
The$Square$Kilometre$Array$

Michael$Kramer$$$

Max5Planck5Ins;tut$für$Radioastronomie$
University$of$Manchester$–$Jodrell$Bank$Centre$for$Astrophysics$

Exploring$the$Universe$with$the$
world’s$largest$radio$telescope$



Time$for$Big$Machines$

We$live$in$exci;ng$;mes:$
5 $we$are$on$the$verge$of$confirming/disproving$some$of$the$most$revolu;onary$
$$$$theories$of$the$last$century$
5 $we$find$clues$as$to$whether$these$theories$are$complete$or$not$
5 $we$may$find$a$way$to$describe$large$and$small$scales$with$one$theory$
5 $we$are$about$to$trace$the$complete$history$of$the$universe$
5 $we$are$about$to$study$extra5solar$worlds$and$Earth5like$planets$
5 $we$are$about$to$open$a$truly$new$window$to$the$Universe$and$its$
$$$wonderful$cons;tuents$$$
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We$live$in$exci;ng$;mes:$
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5 $we$are$about$to$study$extra5solar$worlds$and$Earth5like$planets$
5 $we$are$about$to$open$a$truly$new$window$to$the$Universe$and$its$
$$$wonderful$cons;tuents$$$

But….$$It$takes$increasing$efforts$to$make$such$fundamental$and$$
$$$$$$$$$$$$$important$discoveries$–$it$needs$(typically)$BIG$machines$
$$$$$$$in$par;cular$if$we$aim$for$versa;le$observatories$not$just$experiments$
$
$$$$!$$To$make$them$happen$requires$mul;5na;onal/global$collabora;ons$



A$prime$example…$

•  Introduction 

•  The Square Kilometre Array 

•  Project details 

•  Technical Challenges 

•  Progress, status & timeline  

•  Science revisited 



Introduction 



The$birth$of$a$new$idea…$

It all started in 1990 with an IAU Colloquium and a simple question:  

One answer to the question: 
 
“The Hydrogen Array”   by Peter Wilkinson (1991) 
 
 
 
 
 
 

What telescope is needed to answer: 
 
        - How did the Universe achieve its present form? 
        - What and where is dark matter ? 
        - How did galaxies form ? 
        - What happened at the era that separated ionized from neutral hydrogen ? 



The$Hydrogen$Array$

More$collec;ng$area…and$more…$



Radio$Astronomy$Sensi;vity$
$
Sensi;vity:$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$Gain:$
$
$
$
$
$
$
Most$Receivers$are$already$at$the$quantum$limit$=$Tsys$already$minimal$
Need$to$find$other$ways$to$improve$sensi;vity:$
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• $Increase$gain$=$collec;ng$area$=$bigger$telescopes!$
• $Increase$bandwidth$(despite$increasing$man5made$RFI!)$
• $Enable$longer$integra;on$;me$=$cover$more$sky$per$minute!$



A$Revolu;on$in$Radio$Astronomy$

• $Go$digital!$$Ability$to$sample,$digitze$&$process$wide$bandwidths$
• $Use$of$commodity$compu;ng$power$(incl.$GPUs)$and$FPGAs$
• $Ways$of$obtaining$“cheap”$collec;ng$area$
• $Replacing$hardware$(i.e.$metal)$with$electronic$and$sobware$
• $Build$“radio$cameras”$to$increase$“field5of5view”$on$sky$and$even$$
$$$allow$to$look$in$(some;mes)$vastly$different$direc;ons:$



Aperture$Arrays$&$Focal$Plane$Arrays$

=$phased$array$in$focus$of$dish$=$phased$array$on$ground$

Focal$plane$array$
(FPA)$

Field5of5View$

Primary$beams$

Airey$volume$

NEW:$HUGE$Field5of5View$and$mul;ple$beams$within$FoV!$



Aperture$Arrays$&$Focal$Plane$Arrays$

=$phased$array$in$focus$of$dish$=$phased$array$on$ground$

Focal$plane$array$
(FPA)$

Field5of5View$

Primary$beams$

Airey$volume$

Like$many$different$telescopes$at$the$same$;me!$



New$technology:$Huge$increase$in$phase$space$

Sensitivity (Area/Bandwidth) 
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• $Sampling$large$bandwidths$(20550%)$
• $Providing$huge$FoVs$(>30$sq5deg)$
$$$hence$huge$survey$speed$
• $Large$frequency$range,$e.g.$opening$
$$$low5frequency$sky$(LOFAR$etc.)$
• $Brute5force$increases$in$$
$$$$collec;ng$area$$
• $Digital$signal$processing$
• $Huge$compu;ng$power…$

