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SKA provides ... r

INDEPENDENT MULTI-BEAM
CAPABILITY

ACCESS to SOUTHERN SKIES and
GALACTIC CENTER

BOOST in SENSITIVITY to pJy
regime

SUPERIOR AMPLITUDE and
POLARISATION CALIBRATION
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SKA provides ...

INDEPENDENT MULTI-BEAM
CAPABILITY

ACCESS to SOUTHERN SKIES and
GALACTIC CENTER

BOOST in SENSITIVITY to pJy
regime

SUPERIOR AMPLITUDE and
POLARISATION CALIBRATION

VLBI provides ...

IMAGES of SKY at BROAD RANGE of
ANGULAR SCALES RESOLUTIONS
HIGH RESOLUTION for SKA HPSOs
INDEPENDENT COMMISIONING
TOOL and EARLY PUBLIC
RELATIONS OPPORTUNITIES

AN ENTHUSIASTIC USER
COMMUNITY
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SKA-VLBI Science

v JUMPING JIVE 2 deliverable: Portfolio of Science Cases
v' SKA VLBI Science Working group support
v" Outcomes inform the SKA-VLBI operational model and KSPs
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VLBI with SKA1-MID:

6 science cases updated (from SKA1 scientific use cases doc.)

SKA continuum surveys Transients

'Resalving (ultra)-relativistic «
outflows with SKA-VLBI: R TR
Paragi et al. | L 1

P a ¥ ¥

Adding high
angular resolution
to SKA surveys:
Giroletti et al.

Ghirlanda, Salafia, et al. 2019, Science

©Beabudai d_esign' l

Our Galaxy, Astrometry and ColL Pulsars, Astrometry

~30 arcmin

Galactic Dynamics of Parallax
structure using the Galactic measurements of
maser parallax Bulge using SH pulsars:

OH masers: Deller et al.

Imai et al.

measurements:
Ellingsen et al.

Deller et al. 2013

Young stellar cluster deep
field: Hoare et al.

Exploring the Universe ...... c..c ... o oo i cim e 10




VLBI with SKA1-MID: Sia

16 new science cases!

AGNs (6) Chasing merged Transients (4)

and merging SMBH: | FRBs and ULXs in the local
Polarimetric Anton et al. Extremely high-z their hosts: Universe:
survey of a big AGNs: Perger et al. Paragi et al. Middleton et al.
AGN sample:
Agudo et al. L .
Strong gravitational

lensing: McKean et al.

EEUEEE  \arcote et al., 2018

Intermediate mass

black holes: T ——
Mezcua et al. o Superflares on Inhomogeneous
HI absorption in high- low-mass stars: SNe at low fregs:
z radio AGN: Villadsen et al. Chandra et al.
Morganti et al.
Gaia counterparts.

Astrometry (4) Charlot et al. Stars, planets and ISM (2)
Continuum Ultra-precise astrometry Pulsar =
sources in star o the MCs: Rioja et al. scintillometry
forming regions: g with SKA1-MID:

Dzib et al. - _ Kirsten et al. Radio emission
Radio and Gaia tie with L =0 ;rg(!rg)lr:::zye

radio stars: Zhang et al. Gawronski et al.

e world's largest radio tele___._
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VLBI with SKA1-LOW: 1742 N

7 new science cases!

Galaxies and AGN Transients Inhomogeneous
HI ab ti SNe at low fregs:
AGN physics at very absorption Jets from low mass YSO at Chandrgiés al.
low fregs: Morabito et al. at high z: very low frequencies: Ainsworth s
-

Gupta et al. et al.

o

Roy et al., 2013

1 e

Harris et al.
Coughlan et al., 2017

Pulsars and ISM Stars, Planets, Astrometry

Pulsar scintillometry at very low

fregs: Kirsten et al.
Precise astromé

exoplanets detéction:
Guiradoetal.

