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    MagneticMagnetic  fieldsfields  areare  widelywidely  acceptedaccepted
nownow as  as importantimportant in  in mostmost
astrophysicalastrophysical  processesprocesses

Key Science Projects onKey Science Projects on
CosmicCosmic  MagnetismMagnetism
forfor LOFAR and SKA LOFAR and SKA



Fundamental questionsFundamental questions
•• StructureStructure
    What is the magnetic power spectrum at small and large scales ?    What is the magnetic power spectrum at small and large scales ?

•• DynamicsDynamics
    Do magnetic fields affect gas flows and galaxy evolution ?    Do magnetic fields affect gas flows and galaxy evolution ?

•• ConnectionConnection
    Are galaxies magnetically connected to intergalactic space ?    Are galaxies magnetically connected to intergalactic space ?

•• OriginOrigin
    When and how    When and how  werewere  thethe  first magnetic fieldsfirst magnetic fields  generated ?generated ?

•• EvolutionEvolution
    How and how fast were galactic magnetic field amplified ?    How and how fast were galactic magnetic field amplified ?
    (Important for the interpretation of the radio-IR correlation !)    (Important for the interpretation of the radio-IR correlation !)



MagneticMagnetic  fieldfield  generationgeneration
and and amplificationamplification

•• Field seedingField seeding
       Primordial,        Primordial, WeibelWeibel instability, instability,
       ejection by supernovae, stellar winds or jets       ejection by supernovae, stellar winds or jets

•• Field amplificationField amplification
       MRI, compressing / shearing flows,       MRI, compressing / shearing flows,
       turbulent flows, small-scale dynamo       turbulent flows, small-scale dynamo

•• Coherent field orderingCoherent field ordering
       Mean-field dynamo       Mean-field dynamo



Classical mean-field dynamoClassical mean-field dynamo

•• Ionized gas + differential rotationIonized gas + differential rotation
    + helical turbulence + magnetic diffusion    + helical turbulence + magnetic diffusion

•• Microphysics approximated by the average parametersMicrophysics approximated by the average parameters
        ““alpha-effectalpha-effect”” and diffusivity and diffusivity

••   → → Dynamo equation Dynamo equation for the large-scale fieldfor the large-scale field

•• Generation of Generation of large-scale modeslarge-scale modes

•• Field evolutionField evolution: : see talk by see talk by TigranTigran  ArshakianArshakian



Azimuthal dynamo modesAzimuthal dynamo modes



AntisymmetricAntisymmetric ( (dipolardipolar) ) dynamodynamo
modemode



Need for realistic modelsNeed for realistic models

 MHD models:MHD models: Back-reaction of the field onto turbulence Back-reaction of the field onto turbulence
and gas and gas flowflow

 Global dynamo modelsGlobal dynamo models of galaxies including rotation and of galaxies including rotation and
gas flows (e.g. spiral arms, bar and galactic outflow)gas flows (e.g. spiral arms, bar and galactic outflow)

 Dynamo actionDynamo action emerges automatically emerges automatically

 IncludeInclude galaxy evolution galaxy evolution



Limitation no 1:Limitation no 1:

Global 3-D MHD Global 3-D MHD modelsmodels
areare  limitedlimited  byby

hugehuge  computingcomputing time time
on on present-daypresent-day  computerscomputers



ObservationalObservational  toolstools

 Total and Total and polarizedpolarized  synchrotronsynchrotron  emissionemission

 Faraday rotationFaraday rotation

 Faraday Faraday depolarizationdepolarization

 ZeemanZeeman  effecteffect



NGC 6946NGC 6946
VLA+EffelsbergVLA+Effelsberg 6cm  6cm 
Total intensityTotal intensity
(Beck 2007)(Beck 2007)

TypicalTypical
radio synchrotronradio synchrotron

diskdisk



StructureStructure  analysisanalysis::
WaveletWavelet  spectraspectra  forfor NGC 6946 NGC 6946
- - usingusing 2-D  2-D isotropicisotropic  waveletwavelet  functionsfunctions

Frick et al. 2001Frick et al. 2001

ThreeThree different  different slopesslopes::
TurbulenceTurbulence  –– spiral  spiral armsarms  ––  extendedextended  diskdisk

Advantages Advantages comparedcompared to power  to power spectraspectra::

