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Great Observatories for the coming decades  
E-­‐ELT/TMT/GMT:	
  op,cal/IR	
  
	
  

Atacama	
  Large	
  Millimetre	
  Array	
  
(ALMA):	
  mm/submm	
  

James	
  Webb	
  Space	
  Telescope:	
  
NIR	
  

Square	
  Kilometre	
  Array:	
  
cm/m	
  



• SKA: will be one of the great physics machines 
of 21st Century and, when complete, one of the 
world’s engineering marvels. 

• Science goals: 
– Fundamental physics: Gravity, Dark Energy, 

Cosmic Magnetism 
– Astrophysics: Cosmic Dawn, First galaxies, galaxy 

assembly and evolution; proto-planetary discs, 
biomolecules, SETI + much more 

– The unknown: transients; +…???? 

SKA Science 
 



• Re-baselining: ‘the act of generating a new 
baseline design, evolving from the existing 
baseline design’ 
– ALMA: significant re-baselining 
– E-ELT: (100m) à 42m à 39m à phased 

deployment 
– LOFAR: reduced collecting area by 75%, 

reduced number of stations by 50% 

Re-baselining 
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•  SKA1-MID 

–  70% of planned SKA1 dishes, ie. 133x15m 
–  Integration of MeerKAT, ie. 64x13.5m 
–  Deployment of SPF2, SPF5 and SPF1 
–  Bmax ~ 150km (with 120km fall-back) 
–  50% savings on non-image-processing 

•  SKA1-LOW 
–  50% of planned LPDs, ie. 131,000 x Antennas 
–  Bmax ~ 65km  
–  Pulsar search and timing capability  

•  Advanced Instrumentation Program 
–  Highlighting PAF development 

•  Negotiate ASKAP integration into SKAO 

SKA1 Scope: Members decision 05/03/2015   



SKA1-MID, Karoo, South Africa: 
133 SKA1 + 64 MeerKAT dishes. Max baseline ~150km. 
Bands: 2 (0.95–1.76 GHz), 5 (4.6–13.8 GHz), 1 (0.35–1.05 GHz)  



SKA1-LOW, Murchison, Australia: 
130,000 dipoles (512 stations x 256 antennas); 50–350 MHz 
~80km baselines; large areal concentration in core 



What is the SKA? 
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Cosmic Dawn & Reionization Pulsars Cosmic Magnetism Cradle of Life Cosmology & 
Galaxy Evolution 

~130,000 element 
 Low Frequency  Aperture Array 

~2500 dishes 

20
20

 

Mid Frequency Aperture Array / 
Phased Array Feeds 

20
24

 

<  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  Exploration of the Unknown  >  >  >  >  >  >  >  >  >  >  >  >  >  >  >  >  >  >  



•  SKA1–MID, –LOW: BMax = 156, 65 km 

SKA1 Configurations  
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•  SKA2–Dish, –LOW: Bmax ≈ 300 km “core”, ≈3000+ km remote 

SKA2 Configurations  
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Sensitivity Comparison 



	
  	
  	
  	
  

Survey Speed Comparison 



	
  	
  	
  	
  

Resolution Comparison 



Image Quality Comparison 

•  Single	
  SKA1	
  
track	
  equivalent	
  
to	
  VLA	
  A+B+C+D	
  
+	
  E+A+	
  	
  

•  “Structural”	
  
dynamic	
  range	
  
of	
  ~1000:1	
  
rather	
  than	
  ~3:1	
  
per	
  track	
  

•  Beam	
  quality	
  
~100	
  ,mes	
  
beVer	
  than	
  VLA	
  



Headline Science with SKA1 and SKA2 

SKA1 SKA2
Proto-planetary disks; imaging inside the 
snow/ice line (@ < 100pc), Searches for 

amino acids. 

Proto-planetary disks;  sub-AU imaging (@ < 
150 pc), Studies of amino acids. 

Targeted SETI: airport radar 10^4 nearby 
stars.

Ultra-sensitive SETI: airport radar 10^5 nearby 
star, TV ~10 stars.

1st detection of nHz-stochastic gravitational 
wave background. 

Gravitational wave astronomy of  discrete 
sources: constraining galaxy evolution, 
cosmological GWs and cosmic strings.

Discover and use  NS-NS and PSR-BH 
binaries to provide the best tests of gravity 

theories and General Relativity.

Find all ~40,000 visible pulsars in the Galaxy, 
use the most relativistic systems to test 

cosmic censorship and the no-hair theorem.

The role of magnetism from sub-galactic to 
Cosmic Web scales, the RM-grid @ 300/deg2.

The origin and amplification of cosmic 
magnetic fields, the RM-grid @ 5000/deg2.

Faraday tomography of extended sources, 
100pc resolution at 14Mpc, 1 kpc @ z ≈ 0.04.

Faraday tomography of extended sources, 
100pc resolution at 50Mpc, 1 kpc @ z ≈ 0.13.

Gas properties of 10^7 galaxies, <z> ≈ 0.3, 
evolution to z ≈ 1, BAO complement to Euclid.

Gas properties of 10^9 galaxies, <z> ≈ 1, 
evolution to z ≈ 5, world-class precision 

cosmology.

Detailed interstellar medium of nearby 
galaxies (3 Mpc) at 50pc resolution, diffuse 

IGM down to N_H < 10^17 at 1 kpc.

Detailed interstellar medium of nearby 
galaxies (10 Mpc) at 50pc resolution, diffuse 

IGM down to N_H < 10^17 at 1 kpc.

The Cradle of Life & Astrobiology

Strong-field Tests of Gravity with 
Pulsars and Black Holes

The Origin and Evolution of Cosmic 
Magnetism

Galaxy Evolution probed by Neutral 
Hydrogen



Headline Science with SKA1 and SKA2 

SKA1 SKA2
Use fast radio bursts to uncover the missing 

"normal" matter in the universe.

Fast radio bursts as unique probes of 
fundamental cosmological parameters and 

intergalactic magnetic fields.

Study feedback from the most energetic 
cosmic explosions and the disruption of stars 

by super-massive black holes.

Exploring the unknown: new exotic 
astrophysical phenomena in discovery phase 

space.

Star formation rates (10 M_Sun/yr  to z ~ 4). Star formation rates (10 M_Sun/yr to z ~ 10). 

Resolved star formation astrophysics (sub-kpc 
active regions at z ~ 1). 

 Resolved star formation astrophysics (sub-
kpc active regions at z ~ 6). 

Constraints on DE, modified gravity, the 
distribution & evolution of matter on super-

horizon scales: competitive to Euclid. 

Constraints on DE, modified gravity, the 
distribution & evolution of matter on super-

horizon scales: redefines state-of-art. 

Primordial non-Gaussianity and the matter 
dipole: 2x Euclid.

Primordial non-Gaussianity and the matter 
dipole: 10x Euclid.

Direct imaging of EoR structures (z = 6 - 12). Direct imaging of Cosmic Dawn structures           
(z = 12 - 30).

