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@) Overview
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Sample of Astrophysical Applications in a variety of fields
Bona fide astrometric measurements with VLBI 2016-2018

@ SKA and methods for high precision (~ uas) astrometry
MultiView and Pathfinder demonstration

(2) VLBI in Gaia era
Comparisons and comments

@ Galactic Structure
Updates on BeSSel /VERA project

@ Evolved Stars and chromatic-Astrometry
Results from the KVN

@ AGN core-shifts & alternative Calibration Methods
UVPAP, MFPR

@ Technological Developments relevant to astrometry
BRAND, PAFs, Global multi-freq. mm-VLBI array
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The quest for accurate astrometry...

Opos ~ BB / SNR (Thermal Noise Limit)

VLBI =»micro-as (uas) astrometry
IF you can remove SYSTEMATICS

1) Long baselines, large collecting areas
to reduce thermal errors

2) Requires a matching improvement in methods
to calibrate out systematic errors. Propagation

A % \\\‘
(independent atmospheres)



The Many Faces of the Propagation Mediun
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PR+ Reid + 2009 SFPR (Rioja&Dodson 2011)
Honma+2008  IMFPR (Dodson,Rioja+ 2017)
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Micro-as astrometry
Wide applicability

S A history of success! R



High Frequencies & Troposphere
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Low Frequencies & lonosphere

PROBLEM:
Reference 46 OSPHERIC WEDGE”
5°urce§<\lrew deg ,‘\(,S oo‘ce‘ ion Dependent (DD) effects

Systematic errors limited regime

” ~1000’s km Thermal Systematic Total
-> Errors Errors  Errors

Sketch showing the limitations of general PR at low frequencies




Low Frequencies & lonosphere

THE PROBLEM:
“IONOSPHERIC WEDGE"”
Direction Dependent (DD) effects
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OPTIONS to overcome DDEs:
One VERY close reference source and use conventional PR (in-beam)



Low Frequencies & lonosphere

THE PROBLEM:
3 “IONOSPHERIC WEDGE”
Direction Dependent (DD) effects

Thermal noise limited regime1

<€ ~1000’s km y Thermal Systematic Total
Errors Errors Errors

Our hypothesis to overcome DDEs with: Mulfiple (3) reference sources, further away,
2D interpolation in visibility domain = MultiView (Riofa, Dodson+, 09,17)



Low Frequencies & lonosphere

THE PROBLEM:

“IONOSPHERIC WEDGE"”
=» Spatial structure

Multi-Beam capability: obs. strategy: simultaneous

minimum 4 (tied array) beams
sphere )
1

Thermal noise limited regime

< ~1000’s km

>

Thermal Systematic Total
Errors

Errors Errors
Our hypothesis to overcome DDEs with: Mulfiple (3) reference sources, further away,
2D interpolation in visibility domain = MultiView

(Riofa, Dodson+, 09,17)



Low Frequencies & lonosphere

THE PROBLEM:
3 “IONOSPHERIC WEDGE”
=» Spatial structure

Wide FoVs with PAFs: o0bs. strategy: simultaneous

Thermal noise limited regime

lonasphere
% ~ , % Thermal Systematic Total
< 1000’s km N
Errors Errors Errors

Our hypothesis to overcome DDEs with: Mulfiple (3) reference sources, further away,
2D interpolation in visibility domain = MultiView (Riofa, Dodson+, 09,17)



- » s Demonstration of MultiView:
Comparative Astrometric Analysis

VLBA observations at L-band, AGNs / OH maser.

2 epochs, 1 month apart
ﬁ ' 2 |

(Rioja+ 2017;
Orosz+ 2017)

ANALYSIS METHODS:

=»Phase Referencing (PR) : Single Calibrator (no spatial interpolation),
range of angular separations (A® =2° ,4° ,6°,0.4°)

= MultiView (MV) : Three Calibrators together + 2 D interpolation to

position of target.

FoM: Use astrometric repeatability at both epochs as empirical estimate of systematics.




