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Future of VLBI

» What we get from VLBI right now
» Where we are heading to...
» The future of VLBI in the SKA era

» Key Science Projects with SKA-VLBI
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VLBI evolution
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VLBI evolution

April 11, 2017
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radio source:
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VLBI evolution

April 11, 2017

First image of a
radio source:
Cygnus A

Brightness Temperature (10° K)
EHT Collaboration 2019a
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What we get from VLBI right now?

Credit: A. Lobanov

» Angular resolution: ~10-30 pas (RadioAstron @22GHz, EHT @230GHz)
> Dynamic range: ~100:1

> Spatial dynamic range: ~1000:1 (EVN+e-MERLIN), limited by uv-
coverage

Positional accuracy: ~100 pas (absolute), ~50 pas (relative)
Field of View: from arcsec to 10’s arcmin
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What we get from VLBI right now?

Credit: A. Lobanov

» Angular resolution: ~10-30 pas (RadioAstron @22GHz, EHT @230GHz)
> Dynamic range: ~100:1

> Spatial dynamic range: ~1000:1 (EVN+e-MERLIN), limited by uv-
coverage

Positional accuracy: ~100 pas (absolute), ~50 pas (relative)
Field of View: from arcsec to 10’s arcmin

A\

>

PLENTY OF SCIENCE BEING ADDRESSED!!!

MS87*  April 11, 2017
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BUT do we need more?
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Image by Paul Boven

JIVE

BUT do we need more?

VLBI20-30: a scientific

roadmap for the next decade

(boven@ijive.eu

The future of the European VLBI Network

Editors: Tiziana Venturi, Zsolt Paragi & Michael Lindqvist

https://arxiv.org/ftp/arxiv/papers/2007/2007.02347.pdf

). Satellite image: Blue Marble Next Generation, courtesy of Nasa Visible Earth (visibleearth.nasa.gov).

Endorsed by the EVN Consortium Board of Directors

EUROPEAN

EU JUMPING JIVE project
deliverable

Role of EVN/VLBI in future
astronomy landscape

~200 pages in 7 chapters,
80 authors, and 8 key
science goals for VLBI in
the next decade

86 JUMPING JIVE
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BUT do we need more?

- . > What is the nature of dark matter
EVN/VLBI 8 key science goals: and dark energy?

> When and how did the first black
holes formed?

> How do relativistic jets form? What
is their impact on the host galaxy?

» What is the physics of explosions
following gravitational wave

events?

» What are the elusive fast radio
bursts?

> Are we alone?

» How was the Milky Way born?

» How do stars form? How do they
impact the environment at their
death?

AND...

» Technical priorities for the next
decade

> Synergies

2020 November CASA-VLBI Worksh.,. ~ 12
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How do we get more?

» Ultra-precise relative astrometry

» Extreme angular resolutions: Space-VLBI
> Wide-field imaging

» Imaging at very low frequencies

» Imaging with higher fidelity and sensitivity

2020 November CASA-VLBI Workshop
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Credit: Rioja & Dodson 2020
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Ultra-precise relative astrometry

> Precise positions, distances and motions > VLBI
provides highest accuracy and precision

Goal: ultra-precise astrometry (~uas = x10 better)
for large and complete surveys with next generation
instruments — SKA, ngVLA

> Astrometry calibration: Special observational and
analytical techniques that preserve the astrometric
information (8 selfcal): remove delay contributions
from instrumental and atmospheric propagation
effects > reach the interferometer thermal noise
limit:

Apos 0 FWHMpeam/SNR 1

» Standard phase calibration techniques for imaging
faint or extended targets

14
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Ultra-precise relative astrometry

Credit: Rioja & Dodson 2020
Images credit: Y. K. Choi

> Standard phase calibration techniques:

~10arcmin

Conventional phase Dual-beam phase In-beam phase
referencing (PR): <43GHz referencing (@VERA) referencing: lower freq

> Advanced astrometric calibration methods: troposphere (Geoblocks &
differential phase delay) and ionosphere (group delay correction, phase fitting
& ICE-blocks)

JUMPING JIVE
2020 November CASA-VLBI Workshop )@
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Ultra-precise relative astrometry

Credit: Rioja & Dodson 2020
Images credit: Y. K. Choi

> Next generation astrometric calibration techniques:
~many deg

7 "N
// 86 GHz '

/

//1 29 GHz

slow t,,

Source Frequency Multi-Frequency MultiView and
Phase referencing (SFPR): Phase referencing (MFPR) in-beam MultiView:
Frequency phase transfer Frequency agility @VLBA For low and high frequencies

mm-VLBI astrometry: coherence  + ICE-blocks between 1.3-22GHz ~ Multi-beam (minimum 3 cal)
times ~h @130GHz
Simultaneous freqgs @KVN

- 10 pas for high and low frequencies (DR ~100:1)

] JUMPING JIVE
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Ultra-precise relative astrometry

Credit: Rioja & Dodson 2020
Images credit: Y. K. Choi

> Next generation astrometric calibration techniques:

~many deg

/\'

// 86 GHz

/

//1 29 GHz

slow t,,

Source Frequency Multi-Frequency MultiView and
Phase referencing (SFPR): Phase referencing (MFPR) in-beam MultiView:
Frequency phase transfer Frequency agility @VLBA For low and high frequencies

mm-VLBI astrometry: coherence  + ICE-blocks between 1.3-22GHz ~ Multi-beam (minimum 3 cal)
times ~h @130GHz

Simultaneous freqgs @KVN
- 10 pas for high and low frequencies (DR ~100:1)

Next generation instruments (DR 1000:1, wide bandwidths, large FoV — PAF in single dish &
multiple tied-array beams in antenna arrays)

- Reach thermal limit: ultra-precise astrometry > 6GHz (1 pas) and

enable precise astrometry for much lower frequencies

] JUMPING JIVE
2020 November CASA-VLBI Workshop )@
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Extreme angular resolutions: space mm-VLBI

THEZA space-mm VLBI concept (Gurvits+
2019).

