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Difficulties of astrometry at High Frequencies

Impact of multi-channel receivers of KVN on astrometric
Studies using Source Frequency Phase Referencing (SFPR)

Examples of SFPR observations
(VLBA @ 86 GHz; KVN vs VLBA @ 44 GHz; KVN @ 132 GHz)
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; . PHASE STABILITY - ATMOSPHERE

Qso (or “Phase Differences Fluc'rua'rlons")
{} , N

Incoming wavefront... C\)‘&P‘

Wavefront ~' M{—,"Q‘ .,aphere
W
( PROPAGATION MEDIUM Xoﬁ of 5
e
Q\,\E?&'/ N\ .. after atmospheric Distortion

AW
O _—
Q5 ™ U Effect amplified at higher frequencies
N

\_/ “Phase” changing with time

Extra Delay (T) => Extra Phase (®)

D(t)=2nvVvT




ALTERNATIVE TROPOSPHERIC CALIBRATION IN MM-VLBI

NS4

Conventional PR: to a calibrator source

(requirements difficult to meet)

fast
43 == 43 GHz Different

. . source

»>  Observe at lower band (e.g. 21.5 GHz)

: Dual-frequency PR: to a lower frequency
>  Apply (scaled) to higher band (e.g. 43 GHz)

- 1 fast Same

source

(Rioja & Dodson+, 2009, 2011,

I Korea Astronomy
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ASTROMETRY with Phase Referencing

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

STRATEGY:

Use analysis of interleaving observations
of reference source as a GUIDANCE to
calibrate out PROPAGATION MEDIUM
contributions in target observations.

Different observing times, different line-of-sight

Telescope Switching matches
WEAK SOURCES O Tropospheric coherence time.

ASTROMETRY ‘ i —



ASTROMETRY with Phase Referencing
43 Ghiz i the Upperbound frequency for PR

PR @ 43 GHz ~2deg,
\
Bright Reference

/
In VERA observations, with

Dual-beam, there is the calibrator
Issue.

Different observing times, different line-of-sight

; ; Telescope Switching matches
WEAK SOURCES O Tropospheric coherence time.
ASTROMETRY




// ALTERNATIVE APPROACH FOR TROPOSPHERIC

\\ (non-dispersive) COMPENSATION _
“fast-frequency switching”

PR @ 43 GHz ~2deg @ 22/43 GHz

Bright '\ s Target Source

Source (O  Weak Target rget Source

WEAK SOURCES O
ASTROMETRY

ASTROMETRY

; >/ /
Different observing times, SAME line-of-sight
WEAK SOURCES : f




/¢ ALTERNATIVE APPROACH FOR TROPOSPHERIC
& (non-dispersive) COMPENSATION _

BETTER SIMULTANEOUS!
HIGHER FREQUENCIES OK

T Target Source

time

SAME observing fimes, SAME line-of-sight

Superior Tropospheric Calibration!

Multi-Channel KVN receivers _ ———s&oy: | m#],., ]
AU Aal ®™E 1T A
WEAK SOURCES L[ >}f\]w-//4¥“j'—* L y\] o




(TWO FREQUENCIES, ONE SOURCE)

Target Source {}

@low freq.

A =0 aceo * Patro + Pajon T Panst + 27N,

I Korea Astronomy




(TWO FREQUENCIES, ONE SOURCE)

Target Source
@high freq.

Oa =0 aceo + Patro T Paton Tt DA NsT FPA sTRT 27TN,

I Korea Astronomy




Target Source {}

@low freq.

(TWO FREQUENCIES, ONE SOURCE)

If Fast-Freq-Switching

Temporal Interpolation ONLY

B

time

VERY IMPORTANT:

1) Duty Cycle Matches temporal scale
of Instabilities, for successful temporal
interpolation.

If Simultaneous Observatons:
NO Interpolation = NO errors

BETTER ASTROMETRY!




BETTER SIMULTANEOUS!

HIGHER FREQUEN -~

Target Source
@low&high freq.

