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The first VLBI measurements between Haystack and NRAO from data recorded June 8, 1967. (Image credit: Moran, J.M., I S’Q A»‘W’\a‘ 15.5’&135}: THE UNIVERSITY OF




Outline

* VLBI holds the POTENTIAL for
highest resolution and highest precision astrometry.

* CHALLENGES to overcome.

* A flavor of WHAT ONE CAN DO with high resolution and
high precision astrometry.
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VLBI provides..... :

HIGHER SPATIAL RESOLUTION (small ©,,,,):
High resolution imaging and high precision astrometry
What they look like and where they are

TRADE-OFF WITH SENSITIVITY (collecting area and coh time):

Targets: Very bright, compact (= High T; emission)

e.g.: Active Galactic Nuclei (AGNs), pulsars, supernova,
astrophysical masers: SFR, AGB; grav. lenses...

Calibration plays a significant role



Extreme interferometry:
Very Long Baseline Interferometry (VLBI)

Resolution™~ A /B
~ few mas — 0.1 mas

Radlo
Telescope

Hydrogen maser clock / :
(accuracy 1 sec in o—m—‘ — !
1 million years)

Magnetic Tape



Radio
Telescope

Hydrogen maser clock
(accuracy 1 sec in
1 million years)




Why need VLBI calibration?

Unpredictable delays /
Inaccurate information

luni-solar gravitatienal attraction hd‘o

»H e Teiescope .

plate motion and
o tarthyuakes
]

18jempenail

Hydrogen maser clock
(accuracy 1 sec in
1 million years)

Inner  Outer
Core Core

Qcean currents




,/c//,l VLBI Observables: The interferometric Phase, ¢,,°
N L

(or errors in the “a priori” delay models)

Source Intrinsic )

. : (0\ g :
Station coord \\b .dl TrOPOSPherlc
Slow error- Co' e
: errors
O} pneric

errors

+2ntn,  n_integer

Earth's atmosphere is the largest source of error in typical
VLBI observations.



Calibration Technique (1) Self-Calibration

Closure Phases:
Qi+ D3 + Dy =
Cloud,—Cloud, +
Cloud,—Cloud, +
(bclz?(t) = ‘ E ) C|0Ud1- Cloud3 +

(or errors in the “a priori” delay

Orio
; 2 +2mn,  n infeger

Goal: IMAGING STRONG SOURCE ONLY STRONG SOURCES
(requires detection within coh time) &
NO ASTROMETRY

Obs. strafegy: Tracking
Obs. Freq.: wide range




Calibration Technique (2): Phase Referencing

(or errors in the "a priori” delay models)

Imperfect compensation of PM

Propagates into astrometric errors G

RELATIVE = separation
Position

+2mn,  n infeger

Goal: IMAGING weak (and strong)
precise ASTROMETRY

Obs. strategy: Alternate fast btw 2 nearby sources

Obs. Freq.: 8-22(43) GHz (for precise astrometry)
Astrometric Precision: 0.560;/SNR (10s micro-as) + R



The Many Faces of the Propagation Mediun

2

(A2signature)

Log Phasegppor (P)

IONOSPHERE
(dispersive)

' TROPOSPHERE
i (non dispersive)

Sweet cm-spot

S
~ Rgfe’rencm;v

T1ro

C

Typical errors:
ZPD=3cm (trop)

58 GHz AI=5 TECU (ion
T <22, ,43,GHz
! : - Log v
Low Frequency ~ 8 GHz High Frequency
< >e—> " ’:" b)mm-VLBI*
SKA-Low SKA-Mid ICro-Jy sensitavity m)

5K Micro-as astrometry
Wide applicability
A history of success!
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ICRAR

High Frequencies (> 22 GHz)

&
Troposphere

GOAL: Precise Astrometry =2 wider applicability




Phase Referencing

“trans-source”

~1deg,

‘\

Bright Reference G
Source O

Target
Source

r ¥




Phase Referencing Paradigm Shift:
“rans-source” “trans-frequency” calibration

“fast-frequency switching”

with VLBA
PR @ 43 GHz ~1 deg,

Target Source

Bright Reference {j} SFPR
Source O —
Target Upper Limit 86 GHz
source LowFreq.
HighFreq.
R=v/v

WEAK SOURCES O WEAK SOURCES

ASTROMETRY i i ASTROMETRY i i R,-Oi-a&podson 2008,2011



Phase Referencing Paradigm Shift:
“rans-source” “trans-frequency” calibration

“Simultaneous Multi-channel receivers”

PR @ 43 GH with KVN
@ £ ~1deg,

Target Source
Bright Reference {j} O SFPR

s
e Target >130 GHz
/ Source LowFreq.
HighFreq.

