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\Qj Overview

How and when does one get high accuracy (~ was) astrometry?

e Sample of Astrophysical Applications of precise astrometry in a
variety of fields

* Alternative Calibration Methods to open a new window into
astrometry

e Astrometry with the Korean VLBI Network (KVN) up to 132 GHz.




VLBl NETWORKS General Purpose

Highest Frequency Astromet

»

. k. "8 VLBA Very Long Baseline Ar
- - <~ 86GHz

EVN: European VLBl Netwo
<~ 22GHz _

~

Astrometry i N Korean VIR
22/43/86/129 G

VERA VLBI



ASTROMETRY with Phase Referencing

@ 22 GHz
~1deg,
Bright Reference
Source AIM: Isolate geometric signature
in interferometric phase

STRATEGY:

Use analysis of interleaving

Observations of reference source as a
GUIDANCE to calibrate out non-geometri




1)Very Close Calibrator 2) Improve “a priori” model

- CURRENT BEST PRACTISE
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 VSOP @ L-band: 14, 33,
- Guirado et al 2001
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- CURRENT BEST PRACTISE
&)

1)Very Close Calibrator 2) Improve “a priori” model
o 22 GHz
“in-beam” - Limited Y Wider 8 o
, Application ATC"> Application /
i | Advanced
Error Obs. Freq . Tropospheric
- Ang.Sep. 33” Calibration
TROP Moderate Freq. Dilution factor 10* |Reid & Brunthaler 2004
R ~10 micro-as Honma et al. 2008
ION  Low Freq. Ty L-band

5‘:‘:’100 micro-as

Orbit  Space VLBI

 VSOP @ L-band: 14, 33,
- Guirado et al 2001

Porcas&Rioja 2000




- CURRENT BEST PRACTISE
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- CURRENT BEST PRACTISE
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1)Very Close Calibrator 2) Improve “a priori” model
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Just for fun....

Looking at references in Reid & Honma, Annu. Rev. Astron. Astrophysics, 2014

Time Interval # Pub. # Pub./year

-- 1990 24
1991 - 2000 24 2.4 [ year
2001 --2010 99 9.9 / year
2001 -2005 26 5.2 [ year

2006 -2010 73 14.6 / year
2011 -2013 63 21 / year




\&) Annual Trigonometric Parallax, w

nt (mas)=1/D (Kpc); 10 Kpc away, Parallax 0.1 mas

PARALLAX DISTANCE IS THE “GOLDEN
STANDARD” OF DISTANCES.

Direct and geometric method, with no
assumptions about luminosity, extinction,
metallicity, crowding, etc.

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



7N 3D Galactic Structure and Kinematics
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Parallax Measurement for WW3(OH)

~

Optical Photometric Distance 2.2 Kpc
Kinematic Distance 4.3 Kpc

7 =0.512 * 0.010 mas = D=1.95%0.04 Kpc, CH;OH masers, VLBA, Xu et al. 2006
H20 masers, Hachisuka et al. 2006
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Using Least Squares minimization estimate the standard 5 astrometric
parameters: 1 Parallax, 2 position, 2 proper motions




(;) W 49N — record distance

D =11.1+0.8 Kpc, H,O masers, VLBA
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\C) Galactic Structure

Y (kpc)

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

T T T T T T T T T T T T T T T T T T T T T T

15

10

Reid et al 2009
Honma et al 2012
Reid et al 2014

=» Honma’s talk tomorrow




Q) Galactic Structure

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

T T T T T T T T T T T T T T T T T T T T T T T
' A

RELEVANCE:
Map the spiral structure of our Galaxy and to determine fundamental
Parameters, such as the rotation velocity and distance to the GC.