R =v/v, integer
Fast
ot (I) A, ION ¢A,STR'1' 27N,

R¥¢, = R¥® A gro T Patro + Paton+ Panst + 27TN,)

EO

Non-dispersive Errors:
Gatro- R*Pprro =0 l
¢A,GEo -R. ¢A,GEo =0

Dispersive Errors:
¢A,|0N -R. ¢A,|0N = (R-1/R) * ¢A,ION I

KVN Multi-Channel Recelver Optical Bench
[ — -
N ol

e
- 00 -
™ L2
” . - 1260 '’ 1100
oo Zvm (c/"
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7 2nd step: ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)
|c|' (2 frequencies, 2 sources)
N2

WEAK SOURCES O SFPR: Rioja & Dodson 2008,2011
ASTROMETRY O

Target Source

Fast Slow Slow

+ O 10Nt PansT TOa sTRT 27TN,

KVN Multi-Channel Recelver Optical Bench

e 1




2" step: ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)
|é (2 frequencies, 2 sources)
N

WEAK SOURCES O

ASTROMETRY O

S

O Cveral 4
Target Source (W)K _

e

ASTROMETRIC ALIGNMENT BETWEEN FREQUENCIES!

pe—a

% %"' Op1on + O insT HPp sTRT 27N

KVN Muiti-Channel Recelver Ltlcal Bench

¢A,ION ¢B,ION =0

¢A,|NST' ¢A,INST =0




7 2" step: ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)
ICT (2 frequencies, 2 sources)
N

WEAK SOURCES )

ASTROMETRY O -
SFPR
O €very|
Target Source degr ees Ok c




7 2" step: ASTROMETRY with Source-Frequency-Phase-Referencing (SFPR)
ICT (2 frequencies, 2 sources)
N

WEAK SOURCES )

ASTROMETRY O

S

O w-2CVera)
Target Source (W)K C p— I

>
> time
Several minutes
KVN Multi-Channel Recelver Ltlcal Bench R _________________________
>




Examples of SFPR measurements

\_/J - M87: Core-Shift Measurement between 43 and 86 GHz

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

CONT: 3C274 IPOL 86425.334 MHZ 3C274-MK.ICLN.1

1.0

VLBA
Fast Frequency Switching (Duty cycle 1min)
Between 43/86 GHz
: NN 2\ SFPR-ed map:
43 uag\ W _/ First empirical demonstration.
\J
-0.6 O
-0.8 m
N a Flux Recovery ~ 30%
10 os MilIARC SEC o0 (Quality of prop. media compensation)

Center at RA 12 30 49.42338096 DEC 12 23 28.0438299
Cont peak flux = 1.5002E-01 JY/BEAM
Levs = 1.500E-02 * (-3, 3, 6, 9)

(Rioja + Dodson, 2011) Limit of high frequency for fast freq switching




OUTCOMES OF SOURCE-FREQUENCY-PHASE-REFERENCING

~
&

ENABLES, AT HIGH FREQUENCIES:

HIGH PRECISION CHROMATIC ASTROMETRY:

Bona-fide astrometric alignment of multi-frequency images
(e.g. for spectral index studies, core shift, molecular transitions
spectral line...).

Ultimate precision, given by resolution.

&
HIGH SENSITIVITY=» Weak Source Detection

Slow switching OK
Several Degrees away OK



Examples of SFPR measurements

| KVN vs. VLBA :

\ VERIFICATION OF SFPR Astrometric CAPABILITY AT 22/43 GHz _
- R B ~— s ! !
T KvN NoStr : :
: ? — Obs. date
80p 1 f /,« ..... ove e ==UURRNU Y NUUUUUURTO SUUPOUUURRRUON SUPIURRRRNY April 2013
g0l - : 5 WD AP TS | CRSS R — ]
sof 1 | N B i
20} 5 .......... i
0
KV¥N HRMap
-20 _v .......... v ...... —E ~LEA-HRMap: - ................... ................... ....... N P .
P ETEEEE T S : : :
65 L
L)
A0 1 ) i A VLB4 Short
100 50 0 -50 -100 -150 -200

(Rioja, Dodson + KVN Team, 2014)

VLBA-sh beam: 2.1 x 1.6 mas, PA=58 deg
KVN beam: 3 x 1.5 mas, PA=90deg




. VLBA Hybrid map VLBA Hybrid map
[/\ 0854+213@44GHz 0854+213@44GHz

ICRAR .
\ ' Convolved with KVN beam
KVN SFPR-ed m a P PLot file version 1 created 12-MAR-2014 16:16:45