Comparative Astrometry (PR 2°; 4°; 6° vs. MV 2°+4°+6°):
Position Accuracy
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Ultra Precise Astrometry with SKA-VLBI

Huge increase in sensitivity (very small thermal noise errors)
Potential for 10 micro-arcsecond astrometric accuracy at L-band

Requires matching calibration of ionospheric systematic effects

Current
Instruments:

E D FAST MB-VLBI §_
with MV
(per measurement) =

thermal systematic thermal systematic

Calibration Target-Cal Separation Probability

PR (1 cal) AO® ~ 1 Unlikely
MV (3 cals.) A® ~ 10" - 30’ NEW OK
A

100 pas

MultiView drives the requirement for a minimum
of 10 SKA tied array beams.




Beams for MultiView Observations

FAST: 300m




FAST19-beams array receiver for MultiView

FAST MB: 300m




FAST19-beams array receiver for MultiView

Non-overlapping beams on the sky

FAST MB: 300m

Single-pixel 30m
"atches FAST FoV

MeerKAT/SKA:
Tied-array beams
for 6km baseline
(for future)

Multi Beam capabilities at other frequencies (i.e. 1.6 GHz)
would enable other science (OH-maser ultra precise astrometry)




PAFs ‘receiver for MultiView

£ )’ FAST MB: 300m

! "2-pixel 30m
@ @ ches FAST FoV

MeerKAT/SKA:
Tied-array beams
for 6km baseline

(for future)

Multi Beam capabmi.e —. ouler frequencies (i.e. 1.6 GHz)

would enable other science (OH-maser ultra precise astrometry)




/=X .

Wide FoV Technologies in large European telescopes 7
\__:y

WSRT - Apertif

4

‘ Effelsberg & Lovell - CSIRO MKII PAF

-4.5 GHz 7-feed
under development

600 800 1000 1200 1400 1600 1800
Frequency (MHz)



Early Science Case for FAST - VLBI:
Ultra Precise Pulsar Astrometry
Improve parallax/proper motion to enhance timing results

i

“Now”: Large dishes provide 10-fold'|-© -
increase’in sensitivity
10 uas-astrometry

“Future”: Goal 1% error in distance for
GC pulsar-target, with FAST+SKA

: &1

- Many suitable targets.

Proof of concept of MultiView with MB already demonstrated using Parkes ™



~—~  MultiView SUMMARY @

=/

Astrometry rapidly reaches systematic limits; increased
sensitivity does not improve accuracy

Ultra Precise Astrometry with SKA-VLBI requires new

experimental methods:
MultiView addresses these requirements.

FAST, like SKA, provides increased sensitivity. FAST has a
MultiBeam receiver, so can perform MultiView-VLBI

FAST can provide an early science demonstrator for ultra precise
astrometry in SKA-era.



«w Review of Recent Advances

Constrained by Selection Effects and Biases

Astrometry continues to demonstrate wide applicability
= Many many results to cover!
Limited to:
‘bona-fide’ astrometric measurements with VLBl 2016-2018

Attempt to break down by technique (e.g. in-beam, SFPR, MV)

Link to new technological developments that facilitate techniques
(e.g. increased sensitivity, simultaneous freq., multiple beams)




@ 1. Radio Astrometry in the Gaia Era ‘©= qaia
| a>
@ Gaia DR2 vs VLBI Z

Gaia DR2 — data collected the first 22 months (Gaia Collaboration + 2018)

Comparison between Gaia and
Accurate VLBI astrometry to verify
Gaia results.

P A
+ HOW MANY STARS WILL THERE BE IN THE SECOND GATA DATA RELEASE? g=esa

e
position & brightness on the sky p
1692919135

76 956 77!

Very active field!

Parallax uncertainties: 0.04 mas (G<15); 0.1 mas (G=17); 0.7 mas (G=20)
All sources treated as single stars.