Figure credits: BH simulations — Monika
Moscibrodzka+ 2014 & Freek Roelofs.
Beabudai Design.

2020 November

Space-borne radio interferometer freq =2300GHz

Ultra-sharp angular resolution down to pas and
sub-nas

~orders of magnitude improvement in
resolution and dynamic range

Breakthrough in high-resolution studies
with high quality imaging: to directly image
the event horizon in supermassive black holes,
physics of jets at launching sites, binary AGNs,
time and X-ray domain synergies, megamasers,
protoplanetary disks, exoplanets and SETI.

JUMPING JIVE
CASA-VLBI Workshop ?Sf
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Sensitivity map of VLBA-COSMOS project

@1.4GHz 2 deg?, Herrera Ruiz+ 2017 >

>

>

GOODS-N field, EVN @1.6GHz 160 arcmin?
699 phase centres, Radcliffe+ 2018
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VLBI as a survey instrument
FoV: up to ten’s arcmin (~30k x 30k images)

Software correlators not limited by spectral and
temporal resolution (reduce time and bandwidth
smearing) & allow for correlation with multiple
phase centres

Wide-field advanced calibration techniques: a
combination of in-beam phase referencing and
Multi-Source Self-Calibration (MSSC) and
primary beam corrections 2 pJy regime

Application to multi-beam telescopes with multiple
phase-centres (tied-array beams on targeted sources)
and single dish antennas with PAFs.

Application to direction-dependent calibration
(atmospheric inhomogeneities and primary beam

variations across FoV) defining isoplanatic facets.
19
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SHARP program, Spingola+ 2018 e _ e
with WSClean automasking CASA-VLBI Workshop from different arrays 20

Wide-field VLBI imaging

Multi-scale cleaning (Cornwell 2008, Rich+ 2008): complex and extended structure (delta +
gaussian functions with scale determined every minor iteration) vs. compressed sensing (for
accurate models, e.g. EHT)

w-projection (Cornwell+ 2008): spherical geometry of large arrays and FoV, PSF changes over
the image (Cotton-Schwab algorithm)

Automatic scale-dependent masking: diffuse structures

Multi-frequency deconvolution: takes spectral variation into account during deconvolution
Image Domain Gridding (IDG) + correction of DD effects (a-term), 30k x 30k images
Parallel cleaning larger images subdivided and cleaned independently

- WSClean (Offringa+ 2014): w-stacking clean

Combined Combined Combined
VLA (Max. Sens.) (PSF Match) (Max. Res.) eMERLIN

mJy beam™!
4
(a) (b) () (d) (e)

0.0 0.1 0.2 0

0.6 0.8 1.0

Residual |i

e-MERGE survey, Muxlow+ 2020
with WSClean, w-stacking for e-
MERLIN large FoV, merge data sets

11.54° 11.52° 11.50° 7h51m41.48°
o (12000}



Imaging at very low frequencies

> Direction-Dependent effects mainly due to ionosphere at lower fregs

- affects position (shifts), and brightness (defocusing), with
significant temporal fluctuations (can also affect polarization angle)

Credit: Rioja 2018
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Imaging at very low frequencies

> Direction-Dependent effects mainly due to ionosphere at lower fregs
- affects position (shifts), and brightness (defocusing), with
significant temporal fluctuations (can also affect polarization angle)

LEAP
calibration
fqr_ MWA

Credit: Rioja 2018

cat7_80_surf2_center.0—roster
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> LEAP: real-time phase calibration in visibility domain, using frequency smearing as an
efficient directional filter, better performance for longer baselines, no need an sky model

» Corrects for both shift and defocusing

> Applicable to SKA1-LOW tied-array real-time beamforming (pulsars + VLBI beams)

202 » LEAP + WSCLean -> wide FoV with DDE corrected images sitte 22
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Imaging at very low frequencies

Other solutions for DDE’s:

« Image in small “facets” where DDE's are constant: LOFAR facet calibration (van
Weeren+ 2016)

« Probabilistic model for inferring ionospheric phase screens: Albert+ 2020, 2019

22
. 523 mg
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DDE in regions far from calibrators
improved with TEC screens —top row-
(Albert+ 2019, 2020)

LOFAR facet calibration: each facet
self-calibrated independently,

<o isoplanatic, high resolution + dynamic JUMPING JIVE
e 2920 range (van Weeren+ 2016) CASA-VLBI Workshop )53



JIVE

2020

Imaging at very low frequencies

Other solutions for DDE’s:

« Image in small “facets” where DDE's are constant: LOFAR facet calibration (van

Weeren+ 2016)

« Probabilistic model for inferring ionospheric phase screens: Albert+ 2020, 2019

resolution: 6" resolution 0.24"

noise: | 12 pJy beam-! noise: 6| pJy beam-!