The$SKA$pushes$in$all$these$areas$
!$New$science$and$new$discoveries!$



The Square Kilometre Array 

=$The$Global$Radio$Wavelength$Observatory$
$

=$Mega5Science$research$infrastructure$
with$very$broad$science$case$

(incl.$mul;5wavelength,$mul;5messenger)$
$

=$challenging$technology$project$
with$cyber5infrastructure$and$“big$data”$

In a nutshell 



SKA$Key$Science$

Five$Key$Science$Projects:$
•  Dark$mamer,$cosmology$and$Dark$energy$
•  Dark$ages:$First$stars$and$black$holes$
•  Cosmic$magne;sm$
•  Cradle$of$life$
•  Strong5field$tests$of$gravity$using$pulsars$&$black$holes$
$
$$$+$Explora;on$of$Unknown$

Eds.$C.$Carilli$&$S.$Rawlings,$
$New$Astron.$Rev.,$48)$
$
$



SKA$Key$Science$in$context$

The$laws$of$nature:$Fundamental$Physics$&$Cosmology$
$
5$Gravity:$
$$$Is$general$rela;vity$$our$last$word$in$understanding$gravity?$
$$$What$happens$in$strong$gravita;onal$fields?$
$$$What$are$the$proper;es$of$gravita;onal$waves?$
$$$What$is$Dark$Mamer?$
$$$What$is$Dark$Energy?$
$
5$Magne;sm:$
$$$$What$is$the$origin$of$cosmic$magne;sm?$
$$$$How$did$it$evolve?$
$$$$What$is$its$role$in$the$forma;on$and$evolu;on$
$$$$of$stars$and$galaxies?$
$
5$Strong$&$weak$forces:$
$$$What$are$the$proper;es$of$mamer?$
$$$What$is$the$nuclear$equa;on$of$state?$

Eds.$C.$Carilli$&$S.$Rawlings,$
$New$Astron.$Rev.,$48)$
$
$



SKA$Key$Science$in$context$

Origins:$Galaxies$across$cosmic$>me,$Galac>c$neighbourhood,$$
$$$$$$$$$$$$$$$stellar$&$planetary$forma>on$
$
5$Galaxies$and$the$Universe$
$$$$How$did$the$Universe$emerge$from$its$Dark$Ages?$
$$$$How$did$the$structure$of$the$cosmic$web$evolve?$
$$$$Where$are$most$of$the$metals$throughout$cosmic$;me?$
$$$$How$were$galaxies$assembled?$
$$$$$
5$Stars,$Planets,$and$Life$
$$$$How$do$planetary$systems$form$and$evolve?$
$$$$What$is$the$life5cycle$of$the$interstellar$medium$and$stars?$(biomolecules)?$
$$$$Is$there$evidence$for$life$on$exoplanets$(SETI)?$

$
$$$$$$$$$$$$$$$$$$$$$$$$$$$$
New$phenomena:$Explora>on$of$the$unknown$
$$5$Transients$
$$5$Mul;5messenger$science$
$$5$????$

Eds.$C.$Carilli$&$S.$Rawlings,$
$New$Astron.$Rev.,$48)$
$
$



The$Telescope$

The SKA is… 

…a$large$radio$telescope$for$transforma;onal$science$$$$
5$up$to$1$million$m2$collec;ng$area$distributed$over$a$distance$of$3000+$km$$
5$opera;ng$as$an$interferometer$at$frequencies$from$70$MHz$to$>10$GHz$$$$
$$(4m53cm)$with$two$or$more$detector$technologies$
5$connected$to$a$signal$processor$and$high$performance$compu;ng$system$
$$by$an$op;cal$fibre$network$

$
$
$

SKA$

Lovell$

Reber$

EVLA$



The$Telescope$

The SKA is… 

…a$large$radio$telescope$for$transforma;onal$science$$$$
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…a$survey$(=discovery)$machine$$
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$
$
$