Power spectra of Cosmic Dawn down to 
arcmin scales, possible imaging at 10 arcmin. First glimpse of the Dark Ages (z > 30).

Cosmology & Dark Energy

Cosmic Dawn and the Epoch of 
Reionization

The Transient Radio Sky

Galaxy Evolution probed in the Radio 
Continuum



•  Notional package of Key Science Projects in Q1 2015 based on the 
highest priority science objectives that have been recommended by 
our science community that will be: 
–  Consistent with capabilities of the SKA1 design 
–  Consistent with a realistic observing schedule filled at approximately 50% 

for the first 5 years of scientific operations 
•  Adopt KSP policy 

–  Only scientists from SKA member countries may lead a KSP 
–  KSP Leadership is guaranteed to be distributed amongst SKA members in 

proportion to their financial contribution 
–  KSP participation (at the non-Leader level) is guaranteed to be distributed 

amongst SKA members in proportion to their financial contribution 
–  KSP participation (at the non-Leader level) of SKA non-members is 

capped at the value defined in the Access Policy 

Key Science Projects: 



•  Issue Call for KSP Letters of Intent (circa 2018) 
–  Provides opportunity to coordinate appropriate balance of 

prospective SKA member teams and science topic coverage  
•  Issue Call for full KSP proposals 
•  Proposal assessment criteria: 

–  Scientific merit 
–  Technical feasibility 
–  Plans and capabilities for data analysis 
–  Publication and derived data product release arrangements 
–  Collaboration policies and management arrangements 
–  Consistency with science aims expressed in the set of notional 

KSPs 

Key Science Projects: 



•  Resourcing 
–  KSP teams can propose and receive dedicated SKA resources 
–  General expectation that teams bring significant additional 

resourcing  
•  Data rights 

–  Primary data rights remain with the SKA Observatory 
–  Data rights are granted to KSP teams for specific objectives 
–  Commensal programs can be granted data rights for 

complementary objectives 
•  Ongoing review  

–  Satisfactory progress against project plan, including timely public 
release of agreed data products is condition for further allocations 

Key Science Projects: 



 
  

A Package of Notional SKA1 Key Science Projects 

SWG$ Objective$

CD/EoR' Physics'of'the'early'universe'IGM'5'I.'Imaging'
CD/EoR' Physics'of'the'early'universe'IGM'5'II.'Power'spectrum'
Pulsars'' Reveal'pulsar'population'and'MSPs'for'gravity'tests'and'Gravitational'Wave'detection''
Pulsars'' High'precision'timing'for'testing'gravity'and'GW'detection'
HI' Resolved'HI'kinematics'and'morphology'of'~10^10'M_sol'mass'galaxies'out'to'z~0.8'
HI' High'spatial'resolution'studies'of'the'ISM'in'the'nearby'Universe. '
HI' Multi5resolution'mapping'studies'of'the'ISM'in'our'Galaxy'

Transients' Solve'missing'baryon'problem'at'z~2'and'determine'the'Dark'Energy'Equation'of'State'
Cradle'of'Life' Map'dust'grain'growth'in'the'terrestrial'planet'forming'zones'at'a'distance'of'100'pc'
Magnetism' The'resolved'all5Sky'characterisation'of'the'interstellar'and'intergalactic'magnetic'fields'
Cosmology' Constraints'on'primordial'non5Gaussianity'and'tests'of'gravity'on'super5horizon'scales.''
Cosmology' Angular'correlation'functions'to'probe'non5Gaussianity'and'the'matter'dipole''
Continuum' Star'formation'history'of'the'Universe'(SFHU)'–'I+II.'Non5thermal'+'Thermal'processes'

'
•  Outcome of well-documented SKA1 science prioritisation process 

•  All objectives originate with the science community 
•  Review and strong endorsement by advisory bodies (SRP, SEAC)   

•  Should be viewed as representative package of high-impact science 
deliverables for the first five years of science operations 



•  Some areas of feed-back/concern and their clarification: 
–  Notional KSPs versus actual KSPs  

•  Need to stress that the current list is representative and not final 
•  KSP process must allow for best new ideas and not be frozen too early 

–  KSP proposals versus KSP programs 
•  Need to clarify that KSPs are large but otherwise normal observing proposals 
•  KSPs are not blanket allocations of science areas to specific groups 

–  Limited versus general data rights 
•  KSPs only granted limited data rights for specific science objectives and well-

motivated proprietary period 
•  Same data stream may well serve multiple KSPs, each with limited objectives 

–  Global versus project member balance 
•  Member balance would only be imposed globally on entire KSP package  
•  Letter of Intent phase to gauge national aspirations and membership projections 

Key Science Projects: 



•  Further develop KSP concepts 
–  A notional KSP list has emerged from the SKA1 Science prioritization process, but 

this is only a representative placeholder, and will be continually reviewed.  
•  This workshop aims to provide a forum for open discussion of KSP concepts, reviewing the 

notional list and identifying missing concepts. 

•  Support development of potential KSP collaborations 
–  There will ultimately be a competitive process of KSP proposal submission, 

evaluation and allocation, implying that all discussions at this stage are informal and 
come with no guarantees.  

•  This workshop aims to provide a forum for the key areas of interest of particular 
communities to be presented, leadership aspirations to begin to be identified and 
resourcing strategies to begin development. 

•  Maximizing commensality 
–  It is likely that the same data stream will serve multiple KSP or PI-led groups, each 

with limited data rights to address specific scientific objectives. 
•  This workshop aims to provide a forum for early discussion of support for such commensal 

programs, including the development of efficient survey strategies intending to maximise 
the scientific return of the KSP package.  

KSPs: Next step, 2015 Stockholm Workshop  



The Cradle of Life:  
Understanding planet formation 

SKA JVLA ALMA 

SKA JVLA 

(Hasegawa	
  &	
  
Pudritz	
  2012)	
  

•  Measuring grain growth through planetesimal phase  
•  Resolving proto-planetary disks at 100 pc (SKA1) or 300 pc 

(SKA2) inside the snow/ice line, sub-AU scales with SKA2 



Headline SETI Science SETI with the SKA Andrew P. V. Siemion
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Figure 6: Sensitivity of each component of the SKA to narrow-band transmitters at 15 pc, as compared with other
facilities actively performing SETI searches over the same band. Here we assume a significance threshold s = 15,
bandwidth Db = 0.5 Hz and integration time t = 10 minutes. A transmitter is detectable if its EIRP is above the curve
for a given telescope. Thus a transmitter with an EIRP of 2 x 1020 ergs/sec (planetary radar) is detectable with all of the
telescopes shown, while a transmitter with an EIRP of 1 x 1017 ergs/sec (airport radar) is detectable only with SKA2.
Sensitivities for the Green Bank Telescope (GBT), Arecibo and LOFAR were taken from those facilities’ observing
guides. For LOFAR we assume only core stations are used. Allen Telescope Array (ATA) sensitivity was taken from
van Leeuwen et al. (2009).

of raw sensitivity, flexible electronics and increased computational capacity will enable orders-of-
magnitude improvement in the speed, depth and breadth of previous SETI experiments. The most
thorough targeted SETI search previously conducted surveyed 1000 stars over 1�3 GHz to a lu-
minosity limit of ⇠2 x 1019 ergs/sec Backus (1998). In a five year commensal campaign, SKA1
could survey every star in its declination range within 60 pc � more than ten thousand stars � to a
luminosity limit an order of magnitude fainter, ⇠ 1018 ergs/sec, over a larger band. Conservatively,
in ten years SKA2 could survey every star within 60 pc to a luminosity limit equal to the EIRP of
terrestrial aircraft radars over the entire terrestrial microwave window.