12
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VLBI with SKA1-LOW Si2
and SKA1-MID: 1 new science case

Multi-view astrometry with SKA-VLBI:
Rioja et al.
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Rioja et al., 2018
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VLBl with skaA: = =~ =%
key operational concepts

Multiple VLBI beams produced from a subarray of antennas/stations
typically the core

Exploring the Universe with the world's largest radio telescope 14



VLBI with SKA:
key operational concepts

Multiple VLBI beams produced from a subarray of antennas/stations
typically the core

=
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Independent subarrays:
different purposes, up to 16

Exploring the Universe with the world's largest radio telescope



VLBI with SKA:
key operational concepts

Multiple VLBI beams produced from a subarray of antennas/stations
typically the core

Independent subarrays: Simultaneous/commensal observing modes:
different purposes, up to 16 Imaging (continuum, spectral line and fast imaging for slow transients)
Non-Imaging (PSS, PST, transient buffer and VLBI)

e \ Primary Antenna Beam

Antenna Sub-Array

Exploring the Universe with the world's largest radio telescope 16




VLBI with SKA:
key operational concepts

Multiple VLBI beams produced from a subarray of antennas/stations
typically the core

Independent subarrays: Simultaneous/commensal observing modes:
different purposes, up to 16 Imaging (continuum, spectral line and fast imaging for slow transients)
Non-Imaging (PSS, PST, transient buffer and VLBI)

Antenna Sub-Array Ay

Independent multi-beam capability
within each subarray (in scan boundaries)

Exploring the Universe with the world's largest radio telescope 17




SKA1 VLBI technical implementation

TELESCOPE MANAGER }

Proposal, VEX file

A A A
v _

Y D |~

LOV\L( VLBI

DSH (MID)/ CSP !
LFAA (LOW) beamforming
calibration

parameters

| External
VLB', ‘ correlator
recording [

Correlation

SaDT

Data Timing &
transport Synchronization

0 ) € y _

beamforming
calibration

% A arameters
Calibration &

& Imaging
Processing | Image
Cubes

Regional
Centres

<«<—>  Control and metadata ]
Signal flow |

|

|

|

|

- Functions/Processes

_______________________________

________\
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TELESCOPE MANAGER }

A A A A
A 4

D 4 D | 7
DSH (MID)/ csP / v
LFAA (LOW) beamforming LOW( VLB

calibra:;:on | | External
(HAEEe . VLBI ! correlator
I recording

Proposal, VEX file

beamforming

calibration
Calibration it
& Imaging :
Correlation
Processing [ Image Iz:eegr::r:?
Cubes
. y ) Mo _SPCRaciity
B 0 e comtraland metadata

<«<—>  Control and metadata ]
Signal flow |

|

|

|

|

- Functions/Processes

_______________________________

Data Timing &
transport Synchronization

________\

Exploring the Universe with the world's largest radio telescope

SKA1 VLBI technical implementation =%

SKA-VLBI

high angular
resolution
images

19
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SKA1 VLBI technical implementation

TELESCOPE MANAGER }

LOV\L( VLBI

FT v
D 4 |~
DSH (MID)/ csp /
LFAA (LOW) beamforming
calibration

parameters

External
correlator

VLBI
recording

Correlation

\ y 4

SaDT

Data Timing &
transport Synchronization

beamforming
calibration

= A arameters
Calibration i

& Imaging
Processing [ Image
Cubes

Regional
-~ Centres

Control and metadata )
Signal flow i
|
|
|
|

- Functions/Processes

_______________________________

________\

Exploring the Universe with the world's largest radio telescope

Proposal, VEX file

SKA-VLBI

high angular
resolution
images

SKA image cubes
(continuum and
spectral line, from same
subarray)

20




SKA1 VLBI technical implementation

|

i Observatory )