HST  



The$Telescope$

The SKA is… 

…a$large$radio$telescope$for$transforma;onal$science$$$$
5$up$to$1$million$m2$collec;ng$area$distributed$over$a$distance$of$3000+$km$$
5$opera;ng$as$an$interferometer$at$frequencies$from$70$MHz$to$>10$GHz$$$$
$$(4m53cm)$with$two$or$more$detector$technologies$
5$connected$to$a$signal$processor$and$high$performance$compu;ng$system$
$$by$an$op;cal$fibre$network$

…a$survey$(=discovery)$machine$$
$$5$100$x$Effelsberg,$and$10$x$Arecibo,$and$
$$5$at$least$10,000$x$survey$speed$of$current$telescopes$

$
…a$legal$organisa;on$preparing$construc;on$
$$$5$on$ESFRI$List$as$only$global$project$(selected$for$construc;on)$
$$$5$with$E5ELT$selected$for$highest$priority$on$ASTRONET$roadmap$
$$$5$ASTRO2010:$“long5term$future$of$radio$astronomy”$
$$$5$Canadian$Long5Range$Plan:$SKA$next$priority$behind$TMT$(10%!)$
$$$5$African$Union$Heads$of$State$acknowledge$importance$$
$$$5$Australia$and$South$Africa$already$invest$about$€200M$each$
$
$



The$Telescope$



The$Telescope$

• Construc;on$will$proceed$in$two$(three)$phases:$$$SKA1$!$SKA2$$$(!$SKA3)$
5$SKA1$will$be$a$subset$(~10%)$of$SKA2$

5$Major$science$observa;ons$already$possible$with$SKA1$in$2020:$
$
“Headline$science”:$
5  5$Neutral$hydrogen$in$the$universe$from$Epoch$of$Re5ionisa;on$to$now$
5  5$Fundamental$forces:$pulsars,$gravity$and$gravita;onal$waves$
$
5$Phased$construc;on$allows$maximum$use$of$advances$in$technology:$
$
$$$$$Phase$I:$$SKA1$can$be$built$now$with$proven$and$secure$technology$(baseline)$
$$$$$Phase$II:$SKA2$can$make$use$of$new,$future$matured$technology$(AIP)$



From$Phase$I$to$Phase$II$
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Sensi;vity$comparison$
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Survey$speed$comparison$
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250$Dishes$

50$Sparse$
$Aperture$Arrays$

  

SKA1$baseline$design$$
$

                 
 
 
 

Single$pixel$
feed$

Central$Region$

Baseline$technologies$are$mature$and$
demonstrated$in$the$SKA$Precursors$
and$Pathfinders$



Advanced$Instrumenta;on$Program$(AIP)$

Development$of$innova;ve$wide5field$“radio$camera”$technologies$$
$$$$$at$mid5frequencies:$

$
•  phased$array$feeds$(PAFs)$on$the$dishes$(FoV$~$30$deg2)$
•  mid5frequency$aperture$array$$(FoV$~$200$deg2)$

Ultra5wideband$single$pixel$feeds$
$
The$AIP$is$designed$to$build$maturity$and$re;re$risk$

Has$the$poten;al$for$enhancing$SKA1$and$being$a$major$part$of$SKA2:$
$

•  Evalua;on$point$in$2014$
•  Final$decision$in$2016$

Weinreb/TDP/MPIfR 

Photos�of�first�QRFH
Application:
12m�Patriot�antennas�of�geodetic�VLBI�
community
Target�10�dB�beamwidth =�~�85�90�deg
Target�bandwidth =�2�B 12�GHz

01/07/2011 7
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250$Sparse$Aperture$
Arrays$

3-Core Central 
Region 

SKA2$including$AIP$technologies$



Project Status 



Project$;meline$

2008512$$$$telescope$system$design$and$cost$$
2012$$$$$$$$$$site$selec;on$
2013515$$$$detailed$design$in$the$pre5construc;on$phase$
2014$$$$$$$$$$approve$construc;on$funding$for$Phase$1$(350$M€,$2007)$
2016519$$$$Phase$1$construc;on$
2016$$$$$$$$$$Advanced$Instrumenta;on$Program$decision$
2018 $$$$approve$construc;on$funding$for$Phase$2$(1.2$B€,$2007)$
2018523$$$$Phase$2$construc;on$$
2020" $$$$full$science$opera;ons$with$Phase$1$
2024" $$$$full$science$opera;ons$with$Phase$2$
$
$
$
$
$