Systematics < 0.1 mas depend on position, magnitude, colour

Bias ~ 30 was (Lindegren+ 2018)

VLBI
Phase referencing

Accuracy ~ 10 nas
Comparable to, or better than Gaia’s target accuracy




1. Radio Astrometry in the Gaia Era

Mellis + 2018
https://osf.io/byrcf/

Remember...
Hipparcos Pleiades
Distance controversy

T RS R, 2



1. Radio Astrometry in the Gaia Era

77—
//—/\ 1.0 ¥ J
ICRAR P2 s ]
\y /o wof 1% Gaia struggles with binaries and dusty stars
g @ 06} ]
VLBAPle £ ° & :
10 me 2 6f I s O.
§ v 04 Source Astrometric VLBI Value  Gaia Value | Gaia Astrometric
= 5 4 g -
H ; 0.2 Parameter Excess Noise (mas)
:, 2r
% A A P T | TR PR 0.0 Pleiades 'IYiple System HII3197
4 " 2 4 6 8 10 12 0.0
VLBA m (mas) Parallax (mas) 7.27+0.08 2.22+0.71 2.56
2.0 eI pmRA (masyr~')  +18.0+0.8 +31.1+0.9
201 yan pmDE (masyr—!)  —42.5+1.8  —41.4+0.9
IS ob e o~ Bright Young Binary System V1046 Ori
é 5 Parallax (mas) 2.64+0.075  0.44+0.17 0.62
= _ £
£ =, pmRA (masyr—') +1.88+0.00 +0.45+0.30
2
8 _ao ° pmDE (masyr—!)  +1.240.14  +2.5+0.38
6o Young Embedded Binary System Oph S1
-60 -40 -20 O 20 Parallax (mas) 7.24+0.09 8.16+0.11 0.65
VLBA w, (mas yr™)
pmRA (masyr~!) —205+0.02 —2.17+0.25
o pmDE (masyr-!) —26.72+0.04 —23.55+0.16
. 0 -
Orion Star ~ /T Dusty Red Supergiant Star VY CMa
Forming % ] g t.* 1.5} Parallax (mas)  0.855+0.057 —5.92+0.82 4.48
~— _20 [ b4 -1 r
CompleX : E L pmRA (masyr—') —2.800+0.58 +0.93+1.77
§ —30¢ N o pmDE (masyr~') +2.60+£0.58 —6.47+1.75
—40 0.5
50K e 00 All outliers within 3o agreement with VLBI when
50 -40 -30 -20 —-10 0 10 0

Kounkel + 2018 wiea 4, (mos y) astrometric excess noise is added in quadrature )
Differe t0 Gaia quoted uncertainties (whenever o > 2!).

Comparison of astrometric
Solutions btw Gaia and VLBA




/ Bl-Gaia AGN position offsets favor parsec-scale jet direction
\'Q‘jﬂ Matches: 9081; radio images at mas scale for 8143; present for half data

0.4

0.8

§ / 4015 sources § “ 985 sources |
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G ™~ < ,\’LB\
oS AN o o \a
N @ \_0 Ga
T N contri bu\\O“
£ minan
2 LI ts ‘ e2d °
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© e (WO

Histogram of the distribution of the Gaia/VLBI position angle offsets wrt VLBI jet directions
(from analysis of VLBI images at mas scales).

» Preferable direction along the jet, and at a smaller extent in the direction opposite to the jet.

Anticipate that a study of VLBI/Gaia position offsets will become a power
tool for probing properties of the accretion disk and the
relativistic jet in the AGNs = Talk by L. Petrov

Petrov + 2017, 2018

Kovalev + 2017
- Rioj 25




- as“oswcm‘e '\/Iapplng Splral Structure with VLBI

» Parallaxes: ~170 parallaxes for
massive young stars

« Arms assigned by CO 1-v plot

« Tracing most spiral arms, eg...
Outer arm traced
Perseus arm “gap”
Local arm significant

(kpc)

peedf southern parallaxes :: . Far side of the MW:

. Stgﬁﬁng | :i % parallax small and
Bg%eL South | |5 Inte.rstel_lar dust blocks Inner, bar-region is complicated
Using AuScope | I optical light
—10 F ) P=14° ; -
- T o gl Reid et al. 2014, 2016
15l C B Honma et al. 2012
[ NI [t ST (R e S R EE R S
—-15 —-10 -5 0 5 10 15
X (kpc)

Plan view of the Milky Way with locations of HMSFR with
trigonometric parallaxes.




