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SKA'JP Lecture contents

<Why VLBI?
— VLBI specifications
— VLBI requirements and constraints
* Hardware
» Software
» Operation
“*Uniqueness of VLBI
— Science cases
— International collaborations in science and VLBI operation

“*Challenges of VLBI in the SKA era

— Global VLBI alliance
— Ultimate accuracy / massive astrometry

— Time domain astronomy in VLBI
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&3 Why VLBI?

s — ultimate angular resolution

“* Angular resolution ~ shortest fringe spacing

— Extreme case 1: RadioAstron (2013—2019)
« SpectrR (spacecraft) — ground telescopes
B.com~ 7 Has (almost one baseline) @22 GHz
— Extreme case 2: Event Horizon Telescope (EHT)

 Up to 7 long-baseline sites
Bcam™~ 20 pas @345 GHz information

**Instead of sensitivity and image quality
— Limited number of long baselines
« Limited common sky on the Earth
« Limited coherence (integration) time
— Limited observation time slots
« Limited available time of large telescopes
* Limited observation cadence
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SKA JR Special equipment for VLBI
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X Purpose: getting fringe visibilities
— Detecting weak signals (with radio telescopes in general)
— Heterodyne receiving for wave correlation
« Recording digitized time-series wave patterns at a high speed

* Frequency conversion for more convenient recording

— Measuring visibility amplitudes and phases in correlator
* Antenna gains and system noise temperature
« Phase information > complex correlation (90° phase shift)
« Getting correlation = delay tracking and fringe stopping

** Keep the necessary information stably
— High stability in frequency and time reference
» High stability frequency standard

» Loop-back circuits
« Time stamp: 1PPS (pulse per second) signals

“* Record/get a priori information

— Antenna gains and system noise temperatures
— Weather, time system, ITRF, etc.
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-~ Information transfer in a VLBI station7
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Ve (1) + Vio (1=T10) ] = V2 (1) 4 V2 (1 =700 )+ 2Viee (1) Vio (1= 710)

Ve (1) Vio (£ =Ty ) = Agr COS{ gt } A, , COS {a)LO (r-7.0 )}

_ AppAro
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= Acos{(wRF + W, ) - a)wrw} + A COS {(a)RF —w, )t + a)wrm}

[cos{a)RFt + o (1=T1, )} +COS {a)RFt TN Gk A )}]

Filtered out where A = ARFALO USB and/or LSB

USB (upper side band) and LSB (lower side band)
USB: ViE=  VrrVio = VRF= ViotViF

LSB: Vie= -(VrRr-Vio) = VRF= VLo ViF
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“* Hardware requirements / constraints

- Frequency / clock stability
0 T'1 v 11

¢« 0, < 10"2sinT, 0ro, /v« 102 for v=10 GHz and 1, =100 s

« H-maser frequency standard (o, /v = 10-19) is necessary.

» Optical lattice clock (o, /v = 10-18) is newly applicable to VLBI.
— High speed digital sampling

SKA1 (~2027) *

10° 1 T . .
EHT (2017) % P ' ' Gbps=giga bits per second
ark & g
10' |- - 10* -
: ®Mark 2
2 " aMark 58 -
g 10° viga . | ®Mark 5A 7 10° k. .
S gL 8 vias #
g Mark 3¢ . & 4
s 107 - 7 y
o - aMark 5A
8 ¥ s | OCTAD/OCTADISK2
n e Mark 2 Mark 5Cm (2022)
1072 |- JMark 1 _ 10° Mark & m _‘*
10

| | -1 | | | | H
1960 1970 1980 1990 2000 2010 2020 101960 1970 1980 1990 2000 2010 2020 Flg 920 Of TMS



w v

SKA-J P

aaaaaaaaaaaaaaaaa

VLBI requirements and constraints
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»+ Software requirements / constraints

— Correlator
* High data damp rate

— Higher dispersion spectroscopy

— Wider field of view

* Polarization handling and polarimetry (Stokes /,Q,U, V)

— Pipeline data processing
* Loading raw data
 Data flagging

Selecting reference data

Fringe amplitude calib.

