey to measure evolution 
of the HI mass function and galaxy kinematics 

HI galaxy counts: 
Duffy et al. 2012 

MHI > 5×109 M at z=2 in ~1000h 



Cosmology with SKA1 HI:  
Baryon Acoustic Oscillations 

•  Constraining Dark Energy models with redshift-resolved BAO 
measurements     

(Blake & Moorfield) 
Anderson et al. 2012 



An SKA2 HI emission survey to study the evolution 
of atomic gas content and BAOs 

• Detect 108.9 galaxies with <z> ≈ 1, 107.9 with <z> ≈ 2   
• Compare Euclid target of 108 spectra with <z> ≈ 1 
• SKA2 with MFAA will be a unique facility for studying the 

evolution of atomic Hydrogen in galaxies  

HI galaxy counts: 
Duffy et al. 2012 
(semi-analytic + N-body) 

(A
bdalla et al 2010) 



Sensitivity comparison 

MFAA 



Survey speed comparison 

MFAA 



Timeline 

✔ 

✔ 
✔ 



The Science Working Groups 
•  Astrobiology (“The Cradle of Life”) 

–  Project Scientist: Tyler Bourke  
–  Working Group Chair: Melvin Hoare 

•  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 & Mario Santos 

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

•  HI Galaxies 
–  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 and J-P Macquart 



Advancing)Astrophysics)with)the)
Square)Kilometre)Array)

8)–)14)June,)2014,)Giardini)Naxos,)Italy)

2004 

Feb)7 )–)Call)for)chapter)proposals)open )NOW$
))
Feb)28 )–)Deadline)for)submission)of)chapter)proposals)

) )–)RegistraLon)open)SOON$
))
May)9) )–)DraO)chapters)due)(i.e.,)before)the)meeLng))
)
End$2014$–$Science$Book$published$

Aims:))
•  Update)the)2004)Science)Case)(10)years)old!))
•  document)the)scienLfic)advances)enabled)by)SKAW1,))
•  …)and)by)the)full)SKA)with)
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! frequency)coverage)extending)to)~24)GHz)

h:p://indico.skatelescope.org/event/AdvancingAstrophysics2014$

Contributed)chapters)will)form)the)basis)for)presentaLons)and)
discussion)at)the)meeLng,)with)SWGs)providing)overview)chapters)

Now 



Extragalactic continuum studies with SKA1 
 ‘nested’ survey strategy (νobs ~1 GHz): 

•  all-sky (3π sr, ~2 µJy per 2’’ beam): legacy survey near confusion 
limit -> power spectrum, local Universe, cluster/diffuse emission, 
cosmic magnetism  

 
•  Wide (~5000 sq. degrees, ~0.4 µJy per 0.5’’ beam): constraining 

the Dark Energy Equation of State with Weak Gravitational 
Lensing 

 
•  Deep (~30 sq. degrees, ~40 nJy per 0.5’’ beam): galaxy evolution 

and the evolution of star-formation rate density out to z~5, 
complementarity with Euclid, LSST, (ALMA) 

-  SKA continuum working group 
https://indico.skatelescope.org/conferenceDisplay.py?confId=261 



A wide-field HI emission survey to measure ΩHI(z) 
and BAOs 

• Detect 107.1 galaxies <z> ≈ 0.3, 105.1 galaxies <z> ≈ 1 
• Density ≈ 2500 galaxies deg-2 , 1 arcmin-2 
• Compare SDSS: 106.2 galaxies with <z> ≈ 0.1 over 15,000 deg2  
• Compare WigglesZ 105.2 galaxies with <z> ≈ 0.6 
• Major contribution to BAO science, complementary systematics versus Opt/IR 

(A
bdalla et al 2010) 



Cosmology with SKA1 continuum:  
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 non-Gaussianity of primordial fluctuations with the Integrated Sachs-
Wolfe effect 

•  Achieving 2 µJy rms would provide ≈4 galaxies arcmin-2 (>10σ) 
•  Almost uniform sky coverage of 3π sr is exceptional 
•  Major enhancement over Euclid alone  

ISW

σ[fNL ]

Euclid

Euclid
+SKA 
5µJy Euclid

+SKA 
2.5µJy

Euclid
+SKA 
1µJy

Survey

Planck

(D. Bacon) 



How does SKA1 compare to existing facilities? 