Historically, performing SETI experiments effectively with large telescopes has been tech-
nically and politically difficult. SKA will be the first world-class telescope ever constructed for
which SETI observations are a conscious part of the design process and are available as a facility
observing mode. Our most powerful tool to search for other intelligent life in the cosmos will be
available and accessible to astronomers around the world, infusing new people and ideas in to the
field of SETI and maximizing the scientific return of the SKA. Searches for life beyond Earth,
especially searches for intelligent life, have a remarkable ability to spark the imagination of the
public, and this component of the SKA science case will offer ample opportunity for outreach and
public engagement. From a purely scientific standpoint, the discovery of an independent genesis
of life on another world would provide strong evidence that life is common, and its intelligence
would suggest that evolution proceeds towards this end easily. Were an information-containing
transmission to be received and decoded, we can only conjecture what thoughts and ideas might be
contained therein, but surely our human culture would be enriched in unimaginable ways.

12

•  Detection thresholds for planetary and airport radars at 15 pc 



Headline SETI Science 
SETI with the SKA Andrew P. V. Siemion
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Figure 7: The number of stars in the solar neighborhood from which narrow-band emission would be detectable
at two luminosity levels. Here we assume a stellar number density of n⇤ = 0.1 pc�3, significance threshold s = 12
and integration time t = 60 minutes. For luminosities similar to our terrestrial aircraft radars we assume bandwidth
Db= 0.01 Hz and for luminosities similar to terrestrial TV/radio-like signals (right) we assume fully coherent integration
(Db = t�1). The search parameters shown here, namely the smaller value of Db than discussed in Section 2.2, reflect the
relative proximity of these nearby stars and by extension their less scattered lines of sight.

Acknowledgements Part of this research was carried out at the Jet Propulsion Laboratory, Cali-
fornia Institute of Technology, under a contract with the National Aeronautics and Space Admin-
istration. A. P. V. S., E. J. K. and D. W. received partial support from a competitive grant awarded
by the John Templeton Foundation.
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•  Detectable stars with airport radar power ~ 104 with SKA1 
•  Detectable stars with TV transmitter power ~10 with SKA2 



Finding all the pulsars in the Milky Way… 

•  Timing precision is expected to increase by factor ~100 
•  Rare and exotic pulsars and binary systems: including PSR-BH systems! 
•  Testing cosmic censorship and no-hair theorem 
•  Current estimates are ~50% of population with SKA1, 100% with SKA2 

	
  
	
  -­‐	
  ~40,000	
  normal	
  pulsars	
  
	
  -­‐	
  ~2,000	
  millisecond	
  psrs	
  	
  
	
  -­‐	
  ~100	
  rela,vis,c	
  binaries	
  
	
  -­‐	
  first	
  pulsars	
  in	
  Galac,c	
  Centre	
  
	
  -­‐	
  first	
  extragalac,c	
  pulsars	
  

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



Headline Pulsar Science 

•  Detection thresholds for discrete GW source detection; the 
first discoveries with SKA1, “GW astronomy” with SKA2 



Headline Pulsar Science 
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Testing gravity with pulsars in the SKA Era Lijing Shao

Figure 3: Constraints on the parameter space of scalar-tensor theories (figure courtesy of N. Wex). Coloured
regions are excluded by current Solar System and pulsar experiments: Cassini spacecraft (Bertotti et al.
2003), PSR J1738+0333 (Freire et al. 2012b), and PSR J0348+0432 (Antoniadis et al. 2013). The EOS is
chosen as MPA1. Black dashed lines are based on simulations for a MSP-BH system with (MBH,MMSP) =
(10M⊙,1.4M⊙), Pb = 5 d, and e = 0.8; the constraints from top to bottom are based on: 10 years with a 100-
m class radio telescope, 5 years with the FAST telescope, and 5 years with the SKA (Liu et al. 2014). The
vertical dashed purple line “JFBD” indicates the Jordan-Fierz-Brans-Dicke gravity. The horizontal dashed
grey line “GAIA” indicates the limit expected from near-future Solar-System experiments, foremost from
the astrometric satellite GAIA.

the dipole moment. In the best-studied gravitational theory of this type, the scalar-tensor theory
(Damour & Esposito-Farèse 1992; Will 1993), we generally have αNS ̸= αWD in a NS-WD binary
(see the right panel of Figure 1). Therefore, NS-WD binaries are the ideal laboratories for testing
these theories and, if they are correct, searching for the existence of gravitational dipole radiation,
which if detected would falsify GR.

In these NS-WD binaries, the combined radio observation of the pulsar and optical observation
of the WD can give rise to precise measurements of two component masses (Antoniadis et al. 2012,
2013; Wex 2014). The mass measurements can be used to predict the amount of gravitational
radiation within a specific theory, and this in turn is confronted with the radio timing observation
of the orbital decay caused by gravitational damping. As mentioned, the dipolar radiation can in
principle be dominant over the quadrupolar radiation, therefore, agreement between the observed
Ṗb and the quadrupole formula in GR stringently constrains the dipolar radiation contribution, as in
the cases of PSRs J1738+0333 (Freire et al. 2012b) and J0348+0432 (Antoniadis et al. 2013).

In Figure 3, the constraints from those two binaries are plotted in the α0-β0 parameter space
mentioned in section 1. The best constraint from the Cassini spacecraft in the Solar System is also
plotted. The limits from two binary pulsars stringently constrain the parameter space of scalar-
tensor theories, especially when the β0 parameter is negative. The reason for this is that, as showed
by Damour & Esposito-Farèse (1993), in this region NSs develop non-perturbative strong-field
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•  Pulsar 5 year timing constraints from a MSP-BH binary 
(1.4, 10 M¤) on scalar-tensor theories of gravity 



Headline Magnetism Science 

•  3D magnetic tomography of the Galaxy and distant universe; 
from current 1 RM deg-2, SKA1: 300 deg-2 to SKA2: 5000 deg-2 

The Astrophysical Journal, 767:150 (14pp), 2013 April 20 Akahori et al.

Figure 5. Two-dimensional RM map of the NGP with 30◦ × 30◦ FOV for ADON30. Panels from left to right show RM maps due to: the regular components of the
electron density and the GMF only; the random components only; both the regular and random components; and a map binned in 2◦ × 2◦ pixels. The Galactic celestial
coordinates are shown in the leftmost panel.
(A color version of this figure is available in the online journal.)

