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Overview 
	
  	
  	
  	
  
•  Context	
  

•  A	
  mm-­‐VLBI	
  method:	
  	
  SOURCE	
  FREQUENCY	
  PHASE	
  REFERENCING	
  (SFPR)	
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  Outcomes:	
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  2)	
  Increased	
  SensiEvity,	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3)	
  Astrometry	
  
	
  
•  Empirical	
  DemonstraEon	
  with	
  mulE-­‐frequency	
  observaEons	
  with	
  the	
  
Korean	
  VLBI	
  Network,	
  up	
  to	
  132	
  GHz	
  

•  Work-­‐in-­‐progress	
  and	
  what’s	
  next?	
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mm-VLBI is ve
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sting! �
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Smaller	
  SEFD	
  through	
  
Huge	
  CollecEng	
  Area,	
  

INCREASING	
  	
  coherent	
  IntegraEon	
  Time	
  
Through	
  superior	
  tropospheric	
  calibraEon	
  

Improve	
  Performance	
  	
  
by	
  reducing	
  threshold	
  of	
  	
  
detected	
  flux	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  

But	
  mm-­‐VLBI	
  is	
  
challenging…	
  	
  

Limited	
  Sensi7vity:	
  
Limited	
  aperture	
  efficiency	
  
Receiver	
  system	
  temperatures	
  
Rapid	
  tropospheric	
  fluctuaEons	
  	
  	
  
è Short	
  atmospheric	
  coherence	
  Eme	
  
Sources	
  intrinsically	
  weaker,	
  in	
  general	
  

α ν	



GOAL:	
  Higher	
  sensi7vity	
  è	
  wider	
  applicability	
  	
  	
  

(ΔS)	



Coh.	
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  Target	
  	
  
Source	
  

Phase Referencing  
“trans-source” 

AIM:	
  Improve	
  performance	
  of	
  cm-­‐VLBI,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1)	
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  sensiEvity	
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  sources),	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2)	
  high	
  precision	
  astrometry	
  (micro-­‐as)	
  
by	
  correcEng	
  for	
  tropospheric	
  fluctuaEons.	
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Source	
  

Bright	
  Reference	
  
Source	
  

STRATEGY:	
  
1)Use	
  	
  interleaving	
  observa7ons	
  of	
  a	
  nearby	
  
reference	
  source	
  to	
  correct	
  	
  for	
  the	
  errors	
  	
  
And	
  then	
  coherently	
  add	
  the	
  signal	
  of	
  the	
  	
  
Target	
  source	
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  trop.	
  coherence	
  	
  7me.	
  
	
  
2)Temporal	
  and	
  Spa7al	
  interpola7on.	
  
	
  
3)Telescope	
  switching	
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The	
  applica7on	
  to	
  43	
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  below	
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linear	
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  receivers	
  

ALTERNATIVE APPROACH FOR SUPERIOR 
TROPOSPHERIC  COMPENSATION 

WEAK	
  SOURCES	
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1)  No	
  interpolaEon	
  is	
  required	
  	
  
2)  Applicable	
  to	
  higher	
  frequencies	
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R = ν / ν 	
  

φA,TRO	
  -­‐	
  R	
  *	
  φA,TRO	
  =	
  0	
  	
  

φA,GEO	
  -­‐	
  R	
  *	
  φA,GEO	
  =	
  0	
  	
  

φA,ION	
  -­‐	
  R	
  *	
  φA,ION	
  =	
  	
  (R-­‐1/R)	
  * φΑ,ΙΟΝ 	



Fast �

BETTER	
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  SIMULTANEOUS!	
  
HIGHER	
  FREQUENCIES	
  OK	
  

Non-­‐dispersive	
  Errors:	
  

Dispersive	
  Errors:	
  

φΙΟΝ + φΙΝST+	
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_	
  

φINST	
  …	
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OUTCOME:	
  	
  PRECISE	
  CALIBRATION	
  OF	
  THE	
  TROPOSHERE	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (and	
  in	
  general	
  any	
  non-­‐dispersive	
  residuals)	
  
	
  

ENABLES:	
  EXTENDED	
  COHERENCE	
  TIME	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  è	
  	
  	
  	
  	
  	
  WEAK	
  SOURCE	
  DETECTION	
  AT	
  HIGH	
  FREQUENCIES	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  è	
  	
  	
  	
  	
  	
  ASTROMETRY	
  
	
  
	
  
	
  
	
  
	
  	
  *	
  (near)	
  SIMULTANEOUS	
  mulA-­‐frequency	
  observaAons	
  required	
  for	
  high	
  freqs.	
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φA-­‐BSFPR	
  

φA-­‐BSFPR	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SFPRed	
  A-­‐Map	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  at	
  high	
  freq.	
  