»
L ¥

LoTSS
Using only the LOFAR
Dutch array

' LoTSS
Made with Using the LOFAR

WSClean + IDG

LOFAR facet calibration: each facet
self-calibrated independently,
isoplanatic, high resolution + dynamic

range (van Weeren+ 2016) CASA-VLBI Workshop

international array

S AN ety

DDE in regions far from calibrators

improved with TEC screens —top row-

(Albert+ 2019, 2020)

ﬁ JUMPING JIVE
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Imaging at very low frequencies

Other solutions for DDE’s:

« Image in small “facets” where DDE's are constant: LOFAR facet calibration (van
Weeren+ 2016)

« Probabilistic model for inferring ionospheric phase screens: Albert+ 2020, 2019

resolution: 6 resolution 0.24"

noise: | 12 pJy beam-! noise: 6| pJy beam-!

mi8

»
L ¥

@ i ; LoTSS
\é) o Using on(l-; the LOFAR
Dutch array
54.78 MHz
- fs
g 3
§ 2 @ 0.388 § o L (M Mo v
o s 0 =
i - O ] 0.088 i
31-‘_ 0.9" x 0.6" <_'r.
M (L ST 0.211 Ju NN g T W 0.20
07:35:21 22 22 22 22 22 07:35:21 22 22 22 22 22
LOFAR facet calibration: each facet RA [hh:mm:ss] RA [hh:mm:ss]
fself-lcallbratehc_l |rr11depe|nd_ently, U~ Record for highest spatial resolution at freq <100MHz
isoplanatic, high resolution + dynamic —solve for TEC before selfcal- (Morabito+ 2016)
2020 range (van Weeren+ 2016) CASA-VLBIL =7, o
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Imaging with higher fidelity & sensitivity

Technical enhancements

> Broadband receivers ~4-8GHz: improve sensitivity + instantaneous coverage +
improve observation efficiency + good polarisation response (e.g. BrandEVN)

> Increase data rates x4: data storage and connectivity, data correlation

» Extend the frequency coverage to higher (e.g. triple band receivers) and lower
frequencies (<1GHz), increase number of antennas with these frequencies

> New additions to the networks: uv-coverage improvement, specially in the southern
direction for SKA synergies (more on this in a sec...)

» Extend FoV (e.g. PAFs) and align with “survey-modes” in other astronomical facilities

» Enhance software correlator to cope with previous upgrades, telescopes with
multiple beams (e.g. SKA, PAFs), new observing modes (e.g. fast transients and
pulsar processing modes)...

JUMPING JIVE 26
2020 November CASA-VLBI Workshop )@
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Imaging with higher fidelity & sensitivity

EUROPEAN

;i

NETWORK

Kunming

Hartebeesthoek

Image by Paul Boven (boven@jive.eu). Satellite image: Blue Marble Next Generation, courtesy of Nasa Visible Earth (visibleearth.nasa.gov).

N JUMPING JIVE
2020 November CASA-VLBI Workshop 66
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Imaging with higher fidelity & sensitivity

EVN + e-MERLIN baselines: excellent spatial dynamic range 8000km to
6km i.e >1000:1

» with many times VLA sensitivity
> Global VLBI promotes as VLA-like coverage
» + Multi-Frequency Synthesis (MFS) basically complete uv coverage!

8000
6000

6000 -
4000
4000

2000  , o 2000

v(km)

2000 [
-4000

-4000
-6000 -

-6000 b B I AR 1 -8000 [

I L I I
-4000 -2000 0 2000 4000 6000 8000

u(km)

1 I
-8000 -6000

uv-coverage of EVN and e-MERLIN with 18 Global VLBI u~coverage with 30 stations
stations total. Single frequency and 2 Gbps world-wide. Single frequency and 2 Gbps (256
(256 MHz or 5% b/w) MHz or 5% b/w)

ce N JUMPING JIVE
s 2020 November CASA-VLBI Workshop ﬁ
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Imaging with higher fidelity & sensitivity

EUROPEAN

Yy

NETWORK

-

Arembo

L
B

Image by Paul Boven (boven@jive.eu). Satellite image: Blue Marble Next Generation, courtesy of Nasa Visible Earth (visibleearth.nasa.gov).

N JUMPING JIVE
2020 November CASA-VLBI Workshop 66
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The African VLBI Network

2020 November

CASA-VLBI Workshop
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The African VLBI Network

. ¥ . "
e v- P

Gurvits+ 2020

EVN + AVN

b) EVN « AVN1
N =

*n

[ S -~

CASA-VLBI Workshop
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Imaging with higher fidelity & sensitivity

Credit: Phillips 2019

Global VLBI: LBA + EVN + EAVN + AVN (Ghana) + MeerKAT

— EVN or LBA

SKA UV coverage — Ghana — EVN or LBA
g ? — SKA/MearKAT S!(A UV coverage : - Sﬁ:;&e%

Dec=32 Dec=32 Dec=-28 Dec=-28

10000 A 10000 EVN

10000 10000

5000 - 5000 5000 5000

MXy

E 0 E o E 0
=5000 —5000 —5000 -5000 ) ‘
—10000 -5000 U(zmj 5000 10000 —10000 -5000 U'zm' 5000 10000 Py ‘ —10000  -5000 U(Em) 5000 10000 . -10000 -5000 U(im) 5000 10000 m
Global VLBI uw-coverage +30° dec Global VLBI uw~coverage -300° dec
‘e JUMPING JIVE
3 2020 November CASA-VLBI Workshop

JIVE



VLBI sustainable development
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VLBI sustainable development?

3 GOOD HEALTH

AND WELL-BEING

Credit: mShopper”s mind Propulsion Labs

CASA-VLBI Workshop
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SKA & VLBI sustainable development
s

Impact stories — telescopes sites
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www.skatelescope.org [ Square Kilometre Array [ @SKA telescope [@ /SKA telescope [} SKA Organisation @ YouTube The Square Kilometre Array 7
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SKA & VLBI sustainable development
s

Impact storles — telescopes sites
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SKA & VLBI sustainable development

Impact stories — telescopes sites
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www.skatelescope.org [ Square Kilometre Array [ @SKA telescope [@ /SKA telescope [} SKA Organisation @ YouTube The Square Kilometre Array 7

b b4 JIVE ERIC director @jivedirector - 6 Oct
' ve rs l Today @jivevlbi and @ASTRON_NL celebrate the National Diversity Day
#DiversityDay and work on improving diversity in all its aspects, striving to

provide an inclusive and respectful environment for all staff and visitors.
jive.eufjive-celebrate...