Fringe phase calib.

Image synthesis

Source finding
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“+*VLBI operation requirements / constraints

— Scheduling VLBI stations

» Middle-size telescopes dedicated for VLBI monitoring

(e.g., VERA, KVN, VLBA)

— Advanced skills requested to users for operation

« Selecting clock parameter (delay, delay rate offsets)

calibrators large angular offsets from target

« Selecting fringe calibrators  short angular offset from target

« Selecting flux / polarization calibrators very rare
VLBI calibrators are not ideal ones (bright, compact, stable).
— Data shipping

* Physically shipping recorded medias via air cargo

« Custom, security issue

« Slow internet transportation
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*» Imaging in ultimate angular resolution
— Shadows of super-massive blackholes
— Lunching points of AGN (active galactic nucleus) jets
M87%, SgrA*
X H| h premsmn astrometry

rigonometry (up to 10 kpc) of non-thermal sources
(including maser sources)

— Secular motions of radio sources
— See also Nakagawa's lecture
*» Mapping compact structures in
interstellar / circumstellar / circumnuclear medium
— Astrophysical maser sources (in movies)
— Compact objects in deep universe (and solar neighborhood)
“+ VLBI for time domain astronomy (localization)

— Fast transients: fast radio bursts (FRBs)
— Slow transients: super novae, novae, radio burst, maser bursts
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April 7, 2017
MS8T7* April 11, 2017

50 pas ~ 106,

EHT Collaboration 2022 EHT Collaboration 2019 Credit: EHT

“ Millimeter (~1.3 mm) VLBI - 6,..,,~20 pas
* Ultra-high sensitivity
— Large apertures: ALMA-VLBI, LMT (Large Millimeter Telescope)
— Ultra-high speed signal recording: 32 Gbps
“* New imaging technique
— Sparse modelling
— Variability (4—30 min) modeling
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¢ Limited opportunities of VLBI observations in the world

against other astronomical observations for .....
— a variety of key compact targets that should be monitored
(>> a few hours, over decades)
— a large fraction of VLBI sources that request high sensitivity and
iImage quality
¢ Limited budget and human resources in individual countries,
iIncluding Japan, may cause
— long delays (>> 1 month) of data deliver since VLBI observations

through data correlation
— long time (>> 1 year) for paper publications if working alone

“* VLBI is one of the clearest style of international
collaborations and friendship built from exchanging scientific
ideas to scientific publications through array construction
and operation.
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*+» Toward the Global VLBI alliance
*» Toward ultimate accuracy / massive astrometry
*» Time domain astronomy in VLBI
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Kagoshima University
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*» Ultimate accuracy (o~1 pas) astrometry
— Feasible at high frequency bands (>5 GHz)
— Trigonometry of Large/Small Magellanic Clouds
(50 kpc/60 kpc)
— ~1 pc-accuracy level pulsar (<1 kpc) astrometry for
improving detectability of gravitational waves from
super-massive blackhole binaries (P=1 year)
— Detections of astrometric microlensing events

“* Massive (>> 1000 targets) astrometry (0~10 pas)
— Feasible at low frequency bands (< 2 GHz)
— 3D kinematics of individual nearby star-forming regions probed
by young stellar objects (YSOs, non-thermal sources)
— 3D kinematics of the Galactic Nuclear Disk and Bulge probed
by long-period variable stars (OH masers)
— 3D kinematics of Large/Small Magellanic Clouds (OH masers)
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¢ Variety of efforts in VLBI toward the SKA era

— Variety of science goals yielded with even a single VLBI array
e.g., VERA dedicated for astrometry
— Variety of stages of international collaborations built from designing
a VLBI array to scientific project through construction and operation of
the VLBI array

— One of the best suitable models of peaceful international cooperation

*» Challenges of VLBI toward the SKA era
— Complexity of VLBI array operation
— Technical challenges in ultimate accuracy and massive astrometry

— Sustainable development of VLBI arrays and their science cases
— Sustainable human interactions in young generation