R=v/v

WEAK SOURCES O

ASTROMETRY i i ‘ q
T Y




requencies (< 8 GHz)
&
lonosphere

GOAL: Precise Astrometry =2 wider applicability




« Low Frequencies & lonosphere
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N Sketch representing ionospheric direction dependent effects
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« Low Frequencies & lonosphere

THE PROBLEM:
“IONOSPHERIC WEDGE”
Spatial structure

Direction Dependent Effects

< ~1000’s km

D Sketch representing ionospheric direction dependent effects



THE PROBLEM:
“IONOSPHERIC WEDGE”

Spatial structure
Direction Dependent Effects

i« Low Frequencies & lonosphere

----.

~1000’s km

D Sketch representing ionospheric direction dependent effects




« Low Frequencies & lonosphere

THE PROBLEM:
“IONOSPHERIC WEDGE”
Spatial structure

Direction Dependent Effects

MultiView

< ~1000’s km

D Sketch representing ionospheric direction dependent effects
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Low Frequencies & lonosphere

THE PROBLEM: | &
a »” o
few g ﬁ. IONOSPHERIC WEDGF 'O“S
—¢ /I \\\ Spatial structi’- Se(\la“
AN ,Q argat \ Direct~ 0“5 o®
N S?)w:lce N\ o “\\,a‘\e
i N °
\ ,7\\ / \\{} AN St %of S\ -urs around the target
\ N S A \\Q\N _wuple calibrators
"| ,:' /I X \\ N -\‘\'c'\e"‘ G _.polation of the calibrator
\ | :I ,/ s apab\ .uns to the line of sight for the target.
|'| :" [ \»6\ ¢ —‘S
. ea«\ BES \\\\\\\\\\\ \\\
WS 7 ces < N,
p 5©

Outcome:

Now the spatial structure is accounted for,
Resulting in high precision astrometry

achievable at low frequencies..
~1000’s km

(Rioja et al. 2017)
D Sketch representing ionospheric direction dependent effects

A



General Purpose

Ry

Highest Frequency Astrometry

& '\ VLBA Very Long Baseline Ar

<~ 86GHz

EVN: European VLBl Netwo
<~ 22GHz

Astrometry

Southern Hemisphere
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Astrophysical Applications




ICRAR) Radio jets and BH physics

N

Arc-minute resolution is often not good enough to resolve the detailed structure of many astrophysical
objects e.g. distant galaxies, quasars etc.

Radio sources can show emission on scales of arcminutes --> arcseconds --> milliarcseconds...

A — M87 -- From 200,000 Light-Years to 0.2 Light-Year
- VLA-2cm
arcminutes /‘,
4 ¥V
A VLA-20cm
VLA 6cm VLA -7 mm
arcseconds
\ 4
VLBI 18¢cm A
VLA-90cm
VLBI 1.3cm milliarcseconds x
p . M‘l
e 3 | I /
% ey VLBI- 18 cm
. |
VLBI 7mm e e S e e
0% V National Science Foundalion, oparaled under cooparafive
- by Assock U n flies, Inc.
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AGN Jet Studies

Accretion of gas onto a massive central black hole releases tremendous
amounts of energy.

Magnetic field collimates outflow and accelerates particles to close to the
speed of light.




AGN Jet Studies Optlcal Depth & “Core Shift”

“ . Radio core at different frequencies
The nature of the observed “core” with VLBI, | (. > v, > v3 > v, > vy)

transition region btw optically thick-thin /\
And implications on the nature of the jet 7/ \\ -1 / k
Central black hole and accretion flow A{/y 1/ \‘\ TC X V r
Z, / N\
S ,-/ / N\ Blandford & Konigl 1979
/’_//’/ // / \‘-.
,-'/,I/-'/- / 3 / \-\
~ {// / / \
A 4 v
o / \ 2.3 GHz
o A 8 GHz’ 2
V4
Vo
P ~0.4 mas >

- - €

:rc(l’s): ' ' o ) CB] (SE Q')O

E re(va) : : 7'5(7 )= C(G’)J\'] 77.- nlem+n—1),,e+l °

R e N ! LTMe 7 vV
refva) |

_ Core Shifts convey information on physical parameters in the jet region
5 Higher Frequencies probe the innermost regions of the jet

High precision astrometry required because core shifts smaller (= SFPR)



AGN Jets — Measured “Core shifts” in M87
| | | | |

| |
M87 Q 0.20x0.45mas -
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AGN Jets — Measured “Core shifts” in M87

| Spectral evolution of core positions vs. frequency follows predictions of BK

ma7 /\ U.Lt.}z( V.45 as \/ _\' "0 2 ' ' ' Apr82010 —e—i
/’ .:I ( “\‘3 \ . Apr182010 —e— |
1.5 H \\6/ o \ ' 7 (V) o v—0.9410.10
\ \:I . / R.A.