, DARA
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WITH RADIO ASTRONOMY
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The future of VLBI in the SKA era

2020 November CASA-VLBI Workshop
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Why VLBI with the SKA?

Physical scale at z = 1 (kpc)

8200.0 820.0 82.0 8.2 0.82 0.082
1 In development Global VLBI
B Commissioning / Early science VLBA
= (perational LBA

EVN

eMERLIN-EVN
eMERLIN
VLA A
B
C
D

0 102 10t 10  10' 102

Angular resolution at 1.5 GHz (arcsec)  credit: Jack Radclifre

RS ] JUMPING JIVE
P Ive 2020 November CASA-VLBI Workshop Xi
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Why VLBI with the SKA?

Physical scale at z = 1 (kpc)

8200.0 820.0 82.0 8.2 0.82 0.082
1 In development Global VLBI
B Commissioning / Early science VLBA
= (perational LBA

EVN

eMERLIN-EVN

eMERLIN

VLA

SKA1-MID

)
Q
oy

+ Global VLBI
SKA2-MID

+ Global
VLBI

10% 102 10! 107 101 102
Angular resolution at 1.5 GHz (arcsec)  credit: Jack Radclifre

2020 November CASA-VLBI Workshop
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Why VLBI with the SKA?

Physical scale at z = 1 (kpc)
8200.0 820.0 82.0 8.2 0.82 0.082

1 In development Global VLBI

B Commissioning / Early science VLBA
= (perational LBA
EVN
eMERLIN-EVN
eMERLIN
VLA A
B
C
L mas
resolutions

SKA2 science!
SKA1-MID + Global VLBI

SKA2-MID Global

Angular resolution at 1.5 GHz (arcseC] ™ Credit: Jack Radclifre

200 JUMPING JIVE
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=3 \Why VLBI with the SKA?

SKA provides ...

* Independent MULTI-BEAM
CAPABILITY

« BOOST in SENSITIVITY to pJy

; regime

. _— ~ " 1|+ Access to SOUTHERN SKIES

g i L L | and GC

« COMMENSALITY with other
observing modes

» Superior AMPLITUDE &
POLARISATION calibration

* Pristine RF environments and
state of the art RFI
detection/excision

JUMPING JIVE
2020 November CASA-VLBI Workshop :53
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= \Why VLBI with the SKA?

VLBI provides ...

Images of sky at BROAD RANGE of
ANGULAR SCALES
mas resolution for SKA HPSOs

Independent COMMISIONING TOOL
and early PR OPPORTUNITIES

AN ENTHUSIASTIC USER COMMUNITY

SKA provides ...

Independent MULTI-BEAM
CAPABILITY

BOOST in SENSITIVITY to pJy
regime

Access to SOUTHERN SKIES
and GC

COMMENSALITY with other
observing modes

Superior AMPLITUDE &
POLARISATION calibration

Pristine RF environments and
state of the art RFI
detection/excision

CASA-VLBI Workshop

)'Si JUMPING JIVE
\.
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JUMPING JIVE Project

“Joining up Users for Maximizing the Profile, the
Innovation and Necessary Globalization of JIVE”

European Union’s H2020 research and innovation programme
under grant agreement No 730884

JUMPING JIVE 45
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JUMPING JIVE Project

“Joining up Users for Maximizing the Profile, the
Innovation and Necessary Globalization of JIVE”

European Union’s H2020 research and innovation programme
under grant agreement No 730884

Work package 10: “"VLBI with the SKA”
> Provide support for SKA integration and operations within the VLBI arrays
> Led by Zsolt Paragi (JIVE) and Antonio Chrysostomou (SKAO)

> SKA-VLBI project scientist Cristina Garcia-Mird (SKAO - currently at JIVE)

JUMPING JIVE
2020 November CASA-VLBI Workshop )Si
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2020 November

How we do VLBI with the SKA?

CASA-VLBI Workshop

ﬁ JUMPING JIVE
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VLBI with SKA1: key operational concepts

Multiple VLBI beams produced from a subarray of antennas/stations
typically the core + individual SKA1 antennas or stations short uv-spacings

Independent subarrays:

different purpbses, up to16 Simultaneous/commensal observing modes:

Imaging (continuum, spectral line and slow transients)
Non-Imaging (PSS, PST, transient buffer and VLBI)

ﬁngt), _/,

“F(‘) "\ Primary Antenna Beam
4 ‘
{ J
4

Subarray #1

Subarray #4 - a

Subarray #3

Antenna Sub-Array

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

) ' JUMPING JIVE 48
2020 November CASA-VLBI Workshop )\ﬁ
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JIVE

VLBI with SKA1-MID:

all observing modes within a subarray with bandwidth sacrifice

SKA1-MID
Antenna

Antenna Beam

2020 November

Subarray #1

SKA1-MID
“array/subarray”

CASA-VLBI Workshop

Correlation:

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

v' VLBI coarse visibilities:
200 vs. 13 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
real channels (1-128 & 200
MHz, 2-16 bits, Nyquist)

v" RFI flagging/excision and
polarisation correction

v’ 1500 for Pulsar Search PSS

v’ 16 for Pulsar Timing PST

Transients:

v’ Transient buffer (2x300
MHz search windows: -2,+60

sec, every 62 sec)

v’ Fast imaging pipeline for
slow transients (>1sec)

49



VLBI with SKA1-MID: configurations

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

Qﬁ 2020 November

JIVE

CASA-VLBI Workshc

Sensitivity (micro)y)

SEFD - SKA1-MID subarray radius

(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

worst: 90t Tgal, PWV=20mm

o= ,——r_? best: 10t Tgal, PWV=5mm
10

10°
10° !