EICD: SKA1 to VLBI

3=

External communication

Streaming VLBI beams
SKAO Requirements for SPC

Exploring the Universe with the world's largest radio telescope

—
VLBI Element description, data exchange format, etc.
EICD: SKA1 to VLBI

—_— ;
Space, rack, power, cooling

External communication
SKAO Requirements for SPC

| NSDN M&C and NTP
ICD: SaDT_Low to VLBI / \
ICD: SaDT_Mid to VLBI VLBI

\,,

Real-time streaming VLBI beams
ICD: SaDT_Low to VLBI —_—

v JUMPING JIVE 1st
deliverable: “Details
on VLBI Interfaces to
SKA Consortia”

—— VLBI beamforming
1CD: CSP_Low to VLBI

ICD: CSP_Midtovisl ~~— |

=t
M&C and meta-data TANGO subscription

/"’\ /v Revision of Level 1

Real-time streaming VLBI beams VL BI req u i re me nts

| 1CD:SDP_Mid to Vi8I (CDR OutcomeS, CSP
assumptions, VLBI

SWG inputs).

TR

21




CPF
A SKA1-MID
acilit .
i RSA Karoo site
ICD: SADT to CSP Mid 80x100GE shared lines
SADT_CSP.005 for Visibilities, VLBI
beams (VDIF packets),
transient data, etc. ICD: TM to VLBI
:EE:E:::_::::::::::::_ "~ icp:csPMidtoviBl T T 7 7 TMvBioor 7T
ICD: SADT to SDP Mid CSP_VLBI.0O1 /
SADT_SDP.003 .
> VLBI Terminal
1CD: SDP Mid to VLBI 2
; SDP_VLBI.001 y \ D
4 > P VLBI server
4x100GE dedicated (LMC/ Tango Framework) )
lines for VLBI beams
SPC d ICD: SADT to VLBI Ethernet
i £ SADT_VLBI.001 @ o VLBI recorder
facility / Be omm. < > jiveSab
w | 2x10GE (or 100GE) Switch
N W dedicated lines for .
NSDN
( A B » VLBI recorder
< L iy " jiveSab /
SKAO Requirements b //
forSPC 00 ETeNS =
f/w / EICD: SKA to VLBI VLBI Element description
g £ SKA_VLBI.001 VDIF format for SKA
SKAO Requirements SKA_VLBI.002 Scheduling and conducting VLBI observations \ )
for SPC
vy Vv Oy e Tl it T D il S Ao A A e ATl ) 0. N
[ <— Control, metadata - )
! I
! —  Signalfl
External ; enalgram |
. OO
1
Correlator : VLBI capabilities and :
N control interfaces 2

Exploring the Universe with the world's largest radio telescope
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SKA-VLBI with SKA1-MID
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VLBI with SKA1-MID:

All observing modes simultaneously within a subarray
with bandwidth sacrifice

Subarray #1
==~ SKA1-MID
s \A Subarray #2 . .
subarray/array
Correlation:

v" Normal visibilities, zoom
(100-3 MHz, 6 kHz - 190 Hz)

v' VLBI coarse visibilities:
200 kHz

Tied-array beams:

v' 4 VLBI beams but up to 52
beams max per subarray (200
MHz b/w), from any subarray
size

v' Each VLBI beam: dual-pol

SKA1-MID real channels (1-128 & 200
MHz, 2-16 bits, Nyquist)
Antenna v RFI flagging/excision and

polarisation correction
Antenna Beam

v' 1500 for Pulsar Search PSS

v’ 16 for Pulsar Timing PST

Exploring the Universe with the world's largest radio telescope 24
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Joint Institute for VLBI

-

VLBI with SKA1-MID: o

. . SEFD - SKA1-MID subarray radius
co nfl g u ratl o n S (best vs. worst conditions)
SEFD subarray radius 4Km, best
\ ~~~ SEFD subarray radius 4Km, worst
SEFD subarray radius 20Km, best
SEFD subarray radius 20Km, worst