. | Reid et al 2009
0F 41 Honma et al 2012
' | Reid etal 2014
| . : - = Honma'’s talk tomorrow
-5 0 5 10 15
X (kpc)




N High Mass Proto Stars — Outflow/Disk
@ﬁ igh Mass Proto Stars — Outflow/Dis
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D = 1.64%0.05 Kpc, H,0 masers (jet)/CH,OH (disk), VLBA/EVN

Parallax, attemp to measure/separate jet motion from star motion using CH,OH (disk) and
H,O masers (outflow)



N High Mass Proto Stars — Outflow/Disk
@j igh Mass Proto Stars — Outflow/Dis

: IRAS 20126+4104 Vien |
b or km s
- 8 —23.8
R A BN R Y
East Offset (mas) ’
-17
\ \ A§ s -14.8
T Sak -125
0.5 /\]ﬂv”%\\ l §,§7 i -103
RELEVANCE:
Doppler Shift + Astrometry =2 3-D picture of velocity field
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Parallax, attemp to measure/separate jet motion from star motion using CH,OH (disk) and
H,O masers (outflow)



e REVISING DISTANCES

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

Quter arm _
5 e / s Ki ic Di 6.08 K
Boianue am_ iInematic Distance 6. PC
S0 .+ "wseTas. . VLBITrigonometric Parallax 1.88 +0.2 Kpc
— Sagittarius-- - SH g0 o
S Carina arm '3;, . .
-5 | Secutum< e i .‘:‘e"-,
Crux; arm R
-10 g C.
-10 -5 0 S 10
X [kpc] (Sakai et al, 2012, VERA H,0 Masers)
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°
a=M. vir / A/IL'[‘}:; 0.2 0.7
Bolometric luminosity (L) 17,130 1638
Spectral type B0.5* B3*
-

* Panagia, 1973.



e REVISING DISTANCES

! Kinematic disiance »
. IRAS 05168 with VERA — @

Outer arm VLBI chservation e
b P

[~ 8 i

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

10 -5 0 5 10

X [kpc] (Sakai et al, 2012, VERA H,0 Masers)

Phys":al Parameter ~ Kinematic distance of 6.08 kpc (Molinari et al. 1996) Our parallax measurement of 1.88 kpc
R Virial mass (Mz) 24x%x10° 7.4x10%

LTE mass (Mg) >1.2x10% >1.1x103

O‘:fl‘f\.gr / A"fl;['p; 0.2 0.7

Bolometric luminosity (L) 17,130 1638
Spectral type B0.5* B3*
- 4

*Panagia, 1973.



e REVISING DISTANCES

: Kinematic distance
: IRAS 05168 with VERA 4§
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@ PULSARS @ L-BAND

J0218+4232 First trigonometric parallax pulsar based solely on EVN observations.

T T T T T T T T T T T T T T T T T

-8 fit without Parallax 1 L-S fit with Parallax ] . [ PSR J0218+4232
pacoséd = +537+0.05 mas/yr 1 p,cosd = +535+0.05 mas/yr ] - New VLBI distance

2 s = —3.74+0.13 mas/yr T s = —3.74+0.12 mas/yr ] Old DM distance \
o = 10792 ¥ m = 0.16:0.09 mas 3
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(Du et al. 2014)

103!

107 10™ 10% 107

Spin-down Luminosity (erg/s)

DM Distance: 5.75 kpc — 2.7 kpc .
Most energetic y —ray MSP

D = 6.3, 5 ¥ known to date.
W 1ot = 6.53 +-0.08 masyr1=195+*49 _ km s



@ PULSARS @ L-BAND

J0218+4232 First trigonometric parallax pulsar based solely on EVN observations.
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Most energetic y —ray MSP

D = 6.3, 5 ¥ known to date.
W 1ot = 6.53 +-0.08 masyr1=195+*49 _ km s



@ PULSARS @ L-BAND

J0218+4232 First trigonometric parallax pulsar based solely on EVN observations.