Frequency (GHz)

SKA1-MID VLBI baseline sensitivity

Subarray radius and b/w

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

“““““ ~ Remote telescope 100m class
t?/ best: 10t Tgal, PWV=5mm
60sec integration, 1 sigma

10° 10* ING JIVE
Frequency (GHz) Institute for VLBI

10!
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SKA1-MID simultaneous observing:

limited by processing resources (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 | 4bH 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 S
(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 2/4beams 5/2.5GHz
5a/b (26 FSP) VY O N O
(4.6- 4beams 600MHz 512MHz 1500b 300MHz | 16b 512 MHz 6 (6 FSP)
8.5GHz | (6 FSP) (3 FSP) (8 FSP) (3 FSP)
& 8.3-
15.3GHz | 14beams 500MHz 500MHz 3.1MHz
) (21 FSP) (3 FSP) (1 FSP)
Full (26 —
< ® o, o o o —
2020 November CASA-VLBI Workshop Xi Jont st

.
JIVE
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VLBI with SKA1-LOW: 50-350 MHz

All observing modes simultaneously
per subarray, per station beam

300 MHz b/w

SKA1-LOW SKA1-LOW
Antenna/Receptor "Station”
Antenna Beam Station Beam
o 2020 November CASA-VLBI Workshor

JIVE

SKA1-LOW “subarray”

subarray #1

B )
150 anlgliaT v
AREREON a3
LTY) f;.;g* )

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

Transients:

v’ Transient buffer (300 MHz search windows, 900
sec, every 45min)

v’ Fast imaging pipeline for slow transients 52
(>1sec)



VLBI with SKA1-LOW: configurations

SEFD - SKA1-LOW subarray radius

—— SEFD subarray radius 4Km
—— SEFD subarray radius 10Km
= 10"+
[a) \,\_J
[T
w
L \/\—’J
100
6 x 10! 102 2 x 102 3 x10?
Frequency (MHz)
SKA1-LOW VLBI baseline sensitivity
Subarray radius and b/w
----- 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
E: Remote telescope 100m class
£ 60sec integration, 1 sigma
1>
=
VLBI beams FoV: SAIVGRE i Hi 2
[ | 3 y I : | a
akm: 178-25.5" K s Atk o e iy
10km: 71-10"
107!
6 x 10! 102 2 %102 3x102
% Frequency (MHz) /IPING‘J‘IVE \
4 2020 November CASA-VLBI Workstiuy o Institute for VLBI

JIVE



JIVE

2020 November

SKA1 Observatory model

CASA-VLBI Workshop

ﬁ JUMPING JIVE
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SKA1 Observatory: a global research infrastructure

SKA Regional Centres tiered model

SKA Observatory

~600PByear
~250 PFlops

\ g
LY — > S

aeneas

\j;t uuuuu
accessible

fair OP

2020 November

L[]
JIVE

SKA Regional Center

SKA Regional Center

SKA Regional Center

SKA Regional Center

SKA Regional Center

SKA Regional Center

1e}od (QY4S) J83ua] jeunifiay yyis

Users

CASA-VLBI Workshop

»SKA image cubes with ~TB size,
~216 frequency channels > SKA
science-ready data products
(forget SKA visibilities!)

> Distributed network of SKA
Regional Centres: subsets of
SKA archive, processing and post-
processing capability, distribution
of data and user support, open
science model

»>SKA Data Challenges: build
new culture on radio astronomy
post-processing and analysis.

)'Ki JUMPING JIVE
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SKA1 Observatory: a global research infrastructure

SKA Regional Centres tiered model »SKA image cubes with ~TB size,
~216 frequency channels > SKA
science-ready data products
Sgor ey ——— (forget SKA visibilities!)

SKARegional Center ——— >

> Distributed network of SKA
S Regional Centres: subsets of

SKARegional Center ——>

:

SM&gi§7;2f°ry —— % SKA archive, processing and post-

-250PFlops 2 processing capability, distribution
ShRegonatCener > 2 of data and user support, open

. e T science model
LY — > S

seneas sers >SKA Data Challenges: build
\ new culture on radio astronomy

post-processing and analysis.

inclusive

accessible
fair 2PET]

nsibility
ed

:> New culture into the VLBI world!

° ] JUMPING JIVE
S 2020 November CASA-VLBI Workshop X 56



SKA1 Observatory: SKA data challenges

Credit: Bonaldi 2019

(suitably) Calibrated Science- Scientific
SDC1/2
raw data products ready results

producs ¥
DL1 DL2 DL3 DL4

% JUMPING JIVE
L 2020 Novembel‘ O45A_VLB] WOkahOp & Joint Institute for VLBI

ERIC
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SKA1 Observatory: SkA data challenges

Credit: Bonaldi 2019

SDP de- SWG activities

“ rﬁsking ” “Science data”
Big data challenge
challenge ~TBs

10-100TB

SKA Data Challenges:

»Image plane, deconvolved
with benign dirty beam, very
deep confusion limited, large
number of sources