SEFD full array, best
SEFD full array, worst

worst: 90t Tgal, PWV=20mm

10°
1

\m-,——r_% best: 10 Tgal, PWV=5mm
10

10°
Frequency (GHz)

SKA1-MID VLBI baseline sensitivity

Subarray radius and b/w

T T
----- Sensitivity subarray radius 4Km, 256 MHz b/w
~ =~ Sensitivity subarray radius 4Km, 1024 MHz b/w
——— Sensitivity subarray radius 4Km, 2048 MHz b/w
—— Sensitivity full array, 2048 MHz b/w

=

o
N
L

VLBI beams FoV:
4km: 25.5-0.6”
20km: 5-0.12”
full: 1.3-0.03”

Sensitivity (micro)y)

““““““ Remote telescagpe 100m class
t? best: 10t Tgdll, PWV=5mm
60sec integrdtion, 1 sigma

g : : : . 10° 10!
Exploring the Universe with the world's largest radio telescope Frequency (GHz)

10!
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VLBI with SKA1-MID: b

SEFD - SKA1-MID subarray radius

CcO nfi g U rati ons (best vs. worst conditions)

T
——— SEFD subarray radius 4Km, best
\ ~~~ SEFD subarray radius 4Km, worst
SEFD subarray radius 20Km, best
SEFD subarray radius 20Km, worst
SEFD full array, best
SEFD full array, worst

\mm,——’—_y‘ best: 10 Tgal, PWV=5mm
10

LT worst: 90 Tgal, PWV=20mm
10°
100 1
Frequency (GHz)
SKA1-MID VLBI baseline sensitivity
Subarray radius and b/w
777777 Sensitivity subarray radius 4Km, 256 MHz b/w
~ =~ Sensitivity subarray radius 4Km, 1024 MHz b/w
——— Sensitivity subarray radius 4Km, 2048 MHz b/w
—— Sensitivity full array, 2048 MHz b/w
1
5 .
o
E 102_
VLBI beams FoV: :
. ] é
4km: 25.5-0.6 :
[ -
. ’” g | Tl ke\\ . -
20km . 5'0 . 1 2 Remote telescagpe 100m class
. ” best: 10t Tggl, PWV=5mm
fUII 1 3'003 60sec integ%tion, 1 sigma
10!

g : : : . 10° 100
Exploring the Universe with the world's largest radio telescope Frequency (GHz)




Simultaneous Observing with 243

SKA1 -M I D: limited by prOCGSSing resSources (26+1 FSP=Frequency Slice Processor)

Band VLBI + coarse Vis |Imaging PSS PST Zoom

Band 1 | 4beams full (700MHz) Full 1500b 300MHz | 16b full 2 (2 FSP)

(0.35- (8 FSP) (4 FSP) (8 FSP) (4 FSP)

1.05GHz) | 4b 600MHz Full 1500b 300MHz | 16b full 4 (4 FSP)
(6 FSP) (4 FSP) (8 FSP) (4 FSP)

Band 2 | 4beams full (810MHz) Full 1500b 300MHz | 16b 600 MHz Q

(0.95- (10 FSP) (5 FSP) (8 FSP) (3 FSP)

1.76GHz) | 4b 600MHz Full 1500b 300MHz | 16b full 2 (2 FSP)
(6 FSP) (5 FSP) (8 FSP) (5 FSP)

Band 2beams 5GHz

pand | Gors) ® ® ® ®

(4.6- 4beams 2.5GHz

8.5GHz & | (26 FSP) O (N (N o

8.3-

15.3GHz) | 4heams 600MHz 512MHz 1500b 300MHz | 16b 512 MHz 6 (6 FSP)
(6 FSP) (3 FSP) (8 FSP) (3 FSP)

Exploring the Universe with the world's largest radio telescope




Simultaneous Observing with 242

SKA1 -M I D: limited by prOCGSSing resSources (26+1 FSP=Frequency Slice Processor)