Most distant parallax to date on the far side of the MW (H,Omasers

n=49+6 uas (D=20.4+2.8-22kpc)  G007.47+00.05
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Decomposed offset position
along the east and north directions Sanna+ 2017 (Science)
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Revised IAU recommendation:

250 % %ﬁiﬁ %f ?%% 5L ‘ _ :,: , ?—— 0, = ~240 km/s and nearly flat

200 |-, Pas.e.d on 3.-D Ln(?.tic.)ns and
RELEVANCE:

Map the spiral structure of our Galaxy and to determine fundamental
Parameters, such as the rotation velocity and distance to the GC.
Gunn, Knapp & Tremaine (1979)

| |\cp|au||5 |
50 ‘
for a flat rotation curve...
O L L L L | L L L L | L L L L | L
0 5 10 15 Slope, 0, =220 km/s

R (kpc)

Widespread impact on astrophysics:

The increase in speed increases the Milky Way’s mass by
50 percent, bringing it even with the Andromeda Galaxy




//“ as\(of“e’i\é\me Includes high precision astrometry at 6.7 GHz

2.\\“(";5;6\30’{\0 - (Methanol Masers)
Ny

‘ Additions

Xu + 2016, Science
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v o

Different Astrometric calibration than for H,O masers
Reid + 2017 (similar to MultiView in Image Domain)
“artificial quasar method”

Plan to use MultiView
Rioja,Dodson+ 2017
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a 5\99 \\0 =VOLVED STARS STUDIES with the KOREAN VLBl NETWORK

AN
3 ©) (KVN, SFPR)
\© | | | | | I =
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100 — — . .
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Nature Comm., 2018 Dong-Jin Kim + Accepted { R w\m o ] m
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emporal Evolution

6\6 N|®)
e
VY CMa (2015-02-10) VY CMa (2015-02-10) VY CMa (ChO + in prep)
. €§f 4 . 22 GHz (H20 maser) to
. R R | 42.8,43.1,42.9, 86.2 &
9% 0 : 129.3 GHz (SiO masers)
% with full astrometric
ho Bt imaging, every few
o 0 months.
Talk by Youngjoo Yun

RA.

RA.

* Asymmetric spatial distribution of H,0 maser S(;_;e als],co posters bY fth
* Typical spoke-like or snail trail features of SiO S e g overwevY AFBIE ED[5S
* Gaps in emission for different transitions Yoon+ VX Sgr dynamical development

from the SiO to the H,0 maser regions.

Work in progrc.. ...

KVN SFPR astrometry testing the
pumping models & astro-chemistry

.~ EVNSymp.2018Rio@ =
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~ 62\10\ S Enabled by the innovative KVN receiver system
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Single Frequency Receiver ﬁ Simultaneous Multi-Frequency
Receiver
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/;,\\ High-Precision wide-angle astrometry at 43 GHz £
@ (VLBA, UV PAP) 1cS ©

Do we have to have close calibrators AQ\P

Astrometry between pairs of sources up to ~ 15° ser,ératior" ' sing a

parametric approach. P\G\\\ \ 6\5

. \“\0(\3 \“ . every

C _. 0 the delays:
5‘\03\ d'\es ~umetric, Instrumental,

I : \J X 3\\) —  Tropospheric, lonospheric

2 2‘.3;---: ------ P(O \(\de ooooaenno ] along with source positions.
ol TR IINITE eo\(a ............. 7.1 RECORD FREQUENCY 43 GHz

s 9PT Abellan + 2018

10 15

Kitt Peak—Pie Town Hancock- =

___________________

Resid. Delay (ps)
kS
Z

“Core-shift” values agree with predictions from SSA effects
» Stud, .. . _ . _ (vaalev+2008_, I:(?banov 1998)_ . _____1alPole
» Frequencies: 15 & 43 GHz

» First Global differential phase delay astrometry analysis at 43 GHz over such wide angles.
» Uses dedicated software (UVPAP) (highest frequency so far — probably the limit)

» Measured core-shift between U (15 GHz) and Q (43 GHz) bands & compared to SFPR

. -



/ NS Revealing a recollimation Shocks in AGNs
cnPA&s\ o PO (VLBA, MFPR)
p et Going beyond the B&K core-shift to unveil the

standing shock, for BL-Lac

There are many reasons (particularly the association of gamma ray & radio
flares (Marscher, Nature ‘12) to believe that in Blazars there are standing
shocks at which the B&K model breaks-down. These should be revealed at
the higher frequencies.