10M sources, 32kx32k pixels and 4GB size, 3
frequencies (560 MHz, 1.4 GHz, 9.2 GHz)

finding, characterisation and 4043 epths (8h, 100h, 1000h), 9 groups
classification Bonaldi+ 2020

» Efficient methods for source

JUMPING JIVE 58
2020 November CASA-VLBI Workshop )@

.
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SKA1 Observatory: SkA data challenges

Credit: Bonaldi 2019 ’ e

SWG activities

SDP de-

g “Science data” \
challenge ( ~TBs
10-100TB

SKA Data Challenges:

»Image plane, deconvolved
with benign dirty beam, very
deep confusion limited, large
number of sources

> Efficient methods for source 10M sources, 32kx32k pixels and 4GB size, 3

findi h L q frequencies (560 MHz, 1.4 GHz, 9.2 GHz) HI imaging product ~TB, 20 deg? FoV,
n ”?g.l C _ aracterisation an and 3 depths (8h, 100h, 1000h), 9 groups z=0.24-0.5, 7 arcsec/30 kHz, 2000h
classification Bonaldi+ 2020 simulated 10° HI galaxies + 107

continuum sources, about 30 teams
2020 November CASA-VLBI Workshop g2t AlFG Geeli=s aceess .

JIVE ="
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SKA1 Observatory: SKA data challenges for VLBI

(suitably) Calibrated Science- Scientific
SDC1/2
raw data products ready results
producs |
DLA1 DL2 DL3 DL4
SKA VLBI SKA imaging SKA advanced
visibilities product for VLBI imaging product
for VLBI

JUMPING JIVE
% 2020 November CASA-VLBI Wor/(shop & Joint Institute for VLBI

JIVE ERIC



SKA1 Observatory: SKA data challenges for VLBI

(suitably) Calibrated Science- SDC1/2 Scientific

raw data products ready results
producs

DL1 DL2 DL3 DL4
SKA VLBI SKA imaging SKA advanced
visibilities product for VLBI imaging product
&for VLBI

SKA VLBI

beams Raw VLBI ; VLB.I
imaging

> visibilities Broane
N\%
2 X

Joint Institute for VLBI

JUMPING JIVE
2020 November CASA-VLBI Workshop & S
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What SKA-VLBI can do for your science?

2020 November

SKA-VLBI \W0ORKSHOP

THE WOR D'S EYE ON THE SKY

14 — 1 7 INVITED SPEAKERS

DANA SIMARD (U. Toronto, CA): Puls

JACK RADCLIFFE (U. of Pr \ VLI
MARCELLO GIROLETTI (INAF, IT): GV 2 s VLB follow-up

JAN FORBRICH (U. Hertfordshire, UK): Stellar continuum, young stellar objects

YOON KYUNG CHOI (MPIfR-Bonn, D) s =
2 0 1 9 MANISHA CALEB (U. Manchester, UK): Fast radio bursts
PIKKY ATRI (ICRAR, AU): Black hole
LEAH MORABITO (U. Oxford, UK): Lowfrequency
JOHN MCKEAN (ASTRON, RU Groningen, NL): Gravitational
JAMES CHIBUEZE (North West U., SA): VLBI in Africa

SKA GLOBAL HQ, UK

ANISING COMMITTEE
) JOSEPH DIAMOND (SKAD)  CLAIRE TAYLOR (
] ANTONIO CHRYSOSTOMOU (SKAD)  CRISTINA GARCIAMIRO

ENTIFIC ORGANISING COMMITTEE

SKATELESCOPE.ORG/
SKA-VLBI-WORKSHOP

—

[—1 Vg )'Si JUMPING JIVE w7y

“x K

CASA-VLBI Workshop

/ Radionet.

JUMPING JIVE
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What SKA-VLBI can do for your science?

%

SKA-VLBI \\WORKSHOP

THE WORLD’S EYE ON THE SKY

OCTOBER
2019

SKA GLOBAL HQ, UK

ISING COMMITTEE
) JOSEPH DIAMOND (SKAD)  CLAIRE TAYLOR (SKA)  ROBERT BESWICK
ANTONIO CHRYSOSTOMOU (SKAD]  CRISTINA GARCIA-MIRO (SKAD)

SKATELESCOPE.ORG/
SKA-VLBI-WORKSHOP

S:" )Si JUMPING JIVE ;‘ ‘}’:?Eiaioﬂet
3 JUMPING JIVE
2020 November CASA-VLBI Workshop )53
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What SKA-VLBI can do for your science?

SKA-VLBI \WORKSHOP

THE WORLD'S EYE ON THE SKY

OCTOBER | 1SV L) O ¥ et AMBEORETNSS
sl LHIEER SKA-VLBI Science Working Group

Chairs: Tao An & Cormac Reynolds
Previous chair: Zsolt Paragi

oCrar)  ZSOLT PARAGI, JIVE, Neth

SKATELESCOPE.ORG/
SKA-VLBI-WORKSHOP

S!" )‘Si JUMPING JIVE ;‘ ; }’Zz’ajaio et
JUMPING JIVE
2020 November CASA-VLBI Workshop )53
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What SKA-VLBI can do for your science?

SKA-VLBI \W0ORKSHOP

THE VVD_RI"_D"S = ONTTHE"SKY

SKA-VLBI KEY SCIENCE PROJECTS
WORKING GROUPS

> Active Galactic Nuclei
o Leah Morabito (Durham U.)
o John McKean (ASTRON/RuG)

» Stars / Astrometry
o Maria Rioja (ICRAR-UWA/CSIRO; OAN)
o Hiroshi Imai (Kagoshima U.)