DM, which is determined only by the global, regular component,
is 22 and 25 pc cm−3 toward the NGP and SGP, respectively,
while the observed value is ∼23–26 pc cm−3. We note that the
NE2001 model, from which we get the regular component, was
designed to reproduce observations including DM. The EM in
our model is 1.5 (1.0) and 2.3 (1.6) pc cm−6 toward the NGP
and SGP, respectively, for Vrms = 30 (15) km s−1, which is
in a good agreement with the observed value, ∼1–2 pc cm−6.
Our model also reproduces the overall distribution of EM at
|b| > 60◦ presented by Hill et al. (2008). Details are given in
Appendix B.

2.3. Rotation Measure Map

The RM toward a source outside the Galaxy is defined as

RM (rad m−2) = 0.81
∫ 0

smax

neB∥ds, (3)

where ne, B∥, and the path length s are in units of cm−3, µG,
and pc, respectively. Conventionally RM is positive when the
LOS magnetic field points toward us, and smax is the maximum
distance along the LOS up to the outer edge of our model space.
In this paper, we calculate the RM only due to the GMF. We do
not include other possible contributions, such as the RM due to
the IGMF, the intrinsic RM at sources, and observational errors.
We discuss those in Section 4.

We consider a square FOV of 900 deg2 with 30◦ on a side
centered on each of the Galactic poles, which is comparable to
the FOVs of RM observations toward the NGP and SGP (Mao
et al. 2010; Stil et al. 2011). In addition, we also consider a
square FOV of 200 deg2 with 14.◦14 on a side. The smaller
FOV is roughly that proposed for the dense aperture array of the
SKA (Faulkner et al. 2010). The smaller FOV is also used to
check the FOV dependence of RM statistics. To see structures
in angular separations of !0.◦3 for which the second-order SF of
observed RMs is available (Mao et al. 2010; Stil et al. 2011), we
choose the angular resolution of pixels to be "0.◦3. The numbers
of pixels we use are Npix = 2562 and 1282 for 900 deg2 and
200 deg2 FOVs, respectively.

We calculate RMs with Equation (3) assuming one extra-
galactic radio source in each pixel, and construct mock RM
maps. For each map, we randomly rotate stacked simulation
boxes around the axis parallel to the regular magnetic field in
Table 1 (keeping the direction of the regular magnetic field)
and randomly shift box centers to avoid the repeat of the same
grid zones which would make artifacts in statistics. When the
integration reaches the top of a simulation box, the integration

proceeds into the next stacked box and the integration is contin-
ued. If the integration reaches the side of the simulation box, we
apply the periodic boundary condition to the side, and replicate
the box beyond the side.

We obtain 200 mock maps for each model listed in Table 1
and each FOV, and calculate statistical quantities. The quantities
shown below in Sections 3.3 and 3.4 are the averages for 200
RM maps.

3. RESULTS

3.1. Two-dimensional Map

Figure 5 shows sample maps over a 30◦ ×30◦ FOV. Maps due
to the regular components in the model ADON (leftmost panel)
and due to the random components in one of the 200 simulations
for ADON30 (second panel) are shown. The combined map due
to the regular and random components (third panel) as well
as the binned map of median RMs in 2◦ × 2◦ pixels (rightmost
panel) are also shown. We can see that the regular components of
density and magnetic field alone produce large-scale structures
of up to the FOV size. The structures highlight B∥ as induced by
the radial and azimuthal components of the spiral and toroidal
fields (the model shown does not include a poloidal field).
The random components of density and magnetic field, on
the other hand, produce complex structures, such as clump-
like and filament-like features, on angular scales of ∼1◦–10◦.
Such structures persist in the combined map.

Mao et al. (2010) showed binned maps of median RMs in
2◦ × 2◦ pixels toward the NGP and SGP, which were produced
from observational data. The maps display structures of a few
to several degrees. In our model, such structures are mostly the
consequence of the random components of density and magnetic
field (rightmost panel). Our results indicate that the random
components mainly produce the observed RM structures on
scales less than several degrees, while the regular components
contribute to larger scale structures.

3.2. Contribution from Regular Components

We first examine the statistics of RMs in maps due to
the regular components alone. We calculated the average,
µ =

∑
RM/Npix, and the standard deviation, σ = {

∑
(RM −

µ)2/(Npix − 1)}1/2, in maps for the models and FOVs we
consider. The resulting values are shown in Table 3. The
average is mainly determined by the existence of the poloidal
component of the GMF; µ ∼ 0 rad m−2 without the poloidal
component, or µ ∼ −4.8 rad m−2 and +5.6 rad m−2 toward the
NGP and SGP, respectively, if the dipole poloidal component
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Figure 5. Two-dimensional RM map of the NGP with 30◦ × 30◦ FOV for ADON30. Panels from left to right show RM maps due to: the regular components of the
electron density and the GMF only; the random components only; both the regular and random components; and a map binned in 2◦ × 2◦ pixels. The Galactic celestial
coordinates are shown in the leftmost panel.
(A color version of this figure is available in the online journal.)

DM, which is determined only by the global, regular component,
is 22 and 25 pc cm−3 toward the NGP and SGP, respectively,
while the observed value is ∼23–26 pc cm−3. We note that the
NE2001 model, from which we get the regular component, was
designed to reproduce observations including DM. The EM in
our model is 1.5 (1.0) and 2.3 (1.6) pc cm−6 toward the NGP
and SGP, respectively, for Vrms = 30 (15) km s−1, which is
in a good agreement with the observed value, ∼1–2 pc cm−6.
Our model also reproduces the overall distribution of EM at
|b| > 60◦ presented by Hill et al. (2008). Details are given in
Appendix B.

2.3. Rotation Measure Map

The RM toward a source outside the Galaxy is defined as

RM (rad m−2) = 0.81
∫ 0

smax

neB∥ds, (3)

where ne, B∥, and the path length s are in units of cm−3, µG,
and pc, respectively. Conventionally RM is positive when the
LOS magnetic field points toward us, and smax is the maximum
distance along the LOS up to the outer edge of our model space.
In this paper, we calculate the RM only due to the GMF. We do
not include other possible contributions, such as the RM due to
the IGMF, the intrinsic RM at sources, and observational errors.
We discuss those in Section 4.

We consider a square FOV of 900 deg2 with 30◦ on a side
centered on each of the Galactic poles, which is comparable to
the FOVs of RM observations toward the NGP and SGP (Mao
et al. 2010; Stil et al. 2011). In addition, we also consider a
square FOV of 200 deg2 with 14.◦14 on a side. The smaller
FOV is roughly that proposed for the dense aperture array of the
SKA (Faulkner et al. 2010). The smaller FOV is also used to
check the FOV dependence of RM statistics. To see structures
in angular separations of !0.◦3 for which the second-order SF of
observed RMs is available (Mao et al. 2010; Stil et al. 2011), we
choose the angular resolution of pixels to be "0.◦3. The numbers
of pixels we use are Npix = 2562 and 1282 for 900 deg2 and
200 deg2 FOVs, respectively.