••  WaveletWavelet  functionfunction  cancan  bebe  adaptedadapted
  to   to structuresstructures of  of interestinterest

••  PositionalPositional  informationinformation  isis  preservedpreserved



EquipartitionEquipartition magnetic field strengths magnetic field strengths
in spiral galaxiesin spiral galaxies

Total field in spiral arms:Total field in spiral arms:                                            20 - 30 20 - 30 µµGG

Regular field in Regular field in interarminterarm regions: regions:                        5 - 15 5 - 15 µµGG

Total field in circum-nuclear rings:      Total field in circum-nuclear rings:      40 40 –– 100  100 µµGG



Zeeman effect in a distant galaxyZeeman effect in a distant galaxy

ZeemanZeeman  effecteffect in in
thethe HI  HI absorptionabsorption  lineline

of an of an interveningintervening
galaxygalaxy at z=0.692 at z=0.692

againstagainst a  a brightbright  quasarquasar::

BB║║  ≈≈  84 84 µµGG
(Wolfe et al. 2008)(Wolfe et al. 2008)

HSTHST

II

VV



Energy Energy densitiesdensities

Beck 2007Beck 2007
TurbulenceTurbulence ( (coldcold  cloudsclouds):):

VVturbturb = 7 km/s = 7 km/s
  

IonizedIonized gas:  gas: 
   T=10   T=1044 K, f K, fvv=0.05, h=1 =0.05, h=1 kpckpc



Limitation no 2:Limitation no 2:

UnderstandingUnderstanding  thethe  dynamicaldynamical  effectseffects
of of magneticmagnetic  fieldsfields in  in galaxiesgalaxies

isis  limitedlimited  byby
thethe  insufficientinsufficient  resolutionresolution

of of present-daypresent-day  radioradio  telescopestelescopes



Typical scale lengths inTypical scale lengths in
disks of spiral galaxiesdisks of spiral galaxies

 Cold & warm gas:         Cold & warm gas:         ≈≈4 4 kpckpc

 Synchrotron:                Synchrotron:                ≈≈4 4 kpckpc

 Cosmic-ray electrons:Cosmic-ray electrons:            ≤≤8 8 kpckpc
    (upper limit due to energy losses)    (upper limit due to energy losses)

 Total magnetic field:Total magnetic field:        ≥≥16 16 kpckpc



NGC 253NGC 253
6cm 6cm VLA+EffelsbergVLA+Effelsberg
Total intensityTotal intensity
+ B-vectors+ B-vectors
((HeesenHeesen et al. 2009) et al. 2009)

Exponential Exponential 
radio haloradio halo

Extent is limited byExtent is limited by
energy losses of theenergy losses of the

cosmic-raycosmic-ray
electronselectrons



NGC 4569NGC 4569
6cm 6cm EffelsbergEffelsberg  
Polarized intensity Polarized intensity 
+ B-vectors+ B-vectors
((ChyzyChyzy et al. 2006) et al. 2006)

Past interactionsPast interactions
are best visible inare best visible in

the magnetic field !the magnetic field !



Limitation no 3:Limitation no 3:

TheThe  observableobservable  extentextent of of
magneticmagnetic  fieldsfields in  in galaxiesgalaxies

isis  limitedlimited  byby
energyenergy  losseslosses of  of thethe
cosmic-raycosmic-ray  electronselectrons



M 51M 51
6cm 6cm VLA+EffelsbergVLA+Effelsberg
Total intensityTotal intensity
+ B-vectors+ B-vectors
(Fletcher et al. 2009)(Fletcher et al. 2009)

PolarizationPolarization  vectorsvectors::

Spiral Spiral fieldsfields
moremore  oror  lessless

parallel to parallel to thethe
opticaloptical

spiral spiral armsarms

© Sterne und © Sterne und WeltraumWeltraum  



M 51M 51
6cm6cm
VLA+EffelsbergVLA+Effelsberg
Total intensityTotal intensity
+ B-vectors+ B-vectors
(Fletcher et al. 2009)(Fletcher et al. 2009)

Spiral Spiral fieldsfields
parallel to parallel to thethe

inner spiral inner spiral armsarms::

Density-waveDensity-wave
compressioncompression



M 51M 51
6cm6cm
VLA+EffelsbergVLA+Effelsberg
Total intensityTotal intensity
+ B-vectors+ B-vectors
(Fletcher et al. 2009)(Fletcher et al. 2009)

Spiral Spiral fieldsfields
betweenbetween  thethe

outerouter spiral  spiral armsarms
((weakweak  densitydensity  waveswaves):):

Dynamo Dynamo actionaction??
ShearShear??