FFT	
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The Quest of Astrometry… 
Source Frequency Phase Referencing (SFPR) 

SFPR:	
  	
  Rioja	
  &	
  Dodson	
  ’08,’11,’14,’15	
  



OUTCOME:	
  	
  PRECISE	
  ATMOSPHERIC	
  &	
  INSTR.	
  CALIBRATION,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  WHILE	
  KEEPING	
  ASTROMETRIC	
  SIGNATURE	
  	
  
	
  

ENABLES:	
  EXTEND	
  COHERENCE	
  TIME	
  &	
  ASTROMETRY	
  AT	
  HIGH	
  FREQS.	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  è	
  	
  	
  	
  	
  	
  WEAK	
  SOURCE	
  DETECTION	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  è	
  	
  	
  	
  	
  	
  ASTROMETRY	
  	
  (frequency	
  dependent	
  posi7on	
  shins:	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  con7nuum	
  &	
  lines;	
  registra7on	
  of	
  images	
  at	
  mul7ple	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  frequencies)	
  
	
  
	
  
*Slow	
  antenna	
  switching	
  OK	
  
*Several	
  degrees	
  source	
  separa7on	
  OK	
  
*	
  (near)SIMULTANEOUS	
  mulA-­‐frequency	
  observaAons	
  required	
  for	
  high	
  freqs.	
  	
  	
  

The Quest of Astrometry… 
Source Frequency Phase Referencing (SFPR) 
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Empirical Demonstration:  
4-band KVN SFPR observations of 5 AGNs 
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(1)	
  Outcomes:	
  EffecEve	
  Tropospheric	
  CompensaEon	
  	
  
                           FPT analysis – “2-frequencies” 

Empirical Demonstration:  
4-band KVN SFPR observations of 5 AGNs 



φΑ = φ Α,GEO	
  +	
  φA,TRO	
  +	
  φΑ,ΙΟΝ + φΑ,ΙΝST	
  + 2πnA	


φΑ = φ Α,GEO	
  +	
  φA,TRO	
  +	
  φΑ,ΙΟΝ + φΑ,ΙΝST	
  + 2πnA	



FPT	
  analysis	
  –	
  “2-­‐frequencies”	
  
Residuals	
  increase	
  with	
  R,	
  for	
  a	
  given	
  νlow	
  (22GHz)	
  

FPT:	
  22à44,	
  x2	
  

22	
  GHz,	
  raw	
  
44	
  GHz,	
  raw	
  

φΑ  - 2 * φ Α	
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R*φΑ = R*(φ Α,GEO	
  +	
  φA,TRO	
  +	
  φΑ,ΙΟΝ + φΑ,ΙΝST	
  + 2πnA)	
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(1)	
  Outcomes:	
  EffecEve	
  Troposheric	
  CompensaEon	
  	
  
                               FPT analysis – “2-frequencies” 

(2)	
  Outcomes:	
  Astrometry	
  	
  
                         SFPR analysis – “2-frequencies” & “2 sources” 

Empirical Demonstration:  
4-band KVN SFPR observations of 5 AGNs 



SFPR	
  analysis	
  –	
  132	
  GHz	
  with	
  43GHz:	
  2007+777	
  	
  	
  (ref.	
  6.3o	
  away)	
  
A)	
  2007+777,	
  FPT,	
  44à132,	
  x3	
  

B)	
  1803+784,FPT,	
  44à132,	
  x3	
  

	
  A)	
  SFPR,	
  132	
  GHz	
  

Peak	
  Flux	
  ~	
  150	
  mJy	
  
rms	
  ~	
  5mJy/beam	
  
85-­‐90%	
  Flux	
  Recovery	
  	
  

	
  A)	
  –	
  B)	
  

FFT	
  
A)	
  SFPRed	
  Map	
  at	
  132	
  GHz	
  



SFPR	
  analysis	
  –	
  132	
  GHz	
  with	
  43GHz:	
  2007+777	
  	
  	
  (ref.	
  6.3o	
  away)	
  
A)	
  2007+777,	
  FPT,	
  44à132,	
  x3	
  

B)	
  1803+784,FPT,	
  44à132,	
  x3	
  

	
  A)	
  SFPR,	
  132	
  GHz	
  

Peak	
  Flux	
  ~	
  150	
  mJy	
  
rms	
  ~	
  5mJy/beam	
  
85-­‐90%	
  Flux	
  Recovery	
  	
  

	
  A)	
  –	
  B)	
  

FFT	
  
A)	
  SFPRed	
  Map	
  at	
  132	
  GHz	
  

Bona-­‐fide	
  Astrometry	
  Measurement	
  
Frequency	
  Dependent	
  Posi7on	
  Shin	
  ~	
  (-­‐50,+50)	
  µas	
  



SFPR	
  analysis	
  –	
  132	
  GHz	
  with	
  43GHz:	
  1842+681	
  (ref.	
  11o	
  away)	
  	