> Transients
o Manisha Caleb (U. Manchester)
o Zsolt Paragi (JIVE)

> Pulsars
o Dana Simard (U. Toronto)
o Franz Kirsten (OSO)

JUMPING JIVE
2020 November CASA-VLBI Workshop :56
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What SKA-VLBI can do for your science?
GALAXIES and AGNs: Key Science Themes

mJy per beam

a 0.00 0.15 0.30 0.45 0.60 0.75 b
J1502P 200
- =
8 3
! 5 :
?
8 o
J1502SW ] % &
- JVLA 5 GHz original *
8
E c
g JVLA 5 GHz residuals
a -
3 o - 3
2 0 z
-10 8 <
E 0.12 3
g o
20 & 0.04 g ll.(lll )
VLBI 1.7 and 5 GHz = 05y
308 — —
-40 -20 0 20 40
ARA (mas) -15 <10 -05 00 05 10 15 20
Neupert effect, ARA (arcsec)
Diffuse, low brightness, Le/Ly~107
FIR-radio relation {? Millimetre-band
ﬁ:{ Corona compact core 0.6
Star formation
* ol
A Q
B P
Wind /( Jet
Shocks, outflowing (olhmatzdhrag\? blob
line-emitting gas speed, nigh 1,
high polarization
= COE- 1) AFEX
o) NGLI266 Kamea 4C12.50 -
10 "i - .
338 -
. 08
£ a9 ~E—
' os .
H . 3 e
B : {1
- a
i | oMl W ’| \ Global VLBI imaging of the gravitational lens MG J0751+2716.
oz | .l
ook I - L. ASTRON
oL
L
1.9 JU0 ¥ PR
- vecchy fuv e ) - - ~ - -~ -
02D A L L [ T v
(17 . 2

IPING JIVE
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What SKA-VLBI can do for your science?

GALAXIES and AGNs: Key Science Themes

a 0.00 0.15 0.30

Q
3
weaq sad Apw

L3
7
E 0.00
? 0.20
9 5 3
8 4
-10 4 ]
E 0.12 8
S o
-20 8 0.04 % “'“ll‘
. 05y
-30 -0.04
ARA (mas) -15 <10 05 00 05 1.0
Neupert effect, ARA (arcsec)
Diffuse, low brightness, Le/Ly~107
FIR-radio relation ﬁ? Millimetre-band

compact core
W o

Star formation

ﬁ;ﬁﬁr,

Wind 0.4 8
Collimated, radio blob ~ U-2
speed, high T,

high polarization

Shocks, outflowing

| Relative RA [mas]
ine-emitting gas

by o8 CO- 1) APEX PR
o) NGCI1266 [ 1 o 4C12.50 g
8 " ax Wt
. =
) ) a @ "‘ @ Dm@( f
v ey : \
i ' - ] €on i " l' Global VLBI imaging of the gravitational lens MG J0751+2716.
£y

oz A e
LTI SUAL o A 'k / " ASTRON
essp B, 2 P
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* o 10 000 20 EL
0— ¥elcchy jew e ') « - - -~ < 200 00 " 190 00d
ey 0 20 3000
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What SKA-VLBI can do for your science?
GALAXIES and AGNs SKA1-LOW - VLBI

high resolution + sensitivity + low fregs

AGNs at lower frequencies Unique probe for
(MHz regime): AGN science

LoTSS - LOFAR Two-metre Sky Survey > AGN/SF disentanglement

> FRI vs. FRII characterisation

> Radio loud AGN: physics of hot-spots
(spectral modelling)

> Radio quiet AGN: origin of radio
emission, core identification and small
scale jets or winds, gravitationally lensed
galaxies

23
] b 3
» - . - .
< ; X <
- *
¥ 2 A .
 , Y % ’
-, P et
By 3 - =
: N S o .
L T ;

Shimwell et al. 2019, Williams et al. 2019, > Build a sample of resolved high-z AGN
Duncan et al. 2019; Special volume AA Feb 2019

N JUMPING JIVE
2020 November CASA-VLBI Workshop 63
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What SKA-VLBI can do for your science?

SKA1-MID - VLBI
GALAXI ES and AG NS high resolution + sensitivity + multiple beams

> How is the VLBI sky at < pJy sensitivities?
> SKA deep-field surveys with targeted SKA-

" White - optical VLBI beams to extract radio/AGN science
' commensally

Plenty of science to exploit!

> Co-evolution > Feedback between SMBH
and host galaxy

> Radio emission traces both SF/AGN activity

Negative AGN fieedbaék in MS0735.6+7421
(McNamara+2012) » The VLBI method detects the largest number

of AGN: VLBI wide-field surveys for AGN
finder

> but also for: SMBH binaries, gravitational

lenses, radio SNe, LLAGN... s % JUMPING JIVE
2020 November CASA-VLBI Workshop )@

.
JIVE -
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What SKA-VLBI can do for your science?
STARS/ Astrometry: Key Science Themes

class 0
>7
] g core
281
K 106 12 LBV
-9 e BSG
RSG
class I I BSG YSG__ s ]
27 fram o £ How is ma What transforms outflow /
La -~ =] gjected from star? infall to radial acceleration?
& ) =
-9 protostar I — —
g Star TLAs in the Diagram: .~ RG
i tot t
class il D102} — BSG Bive Buperciant —
> Tf LBV  Luminous Blue Variable RG
2 B: xr\{i(s gia{;n{%‘equenu@
23 @ [ RG_ RedGiant — ~50x denser s
Q RSG_ Red SuperGiant 0o clurng
9 SubG SubGiant
N | ool hiekl ek
g YSG  Yellow SuperGiant - irito 1S M7
class 111 E] Zero-age main sequence S— =
>-7 — (ZAMS) SubG —| ,\) Sarne clouds?, Ada
= Evolutionary tracks: Re-forrn when dust }:ondenses fully? l. from m
-8 s 60 solar masses B
= 1072 — 15 solar masses
O A s Adapted 2 solar masses
11 12 13 14 15 L 0.4 solar masses
Logs 05 from Isella
10— | | 1 1 I | 1111 | |

50000 20000 10000 5000
Temperature (Kelvin)

VHS/IS
2017

HS Soit Hard LS

i nbutli]:é 61b°§méf al., 2018

. ; . JUMPING JIVE 70
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What SKA-VLBI can do for your science?