~_/

Jet is a smooth flow,
Physical conditions and
equipartition sustained
along the inner jet
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- Event Horizon Telescope

ALY LLLENNNI  “How to hunt for a black hole with
e cven orizon lelescope aims 10 revea € edage or a blac ole. ese a telescope the Size Of the Earth___ 13

bjects are surrounded by accretion disks: swirling masses of matter that
piral inwards. Anything that falls past the event horizon disappears from
iew because light cannot escape from inside that boundary.

VLBI with ALMA
A~ 1mm; Resolution ~ 35 uas

Event horizon

UNEVEN HALO

Radiation collected by the Event Horizon Telescope could resemble
this simulation of light bending around a black hole. One side
appears brighter because more of the radiation is shifted towards
Acc the observing wavelengths.

Lensed light from
the accretion disk

£ <<
Light moving

towards Earth
appears brighter

Light moving
away from Earth
appears darker

enature



)  Astrophysical Applications

=

Masers and VLBI.
Extragalactic and Galactic

To measure geometric distances, BH masses, cosmology...




NGC 4258: The Maser Disk Archetype

&)
H,O masers in edge-on
accretion disk

Orbit speed from Doppler
shifts of masers, from
single VLBI epoch

Transversal motion across

the sky from multiple
VLBI epochs of obs.

V

Vrot

8 - - -

galaxy

H,O Megamasers in
Active Galactic Nuclei

_ NGC4258 — Best evidence of a BH (extragalactic masers in accretion disk )



~~ VLBl imaging determines positions of maser components 0.5y

(wa’rer masers in edge-on accretion disk)

DISTANCE

V. = (G M/R)1/2

k

(‘

= Orbital velocity / Transverse Angular velocity

1500 7\
[ LY
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~ 5
£ >
X ~N
3 L
8 50[]:
T) : m;-]’l;llllll-ﬁ %es
> I - b‘lS%/
oc L -
wn i \\\GC‘ 7
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B 4m4-| |-"-¢ l. * -
50 F 04 Veg 20 : -
Ll b Db b b b b G B L T

HHENEVHEEEEEUEBEE D

g8 765432101 23445867-34

Distance along major axis (mas)

10,000 ly

Central mass = 3.6 x 107 solar mass (Miyoshi et al. Nature 373, 127) (size < 0.13pc radius)
Distance = 7.2 = 0.3 + 0.5 Mpc (Herrnstein et al. Nature 400, 539)




T using the technique pioneered on the nearby galaxy NGC 4258...

Extragalactic Maser Surveys:
Megamaser Cosmology Project (MCP)

The MCP is a multi-year VLBA “Key Project”

With the goal of determining H, precisely (better than 3%) by

measuring direct geometric distances to circumnuclear H,O megamasers in

galaxies well into the the Hubble flow (at distances 50--200Mpc).

UGC 3789
V - Ho D i 0.5 \ ) by .
§ 0.0} ® ;i
5
.g 0sl LY 3 3000
) 0.1 h 2500 N\
HO = 69.3 -l_- 4.2 km/S/MpC 10 O‘ISEastOf(‘?s.gt(mas)ro‘.5 o 71‘.0 Im;igtpargﬁeter(()rfas) 1i0
Current estimate (from 4 sources). oo
. . 0101 UGC 3789 3
Expect to achieve ~4% total uncertainty next year 5 ot
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https://safe.nrao.edu/wiki/bin/view/Main/MegamaserCosmologyProject [N




Astrometry is the most precise way to Measure Distances

mase{ source




3D Structure and Kinematics of the Milky Way
Tf‘iﬁ/fj:bmo’fric Parallax - Measure Distances

JU (mas)=1/D (Kpc); 10 Kpc away, Parallax 0.1mas =100 micro-as



Parallax for W 49N H,O masers

=907 uas (D=11.1% 0.9 kpc)