CONT: 0854+213 IPOL 44035.177 MHZ 0854 44 AJ.ICL001.1

0854+213@44GHz o e
6 u: , 2? , , \:\'J Q |
Yo . ) R * 1 PLot file version 1 created 12-MAR-2014 23:07:19
& 'CONT: [0854+213 IPOL 44035.177 MHZ 0854 44UR AJ.ICL0O1.2
e, i ¢ | ‘ | |
o \ \L\ ) 4 + N rors ,
PLot file 1 0854+213 @ 44 GHz 2k RN o O€ ev
. g o0 iy PSRRI G urc —
: 0y x SO
3 05 B ﬁS\/f\\;‘\ n
g g0 dom\“o 0 \
2 — =l '(‘e '('fo\’° I N
P ’(S \e @ "~ ———
1 e Eg‘{ec N,SCO A ]
— DL FIE G @ SN
g d\“g \'\h o o - (] y
o B e ENIEN N SRRy YR
’(\'uC* a 5oVY 2" E ;. 7 \(K — 7
= . o v 0 | —
= 5 _\ “de W \ ° I IR T & 1 A 7 j\%&é@%ﬁ/J
2 e* ¢ ¢ ZMilliArc seconds 4 ® o1/ RYAVERd
%or Center at RA 08 56 57.24476088 DEC 21 11 43.6582899 -2 /’U"\
Cont peak flux = 1.0571E-01 JY/BEAM
3 | Levs =2.114E-03 * (-1, 1, 2, 4, 8, 16, 32, 45, o]
64, 90, 128, 190, 256, 330)
& S - ? ;
-4 \_// ’
— B jay
-5 f
4 3 2 ns 0 - 2 3 - 4 3 2 1 0 -1 2 -3 -4
MilliArc seconds -
Contcak it = 3 3576E-01 N/BEAM | || 26582900 Center at RA 08 56 57.24476088 DEG 21 11 43 §562699
Levs = 2.036E-03 * (2, 4, 8, 16, 32, 60, 66, 71, Cont peak flux = 1.3904E-01 JY/BEAM
80, 90, 100) Levs = 2.781E-03 * (-1, 1, 2, 4, 8, 16, 32, 45,

49, 64, 90, 128, 190, 256, 330)

Offset ~ 170 micro-as in both cases

Flux Recovery VLBA 88%; KVN 94%

Korea Astronomy
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o Examples of SFPR measurements

Latest SFPR results on sources from Polar Cap sample with KVN
~ 1803+784

i
I
!
i Triangle 1
------------------- SARLIIIILL SRTILILLEE TIETLLEL Triangle 2
o o
~ | | ' |
I I ! I
______ 20074777 oo e
I I i I
i i i i KVN full operational:
i : | i 22,43,86,129 GHz
--------- B, AU R
i 1928+738 | E
i E | E Obs. date
- - ' - March 2014
--------- R S S
0 0 0
| | i 18074698
l 1842+682 | l
_________ _l__________:L_____.’.__i__________:L________

:ﬁ:l Korea Astronomy
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N Examples of SFPR measurements
/N
éRA% Latest SFPR results on sources from Polar Cap sample with KVN
&Y
1803+784
i i 8
| | : '
I I : !
i i : i Triangle 1
--------- AL TIIIITILLL SRREEEL o2 o AALLLLLL Triangle 2
: : :
: o /]
| | : |
______ 20074777 b
I I : I
i i i 8.6° KVN full operational:
i : | i 22,43,86,129 GHz
_________ .:_________‘.________.{_ A N ——
| | : |
: 1928+738 l !
| | |
! l l
_________ | N S N B
1 r .
E ! 18071698
| | i
i
_________ _}_______1_8_{%+682
i

::‘: Korea Astronomy
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N Examples of SFPR measurements
//’x :
ICRA% Latest SFPR results on sources from Polar Cap sample with KVN
N\
1803+784

Triangle 1
_________ 3-L0--o mmm————es Triangle 2

20
@

i
I
i
_=
l
: KVN full operational:
i 22,43,86,129 GHz
......... ASSRUUSP SN A W —
: 1 KVN Obs.:
: .
i 192;3+738 Duration 8 hours
: : 3 min scan/source
_________ B N S—
I 1
N N
I i
i i
e
_________ L. 1842v682
0

::‘: Korea Astronomy
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/¢§ FPT analysis — “2-frequencies”
\""J) Residuals increase with R, for a given v, (22GHz)




22 GHz, raw 'y . ies”
3 P HK 00 g % <3 x

AN

for a givenv,, (22GHz) .

23 1/88 1791 1782
TIME (HOURS)
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-2014 11:48:42

D 83-0CT
TIME (HOURS)

93-0CT-2014 11:48:42
VECT AVER

TIME (HOURS)

VECT AVER

TIME (HOURS)

AWOKWWO



[ < FASMOOH —THMIOK X o -
: R 32 * bl «
[%e% & S

x

X
b
B s A e,

1/84

BEE Soaca Bexx b4

v eoNNC %

x X XX X K RGO | —
Ex XX mm 2 W wommsam *

T e o A e DM

x ?«5&?\% % wx Fohdooit | S

T x| ™ -

VYECT AVER

-0CT-2014 11:48:42

1780
TIME (HOURS)
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~— FPT analysis — “2-frequencies”
") Residuals increase with R, for a given v, (44 GHz) _