Polarization :Polarization :                          strong              strongstrong              strong

Faraday rotation :Faraday rotation :            highhigh                low              low

Fletcher 2004Fletcher 2004       Regular field       Anisotropic fieldRegular field       Anisotropic field
    (coherent)          (incoherent)    (coherent)          (incoherent)

Spiral Spiral fieldsfields: : coherentcoherent  oror  incoherentincoherent ? ?



150 rad m-2

0 rad m-2

-150 rad m-2

M51M51
VLA+EffelsbergVLA+Effelsberg
RM 3/6cmRM 3/6cm
(Fletcher et al. 2009)(Fletcher et al. 2009)

ComplicatedComplicated

& noisy& noisy

RM pattern:RM pattern:

  Two Two weakweak
dynamo modesdynamo modes

(m=0+2),(m=0+2),
plus strongplus strong
anisotropic anisotropic 

fieldsfields



Limitation no 4:Limitation no 4:

TheThe  distinctiondistinction  betweenbetween
regularregular and  and anisotropicanisotropic  fieldsfields

isis  limitedlimited  byby
thethe  lowlow  signal-to-noisesignal-to-noise and and

thethe  lowlow  resolutionresolution of  of present-daypresent-day
polarizationpolarization  observationsobservations



LMCLMC
RM 18-20cm ATCARM 18-20cm ATCA
((GaenslerGaensler et al.  2005) et al.  2005)

AxisymmetricAxisymmetric
dynamo field ?dynamo field ?

High S/N:High S/N:
RMsRMs from background sources from background sources



Limitation no 5:Limitation no 5:

DetectionDetection of of
large-scalelarge-scale  fieldfield  structuresstructures

isis  limitedlimited  byby
thethe  smallsmall  numbernumber  densitydensity of of

polarizedpolarized  backgroundbackground  sourcessources



Four-frequency analysis in M51Four-frequency analysis in M51
Fletcher et al. 2009Fletcher et al. 2009

Field reversalField reversal between northern disk to inner halo  between northern disk to inner halo ––
similar to that found for the Milky Way similar to that found for the Milky Way (Sun et al. 2008)(Sun et al. 2008)

BroadbandBroadband RM 3/6cm RM 3/6cm
Disk: ASS (m=0) + m=2 Disk: ASS (m=0) + m=2 modesmodes

BroadbandBroadband RM 18/20cm RM 18/20cm
Upper Upper layerlayer: BSS (m=1) mode: BSS (m=1) mode



Limitation no 6:Limitation no 6:

FieldField  patternspatterns
in in thethe  diskdisk and  and thethe  halohalo
areare  hardhard to  to distinguishdistinguish

byby  broadbandbroadband  polarimetrypolarimetry

((butbut  seesee  nextnext  talktalk  byby George  George HealdHeald))



Radio halos:Radio halos:
Edge-on galaxiesEdge-on galaxies



NGC 891NGC 891
3cm 3cm EffelsbergEffelsberg
Total intensityTotal intensity
+ B-vectors+ B-vectors
(Krause 2007)(Krause 2007)

Bright Bright radioradio  halohalo  withwith
verticalvertical  fieldfield  componentscomponents::

DrivenDriven  byby a  a diskdisk wind? wind?



NGC 4631NGC 4631
EffelsbergEffelsberg 3.6cm  3.6cm 
Total intensityTotal intensity
+ B-vectors+ B-vectors
(Krause & (Krause & DumkeDumke))

Huge halo:Huge halo:

X-shaped field,X-shaped field,
notnot consistent consistent
with standard with standard 
dynamo modesdynamo modes

Noisy RM patternNoisy RM pattern



Limitation no 7:Limitation no 7:

Present-dayPresent-day  radioradio  telescopestelescopes
do do notnot  allowallow to  to resolveresolve

thethe  structurestructure of  of radioradio  haloshalos



PulsarPulsar  RMsRMs in  in thethe  MilkyMilky Way: Way:
ManyMany  reversalsreversals ? ?