We calculate RMs with Equation (3) assuming one extra-
galactic radio source in each pixel, and construct mock RM
maps. For each map, we randomly rotate stacked simulation
boxes around the axis parallel to the regular magnetic field in
Table 1 (keeping the direction of the regular magnetic field)
and randomly shift box centers to avoid the repeat of the same
grid zones which would make artifacts in statistics. When the
integration reaches the top of a simulation box, the integration

proceeds into the next stacked box and the integration is contin-
ued. If the integration reaches the side of the simulation box, we
apply the periodic boundary condition to the side, and replicate
the box beyond the side.

We obtain 200 mock maps for each model listed in Table 1
and each FOV, and calculate statistical quantities. The quantities
shown below in Sections 3.3 and 3.4 are the averages for 200
RM maps.

3. RESULTS

3.1. Two-dimensional Map

Figure 5 shows sample maps over a 30◦ ×30◦ FOV. Maps due
to the regular components in the model ADON (leftmost panel)
and due to the random components in one of the 200 simulations
for ADON30 (second panel) are shown. The combined map due
to the regular and random components (third panel) as well
as the binned map of median RMs in 2◦ × 2◦ pixels (rightmost
panel) are also shown. We can see that the regular components of
density and magnetic field alone produce large-scale structures
of up to the FOV size. The structures highlight B∥ as induced by
the radial and azimuthal components of the spiral and toroidal
fields (the model shown does not include a poloidal field).
The random components of density and magnetic field, on
the other hand, produce complex structures, such as clump-
like and filament-like features, on angular scales of ∼1◦–10◦.
Such structures persist in the combined map.

Mao et al. (2010) showed binned maps of median RMs in
2◦ × 2◦ pixels toward the NGP and SGP, which were produced
from observational data. The maps display structures of a few
to several degrees. In our model, such structures are mostly the
consequence of the random components of density and magnetic
field (rightmost panel). Our results indicate that the random
components mainly produce the observed RM structures on
scales less than several degrees, while the regular components
contribute to larger scale structures.

3.2. Contribution from Regular Components

We first examine the statistics of RMs in maps due to
the regular components alone. We calculated the average,
µ =

∑
RM/Npix, and the standard deviation, σ = {

∑
(RM −

µ)2/(Npix − 1)}1/2, in maps for the models and FOVs we
consider. The resulting values are shown in Table 3. The
average is mainly determined by the existence of the poloidal
component of the GMF; µ ∼ 0 rad m−2 without the poloidal
component, or µ ∼ −4.8 rad m−2 and +5.6 rad m−2 toward the
NGP and SGP, respectively, if the dipole poloidal component
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electron density and the GMF only; the random components only; both the regular and random components; and a map binned in 2◦ × 2◦ pixels. The Galactic celestial
coordinates are shown in the leftmost panel.
(A color version of this figure is available in the online journal.)
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while the observed value is ∼23–26 pc cm−3. We note that the
NE2001 model, from which we get the regular component, was
designed to reproduce observations including DM. The EM in
our model is 1.5 (1.0) and 2.3 (1.6) pc cm−6 toward the NGP
and SGP, respectively, for Vrms = 30 (15) km s−1, which is
in a good agreement with the observed value, ∼1–2 pc cm−6.
Our model also reproduces the overall distribution of EM at
|b| > 60◦ presented by Hill et al. (2008). Details are given in
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and pc, respectively. Conventionally RM is positive when the
LOS magnetic field points toward us, and smax is the maximum
distance along the LOS up to the outer edge of our model space.
In this paper, we calculate the RM only due to the GMF. We do
not include other possible contributions, such as the RM due to
the IGMF, the intrinsic RM at sources, and observational errors.
We discuss those in Section 4.

We consider a square FOV of 900 deg2 with 30◦ on a side
centered on each of the Galactic poles, which is comparable to
the FOVs of RM observations toward the NGP and SGP (Mao
et al. 2010; Stil et al. 2011). In addition, we also consider a
square FOV of 200 deg2 with 14.◦14 on a side. The smaller
FOV is roughly that proposed for the dense aperture array of the
SKA (Faulkner et al. 2010). The smaller FOV is also used to
check the FOV dependence of RM statistics. To see structures
in angular separations of !0.◦3 for which the second-order SF of
observed RMs is available (Mao et al. 2010; Stil et al. 2011), we
choose the angular resolution of pixels to be "0.◦3. The numbers
of pixels we use are Npix = 2562 and 1282 for 900 deg2 and
200 deg2 FOVs, respectively.

We calculate RMs with Equation (3) assuming one extra-
galactic radio source in each pixel, and construct mock RM
maps. For each map, we randomly rotate stacked simulation
boxes around the axis parallel to the regular magnetic field in
Table 1 (keeping the direction of the regular magnetic field)
and randomly shift box centers to avoid the repeat of the same
grid zones which would make artifacts in statistics. When the
integration reaches the top of a simulation box, the integration

proceeds into the next stacked box and the integration is contin-
ued. If the integration reaches the side of the simulation box, we
apply the periodic boundary condition to the side, and replicate
the box beyond the side.

We obtain 200 mock maps for each model listed in Table 1
and each FOV, and calculate statistical quantities. The quantities
shown below in Sections 3.3 and 3.4 are the averages for 200
RM maps.

3. RESULTS

3.1. Two-dimensional Map

Figure 5 shows sample maps over a 30◦ ×30◦ FOV. Maps due
to the regular components in the model ADON (leftmost panel)
and due to the random components in one of the 200 simulations
for ADON30 (second panel) are shown. The combined map due
to the regular and random components (third panel) as well
as the binned map of median RMs in 2◦ × 2◦ pixels (rightmost
panel) are also shown. We can see that the regular components of
density and magnetic field alone produce large-scale structures
of up to the FOV size. The structures highlight B∥ as induced by
the radial and azimuthal components of the spiral and toroidal
fields (the model shown does not include a poloidal field).
The random components of density and magnetic field, on
the other hand, produce complex structures, such as clump-
like and filament-like features, on angular scales of ∼1◦–10◦.
Such structures persist in the combined map.

Mao et al. (2010) showed binned maps of median RMs in
2◦ × 2◦ pixels toward the NGP and SGP, which were produced
from observational data. The maps display structures of a few
to several degrees. In our model, such structures are mostly the
consequence of the random components of density and magnetic
field (rightmost panel). Our results indicate that the random
components mainly produce the observed RM structures on
scales less than several degrees, while the regular components
contribute to larger scale structures.