44-)88, x2
44->132, x3

D

Korea Astronomy
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/p SFPR analysis —

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

“2 sources” 1), 2)




SFPR analysis — 132 GHz with 43GHz: 2007+777 (ref 6.3°away)

bR L L TIME FOR 2007+777.D CL1S.1 VYECT AVER. CL # 3

AN 1 STK LL

T ™%
PLOT FILE VYERSION @
CONT: 2087+777

ORDHrTH

wmmoOme

mw

WEZOO

[e|

6

23 1/60 1
TIME C(HOURS> CENTER AT
% x o X ~ CONT PERAK

SO L i
é?’Ax §§§§§§ o < -
x

SFPR-Map of 2007+777 at 132 G
Peak Flux ~ 61 mly

85-90% recovery flux
Astrometry ~ (0,50) uas

T
KU-KY (2-
. =

'}5?‘; ~ | 2007+777 (ref source 6.3° away)
: No direct detections at 132 GHz

1,806  1s,81 1-82 1,83
TIME (HOURS)
Korea Astronomy
and Space Science Institut:




ommoome

SFPR analysis — 132 GHz with 43GHz: 1842+681 (ref. 11° away)

X
x * **
x

x
% % % x
x5 Sk X
XXX X X * X}X
o

% X
0 X «
x ' x %

| X

VERSION @ CREATED 24-SEP-2014 18:05:30

IME FOR 1842+681.D CL15.1 VECT AVYER

STK LL

PLOT FILE 3 ©@ CREATED 24-SEP
CONT: 184 0 +11 HZ

T
KU-KY (2-3>

X X
s o
‘ééﬁ&% R “%é%
% T ¥4 %
x

X X

£
Wi £330
xx

1 1

23 1788 181 1s82 1783 1784
TIME (HOURS)

23 1788
TIME (HOURS)

CENTER AT RA
CONT PEAK FLU
5.4

Peak Flux ~ 100 mly
85-90% recovery flux
Astrometry: (-219,144) uas

1842+681 (ref source 11° away)
No direct detections at 132 GHz

Korea Astronomy
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Coherence Studies using KVN Observations, for:
FPT (single source, 2 freqs) & SFPR (two sources, two fregs) analysis

Coherence Measurements at 129 GHz

- 110 M FPT
< B SFPR
>
S 90 e ) ®
&
v e 8 hours
S 70 | @20min
L
x 60% W NN NN NN NN RN SN EEN NN SN SN BN SN NN BN SN SN BN NN RN SN SN BN NN NN NN SN SN BN NN BN BN SN B BN BN BN B
O
o 50
N o
]
30 (
0 100 200 300 400

Time (minutes)

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

I Korea Astronomy
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The quest for largeST angular resolution (=highEST astrometric accuracy):

L
o
W o '/
2| A Global "Multi-Frequency” mm-VLBI array
= —
o 1Auqg.-2014:
< France L R ‘Jﬁ”’ 23 *-.\H“ . g 20 4
i T ; Simultaneous
— - : G'M‘_ﬁ X 7.' Turkmenistan - — ‘. 4 13/7mm
w“ Mediterranean - ‘.sziaﬂ = - 9 OOOkm China E&)
Sea o] e Afghanlstan B North
; Paklstan 3 T ,f{?f I—;)accei ; In c
) E"‘?"l"?‘i’ ( = India <
} : ‘ Nigeria RT Medjmolh%g Aﬁn i
NOV GMZQJs & “ Sudan tge e -
S I+ M u It] fgﬂg dmalla Malaysia .
13"/“7“ aneous éah‘zaf}"m?a” Observations with KVN | e 0 0
| by end of 2014
Angola —Zamblar Moza s 7’900km
Namibia . Zir_nbabwe 3 e Coral Sea
Botswana~ gazeRr ,Once’gr? . i
i A Sept. 22nd 2014:
Matches expected 86 GHz, O, ~ 70 uas , Simul’raneous 7/3mm
Size of BH shadow |« 129 GHz, O, ~ 45 ua (“sub- czxe:n:ay reallza’rlon
for M87, SgrA* Coherence Time of Hours!! |

o
| E — Techniques relevant for ALMA (long baselines)
L




C) SUMMARY

SFPR: Very robust method for (sub)mm-VLBI

Provides benefits of PR to the highest frequencies

Enables “chromatic” astrometry & Increased coherence time

lo
Simultaneous multi-freq observations vs.frequency switching:
Much better performance

More effective use of observing time

Demonstration of SFPR at 132 GHz using KVN

Long baselines planned for near future