  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 



SKA site selection  



SKA site selection  



Karoo Radio Astronomy Reserve 

31 

500 km 



Murchison Radio Astronomy Observatory 

; size of the Netherlands 

 => 0.002 km-2  



SKA1 configurations: LOW 
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-2

-1
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-1
.6

-1
.4
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-0
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!0!1!2!3!4!5!6!7!8!9!10!11!12!13!14!15!16!17!18!19!20!21!22!23!24!25!26!27!28!29!30!31!32!33!34!35!36!37!38!39!40!41!42!43!44!45!46!47!48!49!50!51!52!53!54!55!56!57!58!59!60!61!62!63!64!65!66!67!68!69!70!71!72!73!74!75!76!77!78!79!80!81!82!83!84!85!86!87!88!89!90!91!92!93!94!95!96!97!98!99!100!101!102!103!104!105!106!107!108!109!110!111!112!113!114!115!116!117!118!119!120!121!122!123!124!125!126!127!128!129!130!131!132!133!134!135!136!137!138!139!140!141!142!143!144!145!146!147!148!149!150!151!152!153!154!155!156!157!158!159!160!161!162!163!164!165!166!167!168!169!170!171!172!173!174!175!176!177!178!179!180!181!182!183!184!185!186!187!188!189!190!191!192!193!194!195!196!197!198!199!200!201!202!203!204!205!206!207!208!209!210!211!212!213!214!215!216!217!218!219!220!221!222!223!224!225!226!227!228!229!230!231!232!233!234!235!236!237!238!239!240!241!242!243!244!245!246!247!248!249!250!251!252!253!254!255!256!257!258!259!260!261!262!263!264!265!266!267!268!269!270!271!272!273!274!275!276!277!278!279!280!281!282!283!284!285!286!287!288!289!290!291!292!293!294!295!296!297!298!299!300!301!302!303!304!305!306!307!308!309!310!311!312!313!314!315!316!317!318!319!320!321!322!323!324!325!326!327!328!329!330!331!332!333!334!335!336!337!338!339!340!341!342!343
!344!345!346!347!348!349!350!351
!352!353!354!355!356!357!358!359!360!361!362!363!364!365!366!367!368!369!370!371!372!373!374!375

!376!377!378!379!380!381!382!383

!384!385!386!387!388!389!390!391

!392!393!394!395!396!397!398!399!400!401!402!403!404!405!406!407!408!409!410!411!412!413!414!415!416!417!418!419!420!421!422!423!424!425!426!427!428!429!430!431
!432!433!434!435!436!437!438!439

!440!441!442!443!444!445!446!447!448!449!450!451!452!453!454!455
!456!457!458!459!460!461!462!463!464!465!466!467!468!469!470!471!472!473!474!475!476!477!478!479!480!481!482!483!484!485!486!487!488!489!490!491!492!493!494!495!496!497!498!499!500!501!502!503

!504!505!506!507!508!509!510!511
!512!513!514!515!516!517!518!519

!520!521!522!523!524!525!526!527!528!529!530!531!532!533!534!535

!536!537!538!539!540!541!542!543

!544!545!546!547!548!549!550!551
!552!553!554!555!556!557!558!559

!560!561!562!563!564!565!566!567

!568!569!570!571!572!573!574!575

!576!577!578!579!580!581!582!583 !584!585!586!587!588!589!590!591

!592!593!594!595!596!597!598!599

!600!601!602!603!604!605!606!607

!608!609!610!611!612!613!614!615!616!617!618!619!620!621!622!623!624!625!626!627!628!629!630!631

!632!633!634!635!636!637!638!639

!640!641!642!643!644!645!646!647

!648!649!650!651!652!653!654!655

!656!657!658!659!660!661!662!663

!664!665!666!667!668!669!670!671
!672!673!674!675!676!677!678!679

!680!681!682!683!684!685!686!687
!688!689!690!691!692!693!694!695

!696!697!698!699!700!701!702!703
!704!705!706!707!708!709!710!711!712!713!714!715!716!717!718!719

!720!721!722!723!724!725!726!727

!728!729!730!731!732!733!734!735

!736!737!738!739!740!741!742!743

!744!745!746!747!748!749!750!751
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SKA1 configurations: MID 

Setting 3
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Setting 3
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km-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
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!60!61!62!63!64!65!66!67!68!69!70!71!72!73!74!75!76!77!78!79!80!81!82!83!84!85!86!87!88!89!90!91!92!93!94!95!96!97!98!99!100!101!102!103!104!105!106!107!108!109!110!111!112!113!114!115!116!117!118!119!120!121!122!123!124!125!126!127!128!129!130!131!132!133!134!135!136!137!138!139!140!141!142!143!144!145!146!147!148!149!150!151!152!153!154!155!156!157!158!159!160!161!162!163!164!165!166!167!168!169!170!171!172!173!174!175!176!177!178!179!180

!181
!182!183!184

!185!186!187!188!189!190!191!192!193!194!195!196!197
!198
!199
!200
!201
!202

!203
!204!205

!206
!207

!208

!209

!210

!211

!212

!213

!214!215!216!217!218!219!220
!221
!222
!223

!224

!225
!226

!227!228
!229

!230

!231

!232

!233

!234!235!236!237!238!239!240!241!242
!243

!244

!245

!246

!247

!248

!249

!250
!251

!252

!253

longitudelongitudela
tit
ud
e

la
tit
ud
e

• SKA1-­‐MID	
  possible	
  configura8on	
  of	
  core	
  and	
  remote	
  spiral	
  



SKA1 configurations: SURVEY 
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Setting 3
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