— - — — ———r
L-8 fit without Parallax L-S fit with Parallax . I PSR J0218+4232
m,cosé = +537+0.05 mas/yr p,cosd = +535+£0.05 mas/yr - New VLBl distance
2T s = —3.74+0.13 mas/yr T My = —3.74+0.12 mas/yr B i Old DM distance \
Voo = 1.0792 ¥ m = 0.16:0.09 mas # . A

XELEVANCE:
Distance = unique probe of ISM.
Velocities = record of SN physics and site of origin.
Popular research for EVN (slow telescope switching & sensitivity)
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Spin-down Luminosity (erg/s)

DM Distance: 5.75 kpc — 2.7 kpc .
Most energetic y —ray MSP

D = 6.3, 5 ¥ known to date.
W 1ot = 6.53 +-0.08 masyr1=195+*49 _ km s




\(@ Mira-Variables - Period-Luminosity relation

L] | J

ar VERA (weighted) Absolute distance indicator
o -———on VERA (unweighted) i
R — OB O[] vLaI (weighted)

- Whitelock et al.2008

x
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.A 25 2.55 26 2.65 2.7
H,0 Masers, FERR Nakagawa et al. 2014
Nakagawa et al 2014, H,O masers, VERA Log P
OH Masers,

Viemmines & van lancgevelde 2007



\(@ Mira-Variables - Period-Luminosity relation
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RELEVANCE:
e Accurate calibration of the first step of the cosmic distance ladder
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Proper Motion of SgrA¢|  X-ray-binaries Local Group Dynamics &
(AR “Hubble Flow...”
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Proper Motion of SgrA*
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Local Group Dynamics &
"Hubble Flow...”
,O masers in edge-on accretion disk
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CSEs in Evolved SfarstD Structure of SFR clouds Exoplanet Search/Dynamical mass
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Proper Motion of SgrA* i I;ocal Group Dxlnamics &
T H'"ble Flow...
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Local Group Dynamics &

Proper Motion of Sgra*l .y p
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Proper Motion of SgrA*
T

Local Group Dynamics &
“Hithle Flow...”
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Proper Motion of SgrA¥ i I;ocal Group D\,:,namics &
H:"hle Flow...
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Proper Motion of SgrA*
)

Local Group Dynamics &
“Hithle Flow...”
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Azulay talk tomorrow
Guirado et al.



\'/@ﬁ AGN: Multi Frequency astrometry
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\'/@ﬁ AGN: Multi Frequency astrometry
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7 AGN: Multi Frequency astrometry

&)

2112 GHz

AN 7~

RELEVANCE:

 Constrain proper motion of AGN core

 Chromatic Shift 2 Probe physical properties innermost regions in AGN
jets & Test theoretical models of relativistic jets in AGNs

 Pinpoint the location of the black hole wrt observed radio emission.
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Marti-Vidal et al. 2011  1.7-14.8 GHz VLBA (Hada et al,, Nature, 2011)

2-43 GHz
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'CRA% M87: Core-Shift Measurement between 43 and 86 GHz
o

Vector Decomposition:
Larger Scale jet M87 PA ~ 290°

Obs. 2007, M87 wrt. 3c273, 10°apart, VLBA SFPR

CONT: 3C274 IPOL 86425.334 MHZ 3C274-MK.ICLN.1
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Levs = 1.500E-02 * (3,3, 6,9) Along RA =» M87 86-43 GHz ;, ~ 30 micro-as

(Rioja + Dodson, 2011)
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\.(@} M&7: Core posmons vs frequency
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// ALTERNATIVE APPROACH FOR TROPOSPHERIC

\\ (non-dispersive) COMPENSATION _
PR @ 43 GHz -2
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Bright Reference
Source O WeakTarget
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// ALTERNATIVE APPROACH FOR TROPOSPHERIC
\\ (non-dispersive) COMPENSATION _

Middelberg et al. 2005  “fast-frequency switching”

Rioja&Dodson 2008,2011 22/43 GH
PR @ 43 GHz ~2 ioja&Dodson 2008,2011 @ 22/43 GHz

deg.
'\ Target Source
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g ALTERNATIVE APPROACH FOR
\& TROPOSPHERIC COMPENSATION -
BETTER SIMULTANEOUS!