Currently:$Pre5construc;on$phase$

Goals:$
$
1.  Progress$the$SKA$design$and$prototyping$to$produc;on$readiness$
2.  Establish$$industry$par;cipa;on$strategies,$procurement$processes,$and$protocols$

governing$the$selec;on$of$work$package$consor;a$
3.  Iden;fy$funding$commitments$for$SKA$Phase$1$(SKA1)$construc;on$and$opera;ons$$
4.  Prepare$long5term$SKA$organisa;onal$structure$and$arrangements$for$the$construc;on,$

verifica;on$and$opera;on$of$the$SKA$
5.  Build$rela;onships$with$relevant$na;onal$and$interna;onal$astronomy$organisa;ons$
$

Convert the following SKA-relevant design and development  
into production-ready SKA-specific designs and costs!$



$$$Baseline$design$component$
$$Low$frequency$aperture$arrays$$

LOFAR (Netherlands et al) 

�
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SKA Dish 
Verification 
Antenna #1 

Baseline$design$component$
Dishes$+$single$pixel$feeds$

MeerKAT 

CART (Canada) 

10 m composite prototype 

 
ATA (USA) 

42x6m 
hydroformed 
dishes 

MeerKAT  (South Africa) 
80x12m composite dishes 
 

36x12m panel dishes 
 

ASKAP (Australia) 
 



Advanced$Instrumenta;on$Program$$
Dishes$+$mul;5pixel$feeds$

DRAO 
Canada 

APERTIF 
(Astron, NL) 

ASKAP 
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Advanced$Instrumenta;on$Program$$$$$$$$$$$$$$$$$$$$$$$$$$$$
Mid5frequency$aperture$array$

EMBRACE 

First Fringes 



SKA$Legal$Organisa;on$

•  Company$Limited$by$Guarantee$in$the$UK$
•  Headquarter$in$the$UK,$Jodrell$Bank$
•  Created$Nov$23,$2011$

Australia$
Italy$
Netherlands$
New$Zealand$
South$Africa$
UK$
China$
Canada$
$
$
$

28$M€$for$SPO$staff$and$opera;ons$(30%)$
63$M€$for$Work$Package$Consor;a$(70%)$

$



Physical$requirements$
Extremely$radio$quiet$environment$
At$least$3000$km$in$extent$
Low$ionospheric$turbulence$
Low$tropospheric$turbulence$

$
Two$candidates$short5listed$in$2006:$Western$Australia$and$Southern$Africa$
$
$
$
Site$selec;on$process$

Site$selec;on$

Site$characterisa;on$
2010$ 2011$ 2012$

selec;on$
criteria$$$

info$acquisi;on$&$
analysis$

evaluat5
ion$

decision$

2010$ 2011$ 2012$



Western$Australia$&$New$Zealand$



South$Africa$+$7$countries$



The Challenges 



SKA:$driving$development$of$new$science$&$technology$

•  Dishes,$feeds,$receivers$(N=3000)$
•  Low$and$mid$aperture$arrays$(N=250)$
•  Signal$transport$(10$Pbit/s)$
•  Signal$processing$(exa5MACs)$
•  Sobware$engineering$and$algorithm$development$
•  High$performance$compu;ng$(exa5flop$capability)$
•  Data$storage$(exa5byte$capacity)$
•  (Distributed)$power$requirements$(50$5100$MW)$

ongoing$verifica;on$
programs$

%
Industry$engagement$central$to$the$SKA.$



System$Block$Diagram$

SKA$Conceptual

Block$Diagram
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European$Very$Long$
Baseline$Interferometry$
Network$(1$Gbit/s)$$

EC5FP6$$EXPReS$

Signal$transport$networks$

SKA$data$rates$$$$$
$$$$$$$80$Gbit/s/beam/dish$(<200km)$$$$$$

$$$$$$$$40$Gbit/s/sta;on$$(20$dishes)$(>200km)$
~100$Tbits/sec!$

About$1$Exabyte$per$day!!!!$



Need$on5line$HPC$on$Exaflop$scale!$

•  In$line$with$ESFRI$PRACE$ini;a;ve$
•  S;ll,$challenges$in$data$archiving$and$mining$
•  Also,$need$to$reduce$power$requirements$for$compu;ng!$



Energy$supply$

5 $Digital$electronic$needs$power$and$needs$cooling$
5 $Running$costs$probably$$dominated$by$energy$costs$