Exploring the Universe with the world's largest radio telescope

Band VLBI + coarse Vis |Imaging PSS PST Zoom

Band 1 | 4beams full (700MHz) Full 1500b 300MHz | 16b full 2 (2 FSP)

(0.35- (8 FSP) (4 FSP) (8 FSP) (4 FSP)

1.05GHz) | 4b 600MHz Full 1500b 300MHz | 16b full 4 (4 FSP)
(6 FSP) (4 FSP) (8 FSP) (4 FSP)

Band 2 | 4beams full (810MHz) Full 1500b 300MHz | 16b 600 MHz Q

(0.95- (10 FSP) (5 FSP) (8 FSP) (3 FSP)

1.76GHz) | 4b 600MHz Full 1500b 300MHz | 16b full 2 (2 FSP)
(6 FSP) (5 FSP) (8 FSP) (5 FSP)

Band 2beams 5GHz

Band | G Fon ® ® ® ®

(4.6- 4beams 2.5GHz

8.5GHz & | (26 FSP) O (N (N o

8.3-

15.3GHz) | 4heams 600MHz 512MHz 1500b 300MHz | 16b 512 MHz 6 (6 FSP)
(6 FSP) 3 FSP 8 FSP 3 FSP)

< o Full (26 FSP) o o

28
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SKA-VLBI with SKA1-LOW
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VLBI with SKA1-LOW: 50-350 MHz

All observing modes simultaneously:

for each subarray, for each station beam

SKA1-LOW SKA1-LOW
Antenna/Receptor “Station”
Antenna Beam itoa(;iﬁHEz:eba/w

Exploring the Universe with the world's largest radio telescope

subarray #1 attiikidt,,

SKA1-LOW “subarray”
Correlation: normal and zoom
(14.4 kHz - 5.4kHz - 226 Hz)

Tied-array beams from 20 Km diameter subarray:
v’ 4 VLBI beams (in total)
v" 500 for Pulsar Search PSS

v’ 16 for Pulsar Timing PST
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VLBI with SKA1-LOW:

SEFD - SKA1-LOW subarray radius

configurations e

—— SEFD subarray radius 10Km

=

o
)
1

SEFD (Jy)

\’\—J_FJ

10°

6 x 10t 102 2 x 102 3 %102
Frequency (MHz)

SKA1-LOW VLBI baseline sensitivity

Subarray radius and b/w

T
----- Sensitivity subarray radius 4Km, 64 MHz b/w
—== Sensitivity subarray radius 4Km, 128 MHz b/w
.. —— Sensitivity subarray radius 4Km, 256 MHz b/w
1004 —— Sensitivity subarray radius 10Km, 256 MHz b/w

Remote telescope 100m class

60sec integration, 1 sigma
|

VLBI beams FoV: Ml & i Rt Cuses

4km: 17825.5" | e
10km: 71-10”

Sensitivity (m)y)

107t

6 x 10! 102 2 x 102 3x10?

Exploring the Universe with the world's largest radio telescope Frequency (MHz)
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VLBI with SKA1-LOW:

SEFD - SKA1-LOW subarray radius

configurations e

—— SEFD subarray radius 10Km

=

o
)
1

SEFD (Jy)

\’\—J_FJ

10°

6 x 10t 102 2 x 102 3 %102
Frequency (MHz)

SKA1-LOW VLBI baseline sensitivity

Subarray radius and b/w

T
----- Sensitivity subarray radius 4Km, 64 MHz b/w
—== Sensitivity subarray radius 4Km, 128 MHz b/w
.. —— Sensitivity subarray radius 4Km, 256 MHz b/w
1004 —— Sensitivity subarray radius 10Km, 256 MHz b/w

Remote telescope 100m class
60sec integration, 1 sigma
|

VLBI beams FoV: Ml & i Rt Cuses

4km: 17825.5" | e
10km: 71-10”

Sensitivity (m)y)

107t

6 x 10! 102 2 x 102 3x10?