Han et al. 2001Han et al. 2001



Limitation no 8:Limitation no 8:

DetectionDetection of of
large-scalelarge-scale  fieldfield  structuresstructures

in in thethe  MilkyMilky Way Way
isis  limitedlimited  byby

thethe  smallsmall  numbernumber of of
pulsarpulsar  RMsRMs



PolarizationPolarization in  in thethe  MilkyMilky Way Way
Canadian Canadian GalacticGalactic Plane  Plane SurveySurvey (CGPS) (CGPS)

(21cm, (21cm, DRAO+EffelsbergDRAO+Effelsberg))

LandeckerLandecker, , KothesKothes, Reich, et al., Reich, et al.

MagneticMagnetic  filamentsfilaments  oror Faraday  Faraday screensscreens??



Limitation no 9:Limitation no 9:

Observation of Observation of thethe
small-scalesmall-scale  fieldfield  structurestructure

in in thethe  MilkyMilky Way Way
isis  limitedlimited  byby

Faraday Faraday depolarizationdepolarization



BreakingBreaking  thethe limits limits

HigherHigher  resolutionresolution  ((resolvingresolving  gas-fieldgas-field  interactioninteraction, , resolvingresolving
dynamodynamo  modesmodes, , lessless  depolarizationdepolarization))

Larger Larger sensitivitysensitivity ( (AAeffeff/T/Tsyssys))  (high S/N at high (high S/N at high resolutionresolution,,
              moremore  polarizedpolarized  backgroundbackground  sourcessources, , moremore  pulsarspulsars,,
              moremore  ZeemanZeeman  sourcessources))

Low Low frequenciesfrequencies  ((extendedextended  haloshalos, , interactionsinteractions, IGM , IGM fieldsfields,,
              detectiondetection of  of veryvery  lowlow RMs) RMs)

Spectro-polarimetrySpectro-polarimetry  ((resolveresolve RM  RM structuresstructures  alongalong
              thethe  line-of-sightline-of-sight, , reducereduce Faraday  Faraday depolarizationdepolarization))

Global 3-D MHD Global 3-D MHD modelsmodels  ((understandunderstand  dynamodynamo  actionaction))



Polarization PathfindersPolarization Pathfinders
  ←←    GGALFACTSALFACTS
 (Arecibo, 2008) (Arecibo, 2008)

                          LOFAR                          LOFAR  →→
                          (Europe, 2009)                          (Europe, 2009)

  ←←  ATAATA
 (Hat Creek, 2008) (Hat Creek, 2008)

                          SKAMP                          SKAMP  →→
                    (                    (BungendoreBungendore, 2009), 2009)

  ←←  EVLAEVLA
 (New Mexico, 2012) (New Mexico, 2012)

                        ASKAP                        ASKAP  →→
                         (                         (BoolardyBoolardy, 2012), 2012)

        ←←  MeerKATMeerKAT
      (Karoo, 2012)(Karoo, 2012)
                                                          APERTIF APERTIF →→
                                                  ((WesterborkWesterbork, 2012), 2012)
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The future I:The future I:

Low-frequency radio emissionLow-frequency radio emission
will allow to observewill allow to observe
weak magnetic fieldsweak magnetic fields



30-80 MHz30-80 MHz
110-240 MHz110-240 MHzLOLOww  FFrequency requency ARARrayray

© © SpektrumSpektrum  derder  Wissenschaft/Emde-GrafikWissenschaft/Emde-Grafik  



Low-frequency radioLow-frequency radio
observationsobservations

 Frequency of synchrotron emission: Frequency of synchrotron emission: υυ ~ ~  EE22 B B

→ → low frequencies trace cosmic-ray electrons inlow frequencies trace cosmic-ray electrons in
        weakweak magnetic fields magnetic fields

 Lifetime Lifetime of electrons due to synchrotron loss:of electrons due to synchrotron loss:
      t t   ~ ~ υυ-0.5-0.5  BB-1.5-1.5

→→  low frequencies tracelow frequencies trace  oldold cosmic-ray electrons cosmic-ray electrons

 Faraday rotation:Faraday rotation:  ΔψΔψ ~ ~  υυ-2-2  RMRM

→→  low frequencies allow to measurelow frequencies allow to measure small rotation measures small rotation measures



Faraday rotation errorsFaraday rotation errors

DetectionDetection of  of lowlow RM  RM needsneeds::
 high high signal-to-noisesignal-to-noise in  in polarizationpolarization ( (SSpp//σσpp) ) and/orand/or

 widewide  frequencyfrequency  spanspan ( (ΔΔλλ22):):

                  ΔΔRM RM ≈≈  √3√3  ( (  ( (SSpp//σσpp)  )  ΔΔλλ22 ) )-1-1

IncreasingIncreasing  ΔΔλλ22  isis  lessless  expensiveexpensive  thanthan  increasingincreasing  SSpp//σσpp ! !