5 $Site$is$far$away$from$civilisa;on$centres$and$power$grid$

$$
5$Different$power$requirements$–$energy$mix!$

$$$$5$Core(s):$$~30$to$50$MW$

$$$$5$HPC$centre$near$core:$ca.$50$MW$

$$$$5$Distant$sta;ons:$each$~100$kW$for$ca.$80$sta;ons$

$$$$5$Differences$in$peak$and$average$demand$(Electronic,$

$$$$$$$cooling,$telescope$movements)$

5$Con;nuous$opera;on$24/7:$Storage$required?!$

5$Avoid$varia;ons$in$power$supply:$power$stability$

5 $Environment:$Temperature$changes,$wind,$rain$



Power$supply:$My$personal$preference...$

• $Supply$with$solar$energy$obvious$and$but$not$cheapest$solu;on$–$long5term?$

Quelle: Schott 

• $Excellent$light$house$project$for$renewable$energies$$
• $Sustainable$energy$solu;on$for$the$whole$life$;me$(~50$year)$
• $Opportuni;es$to$open$new$markets:$1.6$Billion$people$without$grid$access…$
• $Challenge$would$not$be$energy$genera;on$but$night$storage!$



The Science 



Evolu;on$of$the$Universe$

X-ray heating, 
EoR!

Dark 
Ages 

H$I$brightness$temperature$signal$(w.r.t.$CMB)$

First 
Stars 

(Pritchard & Loeb 2008) 

SKA space? 

The$dark$ages:$
$30<z<150$=$46$MHz$<ν$<$9$MHz$

Twilight:$
$12<z<30$=$46$MHz$<ν$<118$MHz$

Reioniza;on:$
$6<z<12$=$118$MHz$<ν$<203$MHz$



Epoch$of$Reioniza;on$EoR / 21cm sky simulation
From absorption to emission

8 Brightness temperature maps: 
8 Box size - 100 Mpc/h (50’) (7 MHz)

Santos et al., 2008, ApJ, 689, 1
Z=17.2, xHI=0.99 Z=8.0, xHI=0.27Z=12.1, xHI=0.83 Hy Trac

8 Box resolution - 139 Kpc/h (4’’) (10 KHz)   
8 Redshifts: 6 < z < 25 (55 MHz < � < 203 MHz)

Trace$hydrogen$from$absorp;on$to$emission$(Santos$et$al.$2008)$

Z=17.2 Z=8.0 Z=12.1 

Alvarez$et$al.$

•  21cm-signal provides unique tomographic view 
•  High-redshift measurements provide important  
     info on first luminous sources and thermal 
     evolution of IGM 
•  Foreground and gas astrophysics to be under- 
     understood 
•  Needs SKA sensitivity to study signal 



Astrobiology$at$Long$Wavelengths$

Light$at$λ$>$1$cm:$
# $Not$affected$by$dust$
# $Complex$molecules$have$transi;ons$at$$
longer$wavelengths$

# $“Waterhole”$(1.4–1.7$GHz)$
# $Magne;cally5generated$emissions$
from$extrasolar$planets$

•  Nearly$150$molecules$detected$in$
interstellar$space.$

• Many$of$these$are$“organic.”$
5  Illustrates$importance$of$carbon$in$

chemistry$of$life.$
5  Are$there$biological$molecules$$
$$$$$not$yet$detected?$(amino$acids?)$

•  Connec;on$to$proto5planetary$disk$
chemistry?$



Origin$&$Evolu;on$of$Cosmic$Magne;sm$

•  Magne;c$fields$are$fundamental,$but$poorly$constrained$and$their$origin$limle$
understood.$For$instance,$
– Do$they$affect$galaxy$and$cluster$evolu;on?$
– How$do$they$affect$the$propaga;on$of$cosmic$rays$in$ISM$and$IGM?$

•  All5sky$rota;on$measure$surveys$provide$B$fields$along$lines$of$sight$
•  Con;nuum$in$I,$Q,$and$U!$

NVSS$(Taylor$et$al.)$ Effelsberg/VLA$(Beck$et$al.)$



Magne;c$Fields:$Cosmic$Rays,$the$Galaxy$and$the$IGM$

Q:$Are$ultra5high$energy$cosmic$rays$
(UHECRs)$produced$in$nearby$AGN?$
# $Galac;c$magne;c$field$influences$$
cosmic$ray$propaga;on$