Exploring the Universe with the world's largest radio telescope Frequency (MHz)



SKA-VLBI \WORKSHOP

THE WORLD'S EYE ON THE SKY

14 — 17 INVITED SPEAKERS
OCTOBER ’
2019

SKA GLOBAL HQ@, UK

SKATELESCOPE.ORG/

SKA-VLBI-WORKSHOP RNTOM CHRYBOSTOMDU, 500, s gl cooar) | 28001 PARABL, JVE, el (o o)

i:v JUMPING JIVE gt
—

& K

Exploring the Universe with the world's largest radio telescope

7 =3
7 Radiohnet

v' 65 scientist from 18 countries

v Workshops sessions: AGN,

transients, pulsars and FRBs, high

precision stellar astrometry and

prospects for SKA-VLBI including

African telescopes

v SKA-VLBI data challenges

v Four working groups to discuss SKA-
VLBI Key Science Projects

“Women in action” from the
astrometry working group
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SKA-VLBI Conclusions
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SKA-VLBI Conclusions

v" VLBl is an observing mode of the SKA Observatory
CSP design compatible with VLBI standards & networks

v SKA-VLBI System level solution ready, it can be applied to SKA
precursors

v' The SKA-VLBI community supports enthusiastically

v Let’s start cutting-edge VLBI science with SKA precursors:
MeerKAT-VLBI, (MK+)-VLBI, ASKAP-VLBI...

AN

Exploring the Universe with the world's largest radio telescope 35
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VLBI with SKA:
Global VLBI network
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uGMRT

Table 2: Common visible time in hours for the SKA sites with other array elerments (1 30MHz-1 500MHZ)

South African SKA
Dec W.Aus. JP CN NZ CL USA-HI USA-NM USA-PR Europe uGMRT

+45° 0.0 22 54 00 0.0 0.0 1.5 3.6 54 3.0

+MP 0.0 27 76 00 04 0.0 1.8 44 8.0 6.0

S KA1 _ M I D +15° 0.0 27 73 00 23 0.0 1.8 4.8 0.4 7.0
1 08 25 68 06 3.7 0.0 1.7 5.0 0.1 7.0

—150 20 21 63 19 49 0.0 14 5.1 7.8 7.5

. 30 2 54 31 6.2 0.0 0.0 5.2 30 7.0
45° 4.0 00 00 52 79 0.0 0.0 5.2 00 6.5
5.5 00 00 11.8 116 0.0 0.0 0.0 00 0.0
12.0 00 00 24.0 240 0.0 0.0 0.0 00 0.0
24.0 00 00 24.0 240 0.0 0.0 0.0 00 0.0

Western Australian SKA

—
]

ZA JP CN NZ CL USA-HI USANM USAPR FEurope UGMRT

0.0 53 53 00 00 4.0 1.3 0.0 5.3 5.0

20 79 7.9 32 00 4.8 1.7 0.0 4.5 7.0

35 8.6 02 52 00 5.1 1.7 0.0 3R 7.5

SKA1-LOW 45 85 67 66 00 53 1.6 0.0 32 8.0
- 5.5 78 83 7.8 04 5.4 1.3 0.0 23 8.5

0.0 51 62 91 19 5.5 08 0.0 04
7.7 00 00 108 5.2 54 0.0 0.0 00
11.5 00 00 141 117 5.1 0.0 0.0 00
24.0 00 00 24.0 240 0.0 0.0 0.0 00
24.0 00 00 24.0 24.0 0.0 0.0 0.0 0.0

Koy: W. Aus: Westorn Australia; ZA: South Africss JP: Japan, CN: Eastorn China; NZ: Now Zmland; C
Chile (latitude of former TICO site); USA-HI: Hawnii; USA-NM: Now Meaxico; USA-PR: Puerto Rico; Esrope:
.
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