Polarization surveysPolarization surveys
with LOFARwith LOFAR

Plans:Plans:

 All-sky shallow surveys at 30, 60, 120, 200 MHz:All-sky shallow surveys at 30, 60, 120, 200 MHz:
    Search for polarized sources, determine     Search for polarized sources, determine RMsRMs

 Deeper survey of Deeper survey of ≈≈  60 nearby galaxies: 60 nearby galaxies: RM gridRM grid

 Very deep survey of Very deep survey of ≈≈ 20 nearby galaxies: 20 nearby galaxies:
     Diffuse      Diffuse polpol + RM maps, RM grid + RM maps, RM grid

Issues:Issues:

 Instrumental & Instrumental & ionosphericionospheric calibration calibration

 Accuracy of Galactic foreground subtractionAccuracy of Galactic foreground subtraction

 Intrinsic depolarization within background sources:Intrinsic depolarization within background sources:
     Background source density may be low     Background source density may be low



The future II:The future II:

Recognition ofRecognition of
large-scale field structureslarge-scale field structures

via RM gridsvia RM grids



Faraday rotation grids at Faraday rotation grids at ≈≈1.4 GHz1.4 GHz
with SKA pathfinderswith SKA pathfinders

 ATA:ATA: A/T A/T≈≈ 25 25, , ΔΔνν  ≈≈0.20.2 GHz, GHz,
          σσ  ≈≈ 20  20 µµJy/beam at 1.4 GHz in 12hJy/beam at 1.4 GHz in 12h
          → → ≈≈  30 sources per deg30 sources per deg22

 ASKAP, APERTIF:ASKAP, APERTIF: A/T A/T≈≈ 80 80, , ΔΔνν  ≈≈0.30.3 GHz, GHz,
          σσ  ≈≈ 10  10 µµJy/beam at 1.4 GHz in 12hJy/beam at 1.4 GHz in 12h
          → → ≈≈  50 sources per deg50 sources per deg22

 MeerKATMeerKAT:: A/T A/T≈≈ 200 200, , ΔΔνν  ≈≈0.50.5 GHz, GHz,
          σσ  ≈≈ 2  2 µµJy/beam at 1.4 GHz in 12hJy/beam at 1.4 GHz in 12h
          → → ≈≈  200 sources per deg200 sources per deg22

 EVLA:EVLA: A/T A/T≈≈ 400 400, , ΔΔνν  ≈≈11 GHz, GHz,
          σσ  ≈≈ 1  1 µµJy/beam at 1.4 GHz in 12hJy/beam at 1.4 GHz in 12h
          → → ≈≈ 4 40000  sources per degsources per deg22



ASKAPASKAP

POSSUMPOSSUM: : POlarisationPOlarisation  SurveySurvey of  of thethe  Universe´sUniverse´s
MagnetismMagnetism

 POSSUM POSSUM widewide (all  (all skysky):):  ≈≈  50 sources per deg50 sources per deg22

        - - cancan  recognizerecognize  large-scalelarge-scale  fieldsfields in LMC+SMC in LMC+SMC

 POSSUM POSSUM deepdeep ( (oneone  fieldfield):):  ≈≈ 400 400 sources per deg sources per deg22

    -     - cancan  measuremeasure  integratedintegrated pol  pol fromfrom  distantdistant  galaxiesgalaxies

        ((seesee  talktalk  byby  JeroenJeroen Stil) Stil)

BROLGABROLGA: : BroadbandBroadband Radio  Radio ObservationsObservations
   of    of LocalLocal  GroupsGroups  withwith ASKAP ASKAP
    (    (includingincluding RM  RM gridsgrids))
     (     (seesee  talktalk  byby Tobias Westmeier) Tobias Westmeier)