3.2. Contribution from Regular Components

We first examine the statistics of RMs in maps due to
the regular components alone. We calculated the average,
µ =

∑
RM/Npix, and the standard deviation, σ = {

∑
(RM −

µ)2/(Npix − 1)}1/2, in maps for the models and FOVs we
consider. The resulting values are shown in Table 3. The
average is mainly determined by the existence of the poloidal
component of the GMF; µ ∼ 0 rad m−2 without the poloidal
component, or µ ∼ −4.8 rad m−2 and +5.6 rad m−2 toward the
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Galaxy HI Evolution:  
out to z ~ 1 with SKA1 and z ~ 5 with SKA2 

(Simula,ons:	
  Schaye	
  et	
  al.	
  2010,	
  Images:	
  Oosterloo	
  2014)	
  

•  Understanding galaxy assembly and the baryon cycle  
–  Determine the impact of galaxy environments 
–  Probe gas inflow and removal, diffuse gas NHI < 1017 cm-2 

–  Measure angular momentum build-up  
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Figure 5: Distribution over redshift of the four surveys given in Table 3 based on the S3-SAX
simulation (Obreschkow et al. (2009a,b))

5. Summary and conclusions

In summary, our current measurements of H I in the local universe, are the tip of the iceberg.
Semi-analytical and hydrodynamical models make predictions of galaxy H I properties which we
are poised to test with upcoming surveys on SKA precursor instruments such as the JVLA, APER-
TIF, ASKAP and MeerKAT. The SKA-1 will enable us to follow up these surveys to greater depth
in redshift and with greater sensitivities and higher resolution, and together with data at other wave-
lengths will allow us to build up a more comprehensive picture of galaxy evolution over more than
half the age of the universe. With the advent of the full SKA, we will be able to probe the evolution
of the H I content and kinematics of galaxies back to z ⇠ 2, the epoch at which the cosmic star
formation rate density was at its peak and carry out the billion galaxy survey required for precision
cosmology.
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Precision Cosmology with SKA2 HI 

• 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! 



The Transient radio sky 

•  Four celestial “FRB” events now detected (after first “Lorimer” burst): 
  S = 0.5 – 1.3 Jy, Δt = 1 – 6 msec, DM = 550 – 1100 cm-3 pc 

•  Estimated event rate: 1x104 sky-1 day-1  
•  Completely unknown origin, possibly at cosmological distances  
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Transients headline science: 
Fast Radio Bursts as a cosmological probe 

• Prospects for fundamental contributions to cosmology with 
large samples (~1000) of spectroscopically identified FRBs out 
to z ~ 2 with SKA1 and z ~ 5 with SKA2  

(Zhou	
  et	
  al.	
  2014)	
  (Ioka	
  2003)	
  



Transients headline science: Untapped discovery space 

• Prospects for entirely new classes of transient phenomena 
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Figure 3: Transient parameter space of specific luminosity versus the product of observing frequency and
transient duration. All the known sources of transient radio emission are shown. Overplotted are 1 kpc and
1 Gpc sensitivity curves for Parkes (black), SKA1-LOW (pink) and SKA1-MID (grey). This figure illustrates
the depth to which SKA1 can probe the transient radio sky. For example the published FRBs are all just above
the Parkes 1 Gpc sensitivity limit (black line). These sensitivity limit curves are for beamformed searches.
Fast imaging transient searches extend the RHS boundary of these curves all the way to the far right extent
of the plot. This Figure is based on a representation of parameter space originally made by Cordes, Lazio &
McLaughlin (2004).

3. Science-driven Telescope Requirements

The basic requirements resulting from the science cases mentioned above are as follows:-

• For the missing baryon science we need to detect of order 102 events per redshift bin. This
translates to requiring the detection of order 104 events in total (depending on their redshift
distribution.)

• It is estimated that the cosmic ruler science requires at least 103 events. The exact number
greatly depends on the dispersion of FRBDM values about the mean as a function of redshift.
It also depends on the contribution of the host galaxy to the overall DM which is, as yet,
undetermined.

• The science depends crucially on our ability to determine FRB redshifts, requiring event
localization to within ∼0.1-0.5′′ for events at z ! 1. The Dark Energy Survey (DES) and
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Galaxy Evolution Studies in the Radio Continuum:  
Understanding the Star Formation History of the Universe 

•  Unmatched sensitivity to star formation rates (10 M¤/yr) out to z ~ 4 with SKA1 and 
z ~ 10 with SKA2 

•  Resolved (sub-kpc) imaging of star forming disks out to z ~ 1 with SKA1 and z ~ 6 
with SKA2 

CCAT 350 µm


Euclid, H<24


ALMA, 1.3mm > 90 µJy


JVLA-COSMOS


Wuyts	
  et	
  al	
  2013,	
  z∼1	
  
Hα–based	
  SFR-­‐maps	
  

3.
4”




4”



Cibinel	
  et	
  al	
  2014,	
  z∼2	
  
UV-­‐based	
  SFR-­‐maps	
  

(Murphy	
  et	
  al.	
  2014)	
  



Cosmology with SKA:  
Integrated Sachs-Wolfe effect 

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

8
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FIG. 4: Effect of having different numbers of bins for the precision in measurements of the fNLparameter, using the configurations of
Section IV B, for the pathfinders instruments and the different flux limits of SKA.

SKA 1 µJy
SKA 2.5 µJy
SKA 5 µJy

Δσ
 (f

N
L)

10

100

1000

number of bins
2 3 low-z 3 high-z 5

FIG. 5: Effect of neglecting or including the radio high-z bin on the error on fNL measurements.

single-bin case would provide constraints that are competitive with other LSS measurements, those are not competitive with
CMB constraints. In the case where redshift information is included, the large sky area surveyed by radio surveys coupled with
the wide redshift-range will allow highly precise measurements of the non-Gaussianity parameter, with �(f

NL

) <⇠ 1 possible.
We also investigate the optimal configurations of the number density and redshift range of radio surveys in order to provide the

(Raccanelli	
  et	
  al.	
  2014)	
  



Cosmology with SKA:  
Baryon Acoustic Oscillations 

•  Constraining Dark Energy models with redshift-resolved BAO measurements 
–  Discrete detection is complementary with SKA1, cutting edge in SKA2 
–  Intensity mapping is higher risk but world-class, even with SKA1 

(Blake	
  &	
  Moorfield)	
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Figure 4: Survey volumes and redshift range for various current and future surveys (volume calculated at
the central redshift).

DA(z), as functions of redshift, as has been done successfully with recent large galaxy redshift
surveys such as BOSS and WiggleZ. Measuring these functions is vital for testing theories of dark
energy which seek to explain the apparent acceleration of the cosmic expansion, as they constrain
its equation of state, w = P/r , and thus its physical properties. Shedding light on the behaviour of
dark energy – especially whether w deviates from �1 and whether it varies in time – is one of the
foremost problems in cosmology.

To precisely measure the BAO feature in the matter correlation function, which appears as a
‘bump’ at comoving separations of r ⇡ 100h�1 Mpc, one needs to detect many galaxies (in order
to reduce shot noise), and to cover as large a survey volume as possible (in order to reduce sample
variance). Intensity mapping has a few major advantages over conventional galaxy surveys for
this task. IM surveys can map a substantial fraction of the sky with low angular resolution in a
short period of time. Combined with the wide bandwidths of modern radio receivers, this makes
it possible to cover extremely large survey volumes and redshift ranges in a relatively short time,
helping to beat down sample variance (see Fig. 4).