  
A)	
  1842+681	
  FPT,44à132,	
  x3	
  

B)	
  1803+784,	
  FPT,44à132,	
  x3	
  

A)	
  SFPR	
  132	
  GHz	
  

A)	
  –	
  B)	
  

FFT	
  
A)	
  SFPRed	
  Map	
  at	
  132	
  GHz	
  

Peak	
  Flux	
  ~	
  100	
  mJy	
  
rms	
  ~	
  5	
  mJy/beam	
  
87%	
  Flux	
  Recovery	
  	
  



SFPR	
  analysis	
  –	
  132	
  GHz	
  with	
  43GHz:	
  1842+681	
  (ref.	
  11o	
  away)	
  	
  
A)	
  1842+681	
  FPT,44à132,	
  x3	
  

B)	
  1803+784,	
  FPT,44à132,	
  x3	
  

A)	
  SFPR	
  132	
  GHz	
  

A)	
  –	
  B)	
  

FFT	
  
A)	
  SFPRed	
  Map	
  at	
  132	
  GHz	
  

Bona-­‐fide	
  Astrometry	
  Measurement	
  
Frequency	
  Dependent	
  Posi7on	
  Shin	
  ~	
  (-­‐221,+150)	
  µas	
  

Peak	
  Flux	
  ~	
  100	
  mJy	
  
rms	
  ~	
  5	
  mJy/beam	
  
87%	
  Flux	
  Recovery	
  	
  



SFPR Astrometric RELATIVE Measurements:  
between TWO frequencies & TWO sources  
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(1)	
  Outcomes:	
  EffecEve	
  Tropospheric	
  CompensaEon	
  	
  
                                FPT analysis – “2-frequencies” 

(2)	
  Outcomes:	
  Astrometry	
  	
  
                         SFPR analysis – “2-frequencies”  & “2 sources” 

(3)	
  Outcomes:	
  Increased	
  Coherence	
  Time	
  
                          FPT & SFPR analysis 

Empirical Demonstration:  
4-band KVN SFPR observations of 5 AGNs 
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Summary�
Poten7al	
  of	
  mul7-­‐frequency	
  	
  observa7ons	
  to	
  improve	
  the	
  performance	
  of	
  mm-­‐VLBI	
  	
  

SFPR	
  enables:	
  
•  Superior	
  tropospheric	
  compensa7on,	
  boost	
  array	
  with	
  increased	
  sensi7vity.	
  
•  High	
  precision	
  astrometry	
  at	
  	
  (sub-­‐)mm-­‐VLBI	
  
•  No	
  upper	
  frequency	
  limit	
  (B2B	
  mode	
  in	
  ALMA	
  at	
  	
  ca.	
  650	
  GHz)	
  
	
  

Widely	
  applicable,	
  to	
  many	
  sources	
  
Very	
  effec7ve	
  use	
  of	
  observing	
  7me	
  	
  
Technology	
  ready,	
  Slow	
  telescope	
  switching	
  

	
  
Empirical	
  Demonstra7on	
  with	
  KVN	
  observa7ons	
  up	
  to	
  132	
  GHz:	
  
First	
  7me	
  astrometric	
  measurements	
  made	
  at	
  130	
  GHz	
  
Coherence	
  7me	
  extended	
  to	
  20	
  minutes	
  (FPT)	
  or	
  greater	
  than	
  8	
  hours	
  (SFPR)	
  
	
  
Astrophysical	
  applica7ons:	
  
•  MulE-­‐frequency	
  studies	
  with	
  “bona	
  fide”	
  astrometric	
  registra7on,	
  
	
  	
  	
  	
  	
  	
  in	
  con7nuum	
  and	
  spectral	
  line	
  observa7ons.	
  
•  	
  Weak	
  Sources	
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Network:  International Baselines (KVN Pilot Project) (Tuesday morning) 
 (long baselines highly desirable for increased astrometric precision, resolution) 
 
Engineering: Possibilities for (near) simultaneous multi-frequency obs.  
                      (mid Tuesday) 
 
Analysis: ICE Blocks for ionospheric calibration (alternative to SFPR)  
                       (today) 
  
Unique Science Drivers (today): 
AGNs, Evolved Stars / Star forming regions, weak sources. 
 KVN applications to spectral line studies  
 
 
 
 
 

Work in Progress – What’s next? �

Leading to General discussions  with a forum of engineers and astronomers  
 “How to establish a European Multi-Frequency Observatory” 
                       (end Tuesday) 
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                                   END 