Faraday rotation Faraday rotation throughthrough
spiral spiral galaxiesgalaxies

  

  

StepanovStepanov et al. 2008 et al. 2008

BisymmetricBisymmetric  
regularregular  fieldfield Turbulent Turbulent fieldfield SumSum

RecognitionRecognition of  of large-scalelarge-scale  fieldfield  structuresstructures  needsneeds
≥≥ 10  10 RMsRMs  fromfrom  backgroundbackground  sourcessources



The future III:The future III:

ResolvingResolving
magnetic field detailsmagnetic field details

with the SKAwith the SKA
TRACETRACE



SKA core stationSKA core station

©© SKA SKA ProgramProgram  DevelopmentDevelopment Office Office
+ XILOSTUDIOS+ XILOSTUDIOS



Faraday rotation grids with the SKAFaraday rotation grids with the SKA

 A/T A/T ≈≈ 2000 2000, , ΔΔνν  ≈≈ 0.5 0.5 GHz GHz

 σσ  ≈≈ 20  20 nnJy/beam at 1.4 GHz in 12hJy/beam at 1.4 GHz in 12h

 → → ≈≈  5000 sources per deg5000 sources per deg22



SKA RM surveySKA RM survey
(simulation by Bryan (simulation by Bryan GaenslerGaensler))

≈≈10000 polarized sources shining through M3110000 polarized sources shining through M31



DeepDeep RM  RM gridsgrids  withwith  thethe SKA SKA

RecognitionRecognition  of simple of simple fieldfield  patternspatterns::

 CanCan  bebe  appliedapplied to  to galaxiesgalaxies out to  out to ≈≈  100 100 MpcMpc distance distance

    (    (≈≈  60000 60000 galaxiesgalaxies))

3-D 3-D reconstructionreconstruction  of of fieldfield  patternspatterns::

 CanCan  bebe  appliedapplied to  to galaxiesgalaxies out to  out to ≈≈  10 10 MpcMpc  distancedistance

    (    (≈≈ 50  50 galaxiesgalaxies))

StepanovStepanov et al. 2008 et al. 2008



Future rotation measures ofFuture rotation measures of
pulsars in the Milky Waypulsars in the Milky Way

Known pulsarsKnown pulsars
and pulsars toand pulsars to
be detectedbe detected
with the SKAwith the SKA

Cordes 2001Cordes 2001



ResolvingResolving diffuse  diffuse emissionemission
withwith  thethe SKA SKA

 IntensityIntensity of diffuse  of diffuse emissionemission  scalesscales as (beamsize) as (beamsize)22

 Observation time Observation time scalesscales as (S/N) as (S/N)22 x (beamsize) x (beamsize)-4-4

→ → ResolvingResolving diffuse  diffuse polarizedpolarized  emissionemission  requiresrequires  veryvery high high
sensitivitysensitivity and  and hencehence  thethe SKA SKA

 Note: Short Note: Short antennaantenna  spacingsspacings  neededneeded to  to detectdetect  thethe  largestlargest
scalesscales



SummarySummary: Future : Future observationsobservations

Diffuse radio polarization:Diffuse radio polarization:
•• Polarization survey ofPolarization survey of distant galaxies distant galaxies::  EffelsbergEffelsberg, GALFACTS, ASKAP,, GALFACTS, ASKAP,

APERTIFAPERTIF

•• Magnetic fields in outer disks and halos, intergalactic fieldsMagnetic fields in outer disks and halos, intergalactic fields: LOFAR: LOFAR

•• Detailed magnetic field structure in nearby galaxiesDetailed magnetic field structure in nearby galaxies: EVLA, SKA: EVLA, SKA

RM grids of background sources:RM grids of background sources:
••   Field patterns in nearby galaxies & Milky WayField patterns in nearby galaxies & Milky Way: EVLA, ASKAP, APERTIF: EVLA, ASKAP, APERTIF

••  Field patterns in distant galaxies Field patterns in distant galaxies: EVLA, : EVLA, MeerKATMeerKAT, SKA, SKA

••   Evolution Evolution of galactic magnetic fields: SKAof galactic magnetic fields: SKA

Pulsar Pulsar RMsRMs::
•• Detailed structure of the Detailed structure of the Milky WayMilky Way’’s fields field: ASKAP, APERTIF, SKA: ASKAP, APERTIF, SKA