# $Different$models$of$Galac;c$field$
imply$different$arrival$direc;ons$
Axis5symmetric$vs.$bi5symmetric$
field$direc;ons$above$and$below$
the$Galac;c$plane?$Effect$of$
turbulence?$…?$$

Takami, arXiv:1104.0278 

Noutsos$et$al.$(2009)$$

A:$Rota;on$Measure$(RM)$measurements$$
of$$millions$of$sources:$

~500$RMs$per$sq.$deg$(one$every$2’53’)$
Study$B$in$IGM$with$3D$informa;on$$
(z$from$HI)$

Also$essen;al$if$we$are$REALLY$to$
understand$$physics$of$galaxy$forma;on!$
$$



SKA$=$Stage$IV$BAOs$Experiment$

#  Next5genera;on$goal$(DETF):$
#  Survey$large$volume$
#  Slice$into$redshib$bins$
#  Detect$BAOs$in$each$z$bin$

#  SDSS$surveyed$~$1$Gpc3$
#  SKA$goal$~$100$Gpc3$(z$>$1)$
$$$$$$$$$$$$1,000,000,000$HI$galaxies!$

#  Intrinsically$spectroscopic$survey$
#  Measure$their$distribu;on$in$;me$

as$standard$ruler$for$expansion$
#  Different$biases$than$LSST,$

WFIRST/Euclid$
!$EoS$of$dark$mamer,$w=w(t)$SDSS!

SKA!

1!

The nature of dark energy? 



SKA and Pulsars 



A$simple$and$clean$experiment:$Pulsar$Timing$

TOA Residual 

Model 

Fold Fold 

Coherent$;ming$solu;on$about$1,000,000$more$precise$than$Doppler$method!$

Pulsars$are…$
•  …cosmic$lighthouses$
•  …almost$Black$Holes:$~1.4$M⁄$$within$20km$
•  …objects$of$extreme$mamer$:$10x$nuclear$
•  …massive$flywheels,$hence$very$stable$clocks$
•  …pulsar$;ming$measures$arrival$;me$(TOA):$

$
$



Already$today,$we$can$do$amazing$measurements…$
Masses:%
#  Masses$of$neutron$stars:$$m1$=$1.4398(2)$M�$and$m2$=$1.3886(2)$M�$(Weisberg$et$al.$2010)$
#  Mass$of$WD$companions:$$

#  Shapiro: $$$$$$$$$$$$$$$$$$$$$ $$ $0.204(2)$M� $ $(Jacoby$et$al.$$2005)$
#  Op;cal:$$$$$$$$$$$$$$$$ $ $0.181(7)$M� $ $(Antoniadis$et$al.$subm.)$

#  Mass$of$millisecond$pulsar: $ $1.67(2)$M� $ $(Freire$et$al.$2010)$
#  Main$sequence$star$companion: $ $1.029(8)$M� $ $(Freire$et$al.$2010)$
Spin%parameters:%
#  Period:$ $5.757451924362137(2)$ms$$(Verbiest$et$al.$2008)$=$2$amo$seconds$uncertainty!$
Orbital%parameters:%
#  Period:$ $ $ $0.102251562479(8)$day$$(Kramer$et$al.$in$prep.)$
#  Eccentricity: $ $ $3.5$(1.1)$×$10−7 $(Freire$et$al.$subm.)$
Astrometry:%
#  Distance:$$$$$$$$$$$$$$$$ $$ $ $157(1)$pc $ $(Verbiest$et$al.$2008)$
#  Proper$mo;on:$$ $ $$$$$ $140.915(1)$mas/yr $(Verbiest$e$t$al.$2008)$
GR%tests:%
#  Periastron$advance:$ $ $4.226598(5)$deg/yr $(Weisberg$et$al.$2010)$
#  Shrinkage$due$to$GW$emission:$ $$$$$$$$$$$$$$$$$$$$$$$7.152±0.008$mm/day $(Kramer$et$al.$in$prep)$
#  GR$validity$(obs/exp): $ $1.0000(5) $ $(Kramer$et$al.$in$prep.)$
But%with%the%SKA…we%can%do%so%much%more,%for%instance:%
#  Measure$mass$of$SGR$A*$to$1056!$
#  Measure$spin$of$SGR$A*$to$precision$of$1054$to$1053:$Cosmic$Censorship!$
#  Measure$quadrupole$moment$to$1053$to$1052:$No$hair!$$(Liu$et$al.$2012)$