While individual galaxies cannot in general be resolved, each telescope pointing measures the
integrated emission from many galaxies, making the total signal easier to detect and reducing the
shot noise. All that is required is to obtain sufficient flux sensitivity to detect the integrated 21cm
emission and to have sufficient resolution to resolve the required scales at a given redshift. Figure 5
summarises the expected constraints from the SKA HI IM surveys for two relevant target scales: the
BAO scale at k ⇠ 0.074 Mpc�1 and a very large scale, past the equality peak at k ⇠ 0.01 Mpc�1. We
see the huge constraining power of these surveys. In particular, due to the large volumes probed,
they will be unmatched on ultra-large scales. Even at BAO scales, both SKA1-MID and SUR
present constraints not far from Euclid while only using a ⇠ 2 year survey (the full Euclid requires
about 5 years). Moreover, SKA1-LOW will be able to make a detection at z ⇠ 4 which again will
be an unique feature.

For the BAO scales (see Table 1 and Fig. 5, left panel), the angular resolution of the Phase 1
SKA dishes is such that these scales are best matched to an autocorrelation survey at low redshift,
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Cosmology with SKA:   
Matter Dipole versus CMB Dipole 

•  Sensitive constraints on isotropy and homogeneity 
–  Unique tests of isotropy at z ~ 1  
–  Measure cosmic matter dipole with high precision 

(Schwarz	
  et	
  al.	
  2014)	
  



Cosmology with SKA:  
Redshift space distortions 

•  Constraining modified gravity and curvature with discrete HI galaxy surveys 
–  Discrete detection is complementary with SKA1, cutting edge with SKA2  

Modified	
  Gravity	
  

Curvature	
  



Cosmology with SKA: 
complementarity with optical 

•  Correlation functions of HI detections demonstrate much 
lower bias for Redshift-space distortion measurements 

(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.



Cosmology with SKA:  
Modified Gravity & Dark Energy EoS w(z)   

•  Precision cosmology by enabling meaningful multi-
parameter representations of new physics models with 
explicit red-shift evolution 
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Cosmology from galaxy surveys with the SKA Filipe B. Abdalla

Figure 7: The forecasted 68% CL error on the coefficients of the principal components of µ(k,z) for dif-
ferent data combinations shown in the legend. The function µ quantifies the effect of modified gravity on
structure formation on linear scales. Specifically, the Poisson equation reads k2Y = 4pGµ(k,z)dr .

et al. (2014).
Tests of GR on cosmological scales can only be based on a combination of observations of the

large-scale structure. Current constraints are weak, but with its huge volumes and multiple probes,
the SKA should lead the next generation of tests. In addition, we can strengthen the current tests of
dark energy and modified gravity models by extending these tests to much larger scales, increasing
the statistical power of the observations and improving constraints on any scale dependence of
deviations from GR.

Probing ultra-large scales includes a theoretical challenge that has only been recently recog-
nized. On very large scales, relativistic effects on the galaxy over-density also become important.
(This is also true for the HI brightness temperature fluctuations, but the relativistic effects are sup-
pressed in intensity mapping). They arise since we observe on the past lightcone and they can
significantly change the predictions of the standard Kaiser approximation. In addition to the stan-
dard redshift-space distortions and the weak lensing magnification, there are Doppler, Sachs-Wolfe,
integrated SW and time-delay contributions, which can become significant on horizon scales. It is
therefore necessary to include these effects in predictions that will be tested against observations.

The SKA has the potential to detect these relativistic effects, thus providing a clear signal
of GR—or an indication of its violation on the largest scales. Furthermore, the amplitude of the
relativistic effects can be of the same order as primordial local non-Gaussianity that is consistent
with Planck’s constraints.
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Figure 6: The forecasted 68% CL measurement error on ai, the coefficiant of the ith principal components
of w(z)+ 1, namely, w(z)+ 1 = Âi aiei(z), using different data combinations illustrated in the legend. A
weak prior of s(w(z))< 1 was assumed.

continuum Jarvis et al. (2014) , will probe the biggest volumes ever of large-scale structure in the
Universe. This will allow a major advance in tackling two of the main questions in cosmology:
Are the fluctuations generated in the early Universe non-Gaussian? Does General Relativity (GR)
hold on the largest scales?

The most stringent constraints currently available on primordial non-Gaussianity come from
the Planck CMB experiment Planck Collaboration et al. (2013c). Future CMB data on polarization
will improve these results, but probably not significantly. Surveys of the matter distribution are the
new frontier for non-Gaussianity (see e.g. Giannantonio et al. (2012, 2014)), and the SKA has the
potential to deliver game-changing constraints, given the ultra-large scales that it probes Camera
et al. (2014a). Indeed, non-Gaussian correction to the clustering of biased tracers of the under-
lying DM distribution occur on extremely large scales Dalal et al. (2008); Matarrese and Verde
(2008). Since Planck detected no non-Gaussianity larger than | fNL| ⇠ 10, we need to probe huge
volumes of the cosmic large-scale structure if we want to be able to detect such a tiny deviation
from Gaussianity. This is because the larger the surveyed scale, the tighter the constraint on pri-
mordial non-Gaussianity Camera et al. (2013). This expectation is supported by recent forecasts
of the constraining power of different SKA surveys Camera et al. (2014b). Another advantage for
SKA arises from the possibility of discriminating between different source types, allowing the use
of the so-called multi-tracer technique to reduce cosmic variance and thus further increase the con-
straining capabilities on very large scales Seljak (2009); Abramo and Leonard (2013); Ferramacho
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HI surveys of the EoR, Cosmic-Dawn & Dark Ages 

CMB	
  displays	
  a	
  single	
  moment	
  	
  
of	
  the	
  Universe.	
  Its	
  ini,al	
  	
  
condi,ons	
  at	
  ~400,000	
  yrs	
  

HI	
  emission	
  from	
  the	
  Dark	
  Ages,	
  Cosmic	
  Dawn	
  &	
  
EoR	
  traces	
  an	
  evolving	
  “movie”	
  of	
  baryonic	
  	
  

and	
  DM	
  structure	
  forma,on	
  at	
  tuniv<109	
  years.	
  