STARS/ Astrometry:

class 0

10*

—
o
©

remnant

o a8 s Adapted
11 12 13 14 15 R
R from Isella

Luminous Blue mebl
Main Sequence
Red Clump
Red Giant
Red SuperGiant
t

RS
3 SubGi
WR

an
Wolf-Rayet star
Yellow SuperGiant

Zero-age main sequence
(ZAMS)

Evolutionary tracks:

60 solar masses
15 solar masses
2 solar masses

0.4 solar masses

')
oo,\@hocks
L)

Set al.,

Right Ascension (hours)

2020 Noveml

2018

50000 20000 10000
Temperature (Kelvin)

CASA-VLBI Workshop

pulsationald

Key Science Themes

.| What transforms outflow /

infall to radial acceleration?

HS/IS

ﬁ JUMPING JIVE



Astrometric Error o (nas)

STARS/ Astrometry

What SKA-VLBI can do for your science?

SKA-VLBI

Most powerful tool for astrometry
(distances + proper motions + positions +
multiple beams)

T T T T T T T T T
NN e oAl thermal @ DR 1000:1 |
tMultiView : SKA1-MID —In-beam PR, 1

\\ m—MultiView
102 F+.. A planetary SFPR
[ orbitto £+15%
+ at 1AU and 1kpc
- :In-beam PR, . : s
10° O
N
“\Y
)
100 E <> i AGN jet structure
I P L L L T S L .‘ LN L
107 10° 10

> New phase calibration techniques:

“MultiView” (Rioja+ 2017)
for >6GHz > 1lpas

Ultimate astrometric accuracy +
dramatic increase of # targets
(large and complete surveys) -
- new discoveries!

JIVE

Frequency (GHz)

Rioja & Dodson, 2020

2020 November

B (exoplanets orbits, geometric parallaxes up to

100 kpc, pulsar parallaxes in the galactic centre,
methanol masers parallaxes in LMC, AGN
launching jets scales...)

)'gg JUMPING JIVE 72
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What SKA-VLBI can do for your science?

TRANSIENTS/PULSARS:
Key Science Themes

52.56”

52.55”

6 (J2000)

35338

52.54”

DEC

S

+33°08/52.53"
i Marcote et al., 2018

53,007
58.703°

58.701°

58.702°
a (J2000)

Flux Density from Earth (Jy)

4800 e -.',‘v. “" ;
SNRHB (Tpq0”
w0 [[6160.8+28)" _ 36.06”
e i -
S
4700’ <3
a
:
g
30 b 5]
£ 36.04”
: 3
46°00 ; A
ey European VLBI Network g
"ok R (e-EVN) I
‘ e - +39°40/36.02” Marcote et a'., 2019 2 4354814 nm
45700 , ol _t" D Osomvr‘]
: == : : : 14"19718.852¢ 18.850°
Chandra upper limit of 0.32"/yr may reject this Right Ascension (J2000)
progenitor (Mong & Ng 18, assuming D=5kpc])
°e N JUMPING JIVE
3 2020 November CASA-VLBI Workshop
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What SKA-VLBI can do for your science?

TRANSIENTS/PULSARS:
Key Science Themes

52.56"”

52.55”

W FRBs

+33°08'52.53" &

6 (J2000)

Marcote et al., 2018

'58.702°
@ (12000)

58703

58.701°

IS

[=]

(=)

g

=

S

5]

=

=

3

[a]
European VLBI Network
(e-EVN)

+30°40/36.02” Marcote et al., 2019

1419"18.852° 18.850¢
Chandra upper limit of 0.32”/yr may reject this Right Ascension (J2000)

progenitor (Mong & Ng 18, assuming D=5kpc])

2020 November

CASA-VLBI Workshop

JIVE

Flux Density from Earth (Jy)

ﬁ JUMPING JIVE
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What SKA-VLBI can do for your science?
TRANSIENTS/PULSARS

>
e-EVN, JVLA, VLBA, e-Merlin
i Day 91/1 ::x DEVARET P
’ @
- J @+ #
# .
e Taew
9 - [ 9 ] - - 9 -
>
Chomiuk et al., Nature,
514, 339, 2014
>
SKA-VLBI to measure very accurately:
Source expansion / apparent jet speed >

proper motions /
distances (parallaxes)

2020 November

L[]
JIVE

CASA-VLBI Workshop

Faint synchrotron radio transients in the
local Universe d < 200Mpc (z ~ 0.05)

Faint collimated ejecta can be resolved within weeks!
proper motions in the ~1 uas regime

GW astronomy: SKA-VLBI sensitivities and excellent

calibration needed for resolving mildly relativistic
outflows, long-term radio afterglows (BNS mergers,
long-GRBs, etc.)

FRBs: SKA-VLBI for progenitor environments and high-
z localisations.

Exoplanets: orbital motions will be detectable with
SKA-VLBI.

Magnetars: SKA-VLBI reaches the GC and covers a

very large galactic volume for proper motion
measurements.

75
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