///“\\ NS Revealing a recollimation Shocks in AGNs
JCRAP | o of po (VLBA, MFPR)
pyo . . .
Jet Going beyond the B&K core-shift to unveil the
standing shock, for BL-Lac
SIMULATIONS
MHD Simulations  Predict deviation from 5  Perfect match to
a)= g 'B'&K'o'bticalldep’thg g '.,kobservatlons
s of \core-shift model @ £t Fit 5 to 22 GHz
——— S rov? - B F43~ Ma3p¢”™ 100 pas
E R : &1 pg *,  Standingshock
@ “ — & >e——— 3
g ol e o
Cj 0 2I(=)reque4n(i:y (Ggg) 80 > 8 Frlesquezf%cy (GHz)
Left. Sync. emission from RMHD models (JLGomez;J.Marti) Looks to fall short

Right. Expected core-shifts for this class of AGN (black) vs BK (red)

of BK expectation
=»standing shock?

(Dodson + 2017, Molina + 2017)




Revealing a recollimation Shocks in AGNs

/N
N NS
\G:RN;\Q\GS of PG (VLBA, MFPR)
3\ N . .
»-33‘ To uncover the transition from B&K core-shift to unveil the
standing shock, for BL-Lac
SIMULATIONS VFPR:
MHD Simulations ~ Predict deviation from ~  Perfecl giooic"s 0 rcel
- 2 iy B&K optical de~" | ODSEIV| Aternate
= - \Core_o»-' -] “ion blocks” (L/C/K)
_ L?. 8 “Ge‘- \\q 5\05 ro & . .
Re\e\ja ,{\0“ oY) % fast frequency switching
OSSR I
0 20 40 60 80 "58
Frequency (GHz) rarget




Revealing a recollimation Shocks in AGNs
//\\ Gﬂs
CRAP S of B (VLBA, MFPR)
e - . .
Je To uncover the transition from B&K core-shift to unveil the
standing shock, for BL-Lac
| .SIMULATIONS | - o] MFPR:
MHD Simulations  Predict deviation from & TE€MeC ginq10 source!
&~ 2,1 B&K optical depth 5. \ODSENV| Ajternate
| e— | & f | core-shift model © £ ‘\ Fit| lon blocks™ (L/C/K)
8. I rof &
S rov?? % \ fast frequency switchin
8 TS PR T (KQ)
— §z< — ——
F1x Y > 8 T
N Source
D %
e -
wv) a ATEC.v2 |
| | | | | l l
K band - Wide C band | | band

21.8-22 GHz 3.9-7.9GHz 1.4-1.7 GHz




Revealing a recollimation Shocks in AGNs

7SN
/ /N NS
(icrae) _ 5 PG (VLBA, MFPR)
‘P‘(\‘Js\ Measured TEC values .
Je 5— [fron Posters on AGN “core-shift” measurements:
= e llje Cho + SgrA™ (KVN, 22/43/86 GHz)
S Voitsik + 24 AGNs (EVN, 1.7/2.3/5/8 GHz) -
O il Perfec IVIFC T,
\ 'T'B ion from T 1 Single Source!
3 |depth 5. |ODSErV) ajternate
g odel €1\ it ion blocks” (L/C/K)
~ Fresil Made possible by VLBA frequency agility: [fast frequency switching
- Time'(8 Fast switching between 22/43/86 GHz (K/Q)
| Slower switching between 22/6/1.4 GHz —
S G 80 58
or ¢ & - F 1 (GHz)
N Target
h Source
g . ~>\y e
wv) « ATEC .v2
| l ‘ ‘ l & D
K band - Wide C band =" | | band
21.8-22 GHz Jj| 3.9- 7.9 GHz 1.4 -1.7 GHz
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PSR-1T is the large VLBA campaign to measure the parallax and
proper motion of pulsars using VLBI.