SKA1 surveys of the EoR 
(& Cosmic-Dawn) 

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

• Probing the Cosmic Dawn statistically 

970 A. Mesinger, S. Furlanetto and R. Cen

Figure 12. Slices through our δTb simulation box (left), and the corresponding 3D power spectra (right), for our fiducial model at z = 30.1, 21.2, 17.9, 10.0
(top to bottom). The slices were chosen to highlight various epochs in the cosmic 21-cm signal (cf. the corresponding mean evolution in Fig. 10): the onset
of Lyα pumping, the onset of X-ray heating, the completion of X-ray heating and the mid-point of reionization are shown from top to bottom. All slices are
1 Gpc on a side and 3.3 Mpc deep. For a movie of this simulation, see http://www.astro.princeton.edu/∼mesinger/Movies/delT.mov.
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(top to bottom). The slices were chosen to highlight various epochs in the cosmic 21-cm signal (cf. the corresponding mean evolution in Fig. 10): the onset
of Lyα pumping, the onset of X-ray heating, the completion of X-ray heating and the mid-point of reionization are shown from top to bottom. All slices are
1 Gpc on a side and 3.3 Mpc deep. For a movie of this simulation, see http://www.astro.princeton.edu/∼mesinger/Movies/delT.mov.
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SKA2 surveys of the Cosmic-Dawn 
(& Dark Ages) 

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

• Probing the Dark Ages statistically (for νMin < 50 MHz) 

970 A. Mesinger, S. Furlanetto and R. Cen

Figure 12. Slices through our δTb simulation box (left), and the corresponding 3D power spectra (right), for our fiducial model at z = 30.1, 21.2, 17.9, 10.0
(top to bottom). The slices were chosen to highlight various epochs in the cosmic 21-cm signal (cf. the corresponding mean evolution in Fig. 10): the onset
of Lyα pumping, the onset of X-ray heating, the completion of X-ray heating and the mid-point of reionization are shown from top to bottom. All slices are
1 Gpc on a side and 3.3 Mpc deep. For a movie of this simulation, see http://www.astro.princeton.edu/∼mesinger/Movies/delT.mov.
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Figure 12. Slices through our δTb simulation box (left), and the corresponding 3D power spectra (right), for our fiducial model at z = 30.1, 21.2, 17.9, 10.0
(top to bottom). The slices were chosen to highlight various epochs in the cosmic 21-cm signal (cf. the corresponding mean evolution in Fig. 10): the onset
of Lyα pumping, the onset of X-ray heating, the completion of X-ray heating and the mid-point of reionization are shown from top to bottom. All slices are
1 Gpc on a side and 3.3 Mpc deep. For a movie of this simulation, see http://www.astro.princeton.edu/∼mesinger/Movies/delT.mov.
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SKA Science Book:  

Science Director’s Report, BD-12-17 



And to celebrate  
completion of  a 
very successful 
meeting … 



SKA 2014 Science Meeting  



 
•  Meeting Program based on advanced Chapter 

drafts  
•  Contributions matched to instrumental capabilities:  

1.  SKA1, early deployment phase (50% and up) 
2.  Fully specified SKA1    
3.  Fully specified SKA2  

•  140 self-contained chapters, most now on arXiv 
•  Publication in 2015 Q2 

SKA Science Book:  



SKA Science Book:  

Chapters	
  by	
  Category	
  

ConAnuum	
  Universe	
  

MagneAsm	
  

Synergies	
  &	
  More	
  

Cosmology	
  

Cosmic	
  Dawn	
  /	
  EoR	
  

Transients	
  

Cradle	
  of	
  Life	
  

Pulsars	
  

Hydrogen	
  Universe	
  



SKA Science Book:  
Total	
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Status	
  



3 dish prototypes all in testing 



•  March	
  2014:	
  UK	
  Science	
  Minister	
  announces	
  £100M	
  (€130M)	
  for	
  
SKA1	
  construc,on	
  

•  May	
  2014:	
  BMBF	
  announces	
  Germany’s	
  inten,on	
  to	
  withdraw	
  by	
  
June	
  2015	
  

•  August	
  2014:	
  India	
  becomes	
  Full	
  Member	
  of	
  SKAO	
  
•  Sept	
  2014:	
  SKA	
  rated	
  as	
  top	
  priority	
  new	
  project	
  in	
  French	
  5-­‐year	
  

astronomy	
  infrastructure	
  planning.	
  
•  Dec	
  2014:	
  Portugal	
  releases	
  its	
  na,onal	
  research	
  infrastructure	
  

roadmap:	
  SKA	
  included	
  
•  Dec	
  2014:	
  Italian	
  government	
  passes	
  legisla,on,	
  includes	
  €30M	
  for	
  

industrial	
  astronomy	
  –	
  SKA/CTA	
  
•  Dec	
  2014:	
  UK	
  releases	
  its	
  10-­‐year	
  Science	
  and	
  Technology	
  strategy	
  –	
  

SKA	
  prominent.	
  
•  March	
  2015:	
  SKA1	
  re-­‐baselining	
  
•  April	
  2015:	
  SKA	
  HQ	
  decision	
  

Key events in last 12 months 



SKA HQ selection: decision 29 April 



•  Evolu,on	
  planned	
  to	
  an	
  SKA	
  Inter-­‐Governmental	
  Organisa,on:	
  
a	
  structure	
  like	
  ESO/ESA/ITER/EMBL/CERN	
  

•  Ra,onale:	
  
–  Government	
  commitment:	
  	
  Long-­‐term	
  poli,cal	
  stability,	
  funding	
  

stability	
  
–  Availability	
  of	
  ‘concessions’	
  through	
  Privileges	
  and	
  Immuni,es	
  from	
  

members	
  
–  ‘Freedom	
  to	
  operate’,	
  specifically	
  through	
  procurement	
  process	
  

	
  
	
  
	
  
	
  
	
  
	
  

Governance/organisational structure 



High-level SKA Schedule 

2016	
  2015	
   2017	
   2018	
   2019	
   2020	
   2021	
   2022	
   2023	
  2014	
  

High	
  level	
  design	
  

Rebaselining	
  submissions	
  (RBS)	
  

Preliminary	
  Design	
  Review	
  (elements)	
  

Detailed	
  design	
  

Prototype	
  systems	
  deployed	
  

Cri,cal	
  Design	
  Review	
  

SKA1	
  construc,on	
  approved	
  
Procurement	
  

SKA1	
  early	
  science	
  

SKA1	
  construc,on	
  

SKA2	
  detailed	
  design	
  

Design	
  consor,a	
  start	
  

SKA2	
  procurement	
  
SKA2	
  construc,on	
  starts	
  

SKA2	
  concept	
  development	
  

Board	
  RBS	
  approval	
   3-­‐5	
  Mar	
  15	
  

15-­‐22	
  Sep	
  14	
  

1	
  Nov	
  13	
  

Pre-­‐construc,on	
  Stage	
  1	
  

Pre-­‐construc,on	
  Stage	
  2	
  

New	
  SKA	
  Organisa,on	
  in	
  place	
  

Key	
  Doc	
  Set	
  &	
  Prospectus	
  
Formal	
  nego,a,ons	
  
Ra,fica,on	
  of	
  Agreements	
   Organisa,on	
  has	
  minimum	
  no.	
  Members	
  with	
  Agreements	
  ra,fied	
  

Agreements	
  in	
  Key	
  Doc	
  Set	
  signed	
  

Andrea	
  Casson,	
  SKAO	
  Project	
  Controller,	
  Sept	
  2014	
  

System	
  PDR	
  

Integra,on	
  tes,ng	
  on	
  site	
  

Advanced	
  Instrumenta,on	
  Prog.	
  

KEY:	
  Blue	
  =	
  SKA1	
  science	
  &	
  engineering;	
  orange	
  =	
  policy;	
  green	
  =	
  SKA2	
  