Galac;c$census$with$the$SKA$

$
$5$~30,000$normal$pulsars$
$5$~2,000$millisecond$psrs$$
$5$~100$rel$binaries$

$5$first$pulsars$in$Galac;c$Centre$
$5$first$extragalac;c$pulsars$

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

With$the$SKA�S$collec;ng$area$$and$increase$in$survey$speed:$

! $with$sensi;vity$also$;ming$precision$is$expected$$to$increase$by$factor$~100$

! $rare$and$exo;c$pulsars$and$binary$systems:$including$PSR5BH$systems!$



Galac;c$census$with$the$SKA$

$
$5$~30,000$normal$pulsars$
$5$~2,000$millisecond$psrs$$
$5$~100$rel$binaries$

$5$first$pulsars$in$Galac;c$Centre$
$5$first$extragalac;c$pulsars$

With$the$SKA�S$collec;ng$area$$and$increase$in$survey$speed:$

(Johnston et al. 2006 

 & unpublished data,  

See also Deneva et al. 2009) 

Once$pulsar$in$GC$found,$the$experiment$will$be$simple…$



A$pulsar$around$SGR$A*$

Extensive$new$study$(Liu$et$al.$2012)$
$
Sgr$A*:$M$=$4$000$000$M$%
$
Mp$<<$M$$⇒$$one$post5Keplerian$parameter$gives$the$mass$of$Sgr$A*$
$
For$a$pulsar$in$a$0.1$yr$orbit$with$an$eccentricity$of$0.4$
$
$

"  $Precession$of$periastron:$ $14.8$deg/yr$$(1.5$deg$/$orbit)$
$
"  $Einstein$delay:$ $ $ $7.7$min$
$
"  $Shapiro$delay:$$$ $$$$$$$$$$$ $>$33$s$(depends$on$the$inclina;on)$
$



Tes;ng$the$BH$proper;es:$Hairs,$anyone?$

δQ/Q = 0.008 ! 

A single pulsar in a few 0.1 yr orbit around Sgr A* would, within a few years, 

•  …provide a mass measurment with a 10-6 precision 

•  …provide a spin measurment with a 10-3 -10-4 precision,  
      a test for the Lense-Thirring effect, and the cosmic censorship conjecture 

•  …provide a quadrupole measurment with a ~1% precision,  
       and test the no-hair theorem of GR 

•  …provide a test for spin precession in a black hole spacetime 

Liu et al. (2012) 



The$SKA$will$“easily”$detect$(and$study!)$gravita;onal$waves$–$which$exist…!$

Best$evidence$to$date$–$the$Double$Pulsar:$
Kramer et al (in prep.) 

Precision$measurements,$e.g.$
$P$(ms)$$=$22.6993785996213$±$0.0000000000002$(measured$to$0.2$picoseconds!)$
$Pb$(d)$=$$$0.102251562452$±$0.000000000008$$$$$(i.e.$2.45h$measured$to$691$ns!)$
dPb/dt$$=$(51.248±0.001)$x$10512$$5$agreement$with$GR$at$0.1%$5$best$radia;on$test!$
$
$$

Orbit$shrinks$every$day$by$

$$$$$7.152±0.008$mm/day$



Pulse$arrival$;mes$will$be$affected$by$low5frequency$$
gravita;onal$waves$–$correlated$across$sky!$
$
In$a$$“Pulsar$Timing$Array”$$(PTA)$pulsars$act$as$the$arms$$
of$a$cosmic$gravita;onal$wave$detector:$
$

Pulsar 
 Timing 
   Array 

Pulsars$as$gravita;onal$wave$detectors$

[ Hellings & Downs 1983 ] 



The$SKA$as$a$Gravita;onal$Wave$Detector$

• $$$SKA5PTA$is$sensi;ve$to$$
$$$$nHz$gravita;onal$waves$

• $Complementary$to$LISA,$
$$$$$LIGO$and$CMB5pol$band$
• $$$$Expected$sources:$
$$$$$$5$binary$super5massive$
$$$$$$$$black$holes$in$early$
$$$$$$$$Galaxy$evolu;on$
$$$$$5$$Cosmic$strings$
$$$$$5$$Cosmological$sources$
• $$$Types$of$signals:$
$$$$$5$stochas;c$(mul;ple)$
$$$$$5$periodic$(single)$
$$$$$5$burst$(single)$