0.2 T r
Total Motion | Total Motion Only parallax
4 - i -
2010 Mar 13
2 |- - 0.1
2| -
“wn
(] ~ ~
E 3 20
" g g
g - -
"a" o -1 8 0 4 8
5 S S
5 -0.1
iz
-2 | N -
\
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-2 I . 2 Jf-o0z2
2011 Apr 18
—4 -
L 1 L L 1 -0.3 L 1
2 0 -2 2010 2011 2010 2011
East Offset (mas) Epoch (years) Epoch (years)

Red: East Offset Zhang+ 2013

Blue: North Offset



CRAR))  Major “Key Science” Projects for VERA and VLBA (BeSSeL survey)

72 Mapping Spiral Structure
I

| « Parallaxes: ~170 parallaxes for
massive young stars

|« Arms assigned by CO 1-v plot

10 =

1+ Tracing most spiral arms, eqg...
, Outer arm traced

: Perseus arm “gap”

| Local arm significant

< or
(oW
=

>

need southern paralla

Starting | < Inner, bar-region is complicated

“BeSSeL South”
using AuScope

] Reid et al. 2016
| Honma et al. 2012

—5 F

U N
5 10 15

X (kpe)

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




\@ﬁ The Milky Way' s Rotation Curve

300 : : ———
j % Revised IAU recommendation:
250 L -
" . iiﬁi?ﬁﬁg%g E-{r#j‘i{j <——— ©,="~240 km/s and nearly flat
200 | }@ - : ) : : b based on 3-D motions and
~ [ % T “gold standard” distances
‘V) // %
E 150 - //’ —
- / % Sun’s location
100 - i
Replacing
20 r Gunn, Knapp & Tremaine (1979)
for a flat rotation curve...
OO | | | | 5 | | | | 10 | | | | 15 | S|Ope:®O: 220 km/s
R (kpc)

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




e REVISING DISTANCES

: Kinematic distance »
. IRAS 05168 with VERA @
i VLBI cbsarvation - e

Quter arm _
5 e / s Ki ic Di 6.08 K
Perseus arm iInematic Distance 6. PC
T S
S0 .+ "wseTas. . VLBITrigonometric Parallax 1.88 +0.2 Kpc
— Sagittarius-- - SH g0 o
P Carina am__ 't;‘ » TR
-5 Scutum-‘f : ..‘ + +
Crux; arm R A
i
-10 P
-10 -5 0 5 10
X [kpc] (Sakai et al, 2012, VERA H,0 Masers, 22 GHz)
PhVSicaI Parameter Kinematic distance of 6.08 kpc (Molinari et al. 1996) Our parallax measurement of 1.88 kpc
Virial mass (M) 2.4x10° 7.4x10°
LTE mass (M) >12x10% >1.1x10°
Q‘=ﬂ'f\-ir / Aff];[‘}_f, 0.2 0.7
Bolometric luminosity (L) 17,130 1638
Spectral type B0.5* B3*
(.

* Panagia, 1973.



(= REVISING DISTANCES

; Kinematic dislance o
: |RAS 05168 with VERA
VLBI cbservation - e

Outer arm :
5 u i:r

Other cases:
» Star Clusters “Pleiades Distance Controversy”, 8.4 GHz uly sources,
VLBA+GB+Arecibo+Eff
Hipparcos parallax 120.2 £1.5 pc vs. VLBI parallax 133.5 £ 1.2 pc
(Melis et al. 2014, Science)

RELEVANCE:
» Model-independent distance =» massive revision of physical parameter
» Distance to prototypical cluster = underpin stellar population studies.

Physical Parameter Kinematic distance of 6.08 kpc (Molinari et al. 1996)  Our parallax measurement of 1.88 kpc

Virial mass (Mg) 2.4x10° 7.4x10%
LTE mass (M) >1.2x10% >1.1x10°
(ﬁk:.'\'f\-gr ﬂf];n-; 0.2 0.7
Bolometric luminosity (Lg) 17,130 1638
Spectral type B0.5* B3*

*Panagia, 1975.



(A Summar
&) ’
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VLBI: Presented the basics: connected array — taken further

Challenges:

* Everything needs correcting for - all the time
 Atmosphere, Etc

* Different regimes, different solutions

Methods with Wide applicability — at all frequencies
* High Angular resolution (mas) with Self Calibration
* precision astrometry (uas) with Phase Referencing, SFPR, MV

Examples:

* Probe AGN radio jets, and movie of SN expansion

* Black Hole shadows

e Distance and mass of BH, dynamics of accretion disks
* Cosmological implications, determine Ho

* Parallax distances| 3D structure of M”ki Wai