VLBI precise proper motions

PSR- paper Il ("Data paper”) has  can improve pulsar GW
1808.09046, Deller + 2018) listing timing arrays.

searched) with in-beam calibrators.

Median error 40 nas \c/zla_r?lhgr\]/qe
Precise (10%) distance to 2.5k~ " (\\S (¢ =757 |
* | o \,eme (\S‘\\\] smaller errors
. \C\e i C,“'O“ de T _sof than th?S—? from
S p(o fre€ e\e 5, - pulsar timing...
D\S\a“G de\s of If g - . timing ngise?
. (@) = -85 o -
ga\ao\\o 10} - co
5| ] 0 —_ ;;§i2016 @
=+ NG2018
-++ PPTA2016
0 “ﬂ_ﬂ_l_ﬂ Bl L —9.5 b= 1 , =
0 0.1 0.2 0.3 0.4 —-10.5 —-10.0 —9.5 -9.0

Parallax Astrometric Error (mas)

/o (mas yr—1')




Stellar wind

7 outflows
ICIkAK

Mira-V~riables Proto Planetary Nebulae

Per. g minosity relation ¢ 1ahash with KN&SFPR |, \°
ce indicator \

2O
6\6‘ ‘(\ 20 0 —20 —40 —60
((\\C‘ C O“' .t Astrometric.Registration
0" wifagi. Dodson+2017
‘wa+2016
o
Exoplo~ ((\\Q ((\ 3 N .
& S QN TDE's O roup Dynamics &
eV ’b‘ Q e p X
6 *'\, ,‘0( Flow... 5,
@66 \SO 6\0 | O
?/
460934C
@C’ ((\.n =0.4M,

VVVVV

Mattila + 2018

Azulay + 2017 .
Y Science




TECHNOLOGICAL DEVELOPMENTS
RELEVANT TO ASTROMETRY




@ 1. BRAND EVN

» BRoad bAND EVN, a project to build a prototype primary focus receiver for the
EVN (and other telescopes) with a very wide frequency range from

1.5 GHz to 15.5 GHz

» Innovative, very wide bandwidth.

» To use full bandwidth requires coherent fringe-fitting over the very wide

frequency range,Including v=2 term for ionosphere plus linear (v) slope,
carried out inside CASA with RINGS.

RELEVANT FOR ASTROMETRY AT CM-wavelengths:
With coherent fringe-fitting chromatic astrometry information
between simultaneous images at different frequencies.

The BRAND EVN partners include Germany (MPIfR), Italy (INAF), Sweden (OSO),
Spain (IGN), The Netherlands (ASTRON), and Latvia (VIRAC).

Project Engineer Gino Tuccari; Project Manager: Walter Alef
EVN Symp. 2018: Rioj
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The quest for IargEST angular resolution (=highEST astrometric accuracy):

3. A Glabal * Mulh-Frequency mm-VLBI array
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@ Summary

» Bona fide Precise Astrometry adds a new dimension to your research,
with positions, proper motion, distances, and
direct registration of temporal and frequency monitoring.

» Fundamental contribution to many research fields in astrophysics: widely applicable
to many targets and at a wide range of frequencies (m to (sub)mm waves)
in conjunction with appropriate methods.

» All regimes, ground VLBI & Space VLBI

» Developments of new calibration methods and new instruments are providing
a leap in the astrometric performance .
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MultiView SUMMARY

T

Astrometry rapidly reaches systematic limits; increased sensitivity does not
Improve accuracy

MultiView calibration results in superior ionospheric calibration with angular
separations of a few degrees. Simultaneous observations will improve results.

General calibration method, for all frequencies.
Demonstration shown VLBA obs. @ 1.6 GHz; also successful 6.7 GHz;
trying at 0.3 GHz

MV is widely applicable right now, with:
« Simultaneous observations with PAFs /multi-beam
» Fast-source switching

For SKA-VLBI, with multiple in-beam calibrators, will deliver 10 micro-as
astrometric accuracy.