(Kramer et al. 2004) 
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Stochas;c$background$

• $Earliest$signal$expected$from$binary$super5massive$black$holes$in$early$$

$$$galaxy$evolu;on$(PTA$only$way$to$detect$M>107M$$Porb~10520yr)$

• $Amplitude$depends$on$merger$rate,$galaxy$evolu;on$and$cosmology$but$could$

$$be$“soon”$detectable$(e.g.$Sesana$et$al.$2008)$
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Observed 

Single$source$detec;on$

• $Single$binary$super5massive$black$hole$produces$periodic$signal$

• $Perhaps$rare$but$complementary$in$mass$range$to$LISA$(Sesana$et$al.$2009,$Sesana$&$Vecchio$2010)$

• $If$SNR$is$high$(or$source$and$orbital$period$known!)$we$can$search$for$signature$
• $Expect$periodic$signal$but$also$dc5term$due$to$memory$effect$(van$Haasteren$&$Levin$2010)$

• $Signal$contains$informa;on$from$two$dis;nct$epochs:$t$and$t5d/c$

d 

Example:  if binary super-massive BH  
exists in 3C66B, we expected signature in 
timing data of PSR B1855+09 (Jenet et al 2003): 

Expected 



Gravita;onal$Wave$Astronomy%

• $We$can$pinpoint$a$single$GW$source$(Lee$et$al.$2011):$

Possible$by$amazing$$
astrometry$of$SKA!$

(e.g.$parallax$up$to$100kpc!)$
Lee$et$al.$(2011)$

1� 



Proper;es$of$the$graviton%

• $We$can$do$more$than$“only”$detect$gravita;onal$waves$

• $With$SKA$we$can$study$GW$proper;es:$polarisa;on$&$graviton$mass$

Lee$et$al.$(2010)$

Graviton$mass:$

present solar  

system limit 
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 �Gravita;onal$wave$detec;on$with$SKA1$

Verbiest. (priv. comm.) 

Phase$1$should$make$a$detec;on$–$can$also$make$use$of$IPTA$data.$

$

With$the$full$SKA$we$can$study$GW$proper;es$and$sources!$

Sesana et al. (2008), Sesana & Vecchio (2009) 
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 �Already$exci;ng$science$on$the$road$to$the$full$SKA:$SKA1$

• $Low5frequency$array$(AA,$400$MHz):$$$7800/950$$PSRs/MSPs$$$(Galac;c)$

$$$$$15month$only!$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$2200/750$$(rest$of$sky)$

• $Dishes$allow$to$probe$further$into$Galaxy$

$

• $Note$that$full$SKA$cannot$use$full$area$for$searching$(ini;ally)$due$to$

$$$processing$requirements$–$will$already$discover$interes;ng$sources$

$

• $Complemen;ng$the$on5going$pre5SKA$ac;vi;es:$

$$$e.g.$HTRU$(Parkes/Effelsberg)$all5sky$high$survey$

$$$$$$$$$$$and$the$exci;ng$LOFAR$ac;vi;es:$

Phase$1$will$be$also$an$exci;ng$search$machine:$

Van Leeuwen & Stappers (2006) 



Conclusions$

•  Note:$There$wasn’t$;me$to$talk$about$ASKAP,$MeerKAT,$LOFAR$etc.$

•  Lots$of$things$are$happening$in$all$areas$of$SKA$technology$and$science$

•  Poli;cally,$things$are$moving$equally$fast$and$decisions$are$made$now$

•  We$are$trying$to$get$a$glimpse$into$the$exci;ng$science$by$tes;ng$SKA$

$$$$$$technology$on$exis;ng$telescopes$(e.g.$wide5bandwidth$feed$on$Effelsberg,$

$$$$$APERTIF$on$Westerbork)$or$new$telescopes$like$LOFAR.$

•  SKA1$will$be$a$superb$telescope$for$pulsars$and$EOR$already!$

•  We$are$privileged$to$live$in$a$;me$with$exci;ng$new$facili;es$coming$up,$

$$$$$$in$par;cular$NGO,$E5ELT$and$SKA.$

$The$scien;fic$arguments$for$the$facili;es$alone$may$be$overwhelming$

$$$$but$it$is$the$combina;on$what$mamers$–$that$makes$it$even$bigger!$