HIGHER FREQUENCIES OK

]

Target Source

time

Superior Tropospheric Calibration!
(see poster T. Jung)

Multi-Channel KVN receivers -
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(2 frequencies, 2 sources)

KVN Multi-Channel Recelver Optical Bench
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ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)

SFPR: Rioja & Dodson 2008,2011



7~ ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)
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7~ ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)
ICF (2 frequencies, 2 sources)
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WEAK SOURCES O SFPR: Rioja & Dodson 2008,2011
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7~ ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)
ICF (2 frequencies, 2 sources)
N

WEAK SOURCES O SFPR: Rioja & Dodson 2008,2011
ASTROMETRY O
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Triangle 1
Triangle 2
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22,44,88,132 GHz
Duration 8 hours
3 min scan/source

KVN Obs.:
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Latest SFPR results on sources from Polar Cap sample with KVN
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/¢§ FPT analysis — “2-frequencies”
\""J) Residuals increase with R, for a given v, (22GHz)
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~— FPT analysis — “2-frequencies”
") Residuals increase with R, for a given v, (44 GHz) _
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/p SFPR analysis —

\"")) “2-frequencies” 44 GHz ,132 GHz
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“2 sources” 1), 2)




SFPR analysis — 132 GHz with 43GHz: 2007+777 (ref 6.3°away)
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SFPR analysis — 132 GHz with 43GHz: 1842+681 (ref. 11° away)
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Coherence Studies using KVN Observations, for FPT & SFPR analysis
NS

Coherence Measurements at 129 GHz

- 110 M FPT
< B SFPR
>
S 90 e ) ®
&
v e 8 hours
S 70 | @20min
L
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O
o 50
N [
]
20 [
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FPT for 44 GHz = 132 GHz increases coherence up to 20 min integration time
SFPR for 44 GHz—> 132 GHz, plus 11° ref source, increases coherence up to many hours
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@More KVN SFPR astrometry

Continuum:
« OJ287 — 22-43 GHz

+ (Verification of astrometry using comparative VLBA, Rioja et al. 2014)

*3C 66A & 3C 66B, 22-43 GHz

* (See poster Zhao et al.)

*Polar cap 22-43-86-129 GHz

Spectral Line:

*RLMi 22 (H,O masers) / 44 (SiO masers) GHz + relative
astrometry
(Dodson et al. 2014)




\@@5 SUMMARY

B _ Limited Wider EXTRA Wider

in-beam Application Application Application
oS
ATC SFPR o
L. (Reid+Brunthaler 2004) | (Rioja+Dodson 2011) IE
Error Obs. Freq L Ang. Sep Ang. Sep -
.~ Ang.sep33” 2-1 deg Several deg S
TROP Mod Freq. Dilution factor 10* | Freq Range: Freq Range: =
Up to Very High Freq.2 ~10 micro-as >-43 _GHZ 22 - e GHz =

I 10 micro-as < 10 micro-as
1 %] S
ION Low Freq. L S, Lband v
~ ~100 micro-as “Multi-view” I

&2 1 SFPR
Orbit  Space VL b S Ang. Sep

‘;‘:VSOP@C"— band: 14’, 33"

Guirado et al 2001
Porcas&Rioja 2000

Several deg
Freq Range:
22 - --- GHz
<< 10 micro-as

In Chinese Space VLBI era?



) SUMMARY

ATC accelerated the use of astrometry, but still limited in frequency range.
A wide range of science has been carried out with astrometry and ATC.

In addition | have presented:
New ways of doing astrometry outside of comfort zone of PR, i.e. SFPR
* - high precision astrometry with mm-VLBI

SFPR enables:
e Superior tropospheric compensation, boost array with increased sensitivity.

* High precision astrometry at (sub-)mm-VLBI
* No upper frequency limit (?)

Astrophysical applications:
* Multi-frequency studies with “bona fide” astrometric registration,

in continuum and spectral line observations.
« Weak Sources

Widely applicable, to many sources
Very effective use of observing time
Technology ready, Slow telescope switching
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