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OutlineOutlineOutlineOutline
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AstrometricAstrometricAstrometricAstrometric potentialpotentialpotentialpotential ofofofof VLBIVLBIVLBIVLBI

• GeometricGeometricGeometricGeometric timetimetimetime delaydelaydelaydelay

c c c c ττττgggg = d = d = d = d coscoscoscos θθθθ

• Variation of time delay with Variation of time delay with Variation of time delay with Variation of time delay with 
source direction:source direction:source direction:source direction:

∆τ∆τ∆τ∆τgggg = = = = ---- ((((d/cd/cd/cd/c) sin ) sin ) sin ) sin θθθθ ∆θ∆θ∆θ∆θ

=> => => => ∆θ∆θ∆θ∆θ = = = = ---- ((((c/dc/dc/dc/d sin sin sin sin θθθθ) ) ) ) ∆τ∆τ∆τ∆τgggg

• A change of 10% of a wavelength A change of 10% of a wavelength A change of 10% of a wavelength A change of 10% of a wavelength 
is easily detectable at correlationis easily detectable at correlationis easily detectable at correlationis easily detectable at correlation

∆τ∆τ∆τ∆τgggg = 0.1= 0.1= 0.1= 0.1λλλλ / c/ c/ c/ c

=> => => => ∆θ∆θ∆θ∆θ = = = = ---- (0.1(0.1(0.1(0.1λλλλ / d sin / d sin / d sin / d sin θθθθ))))

AssumingAssumingAssumingAssuming::::

d=5000 d=5000 d=5000 d=5000 kmkmkmkm
λλλλ= 3.6 cm= 3.6 cm= 3.6 cm= 3.6 cm

∆θ∆θ∆θ∆θ = 0.14 = 0.14 = 0.14 = 0.14 masmasmasmas/sin/sin/sin/sinθθθθ

���� directions theoretically measurable by VLBI to ~ 0.2 directions theoretically measurable by VLBI to ~ 0.2 directions theoretically measurable by VLBI to ~ 0.2 directions theoretically measurable by VLBI to ~ 0.2 masmasmasmas

θθθθ

ττττgggg

dddd
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AstrometricAstrometricAstrometricAstrometric VLBI observables (1)VLBI observables (1)VLBI observables (1)VLBI observables (1)

• Phase Phase Phase Phase delaydelaydelaydelay

ττττφφφφ = = = = φφφφ////ωωωω φφφφ = fringe phase = fringe phase = fringe phase = fringe phase 

ωωωω = 2= 2= 2= 2πνπνπνπν
νννν = frequency (e.g. 8 GHz)= frequency (e.g. 8 GHz)= frequency (e.g. 8 GHz)= frequency (e.g. 8 GHz)

•ΦΦΦΦ only known modulo 360only known modulo 360only known modulo 360only known modulo 360°°°° ���� ττττφφφφ ambiguousambiguousambiguousambiguous

•Interpretation of the phase requires Interpretation of the phase requires Interpretation of the phase requires Interpretation of the phase requires resolving the inherent resolving the inherent resolving the inherent resolving the inherent 
ambiguityambiguityambiguityambiguity (i.e. determining the number of phase cycles)(i.e. determining the number of phase cycles)(i.e. determining the number of phase cycles)(i.e. determining the number of phase cycles)

•Prediction of the number of cycles requires a Prediction of the number of cycles requires a Prediction of the number of cycles requires a Prediction of the number of cycles requires a very accurate very accurate very accurate very accurate 
geometric modelgeometric modelgeometric modelgeometric model (< 20 (< 20 (< 20 (< 20 pspspsps or 5 mm at 8 GHz)or 5 mm at 8 GHz)or 5 mm at 8 GHz)or 5 mm at 8 GHz)

•But, generally not the caseBut, generally not the caseBut, generally not the caseBut, generally not the case………… => => => => ττττφφφφ cannot be used directlycannot be used directlycannot be used directlycannot be used directly

Error in phase delay:Error in phase delay:Error in phase delay:Error in phase delay:

σσσσττττφφφφ = (1/= (1/= (1/= (1/ωωωω) ) ) ) σσσσφφφφ = (1/= (1/= (1/= (1/ωωωω) ) ) ) ���� (1/SNR)(1/SNR)(1/SNR)(1/SNR)

The phase delay VLBI observable isThe phase delay VLBI observable isThe phase delay VLBI observable isThe phase delay VLBI observable is
very accurate but ambiguousvery accurate but ambiguousvery accurate but ambiguousvery accurate but ambiguous

νννν = 8.4 = 8.4 = 8.4 = 8.4 GHzGHzGHzGHz,  SNR =50,  SNR =50,  SNR =50,  SNR =50

=> => => => σσσσττττφφφφ = 0.4 = 0.4 = 0.4 = 0.4 pspspsps (0.1 mm)(0.1 mm)(0.1 mm)(0.1 mm)
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AstrometricAstrometricAstrometricAstrometric VLBI observables (2)VLBI observables (2)VLBI observables (2)VLBI observables (2)

• Group Group Group Group delaydelaydelaydelay

ττττgroupgroupgroupgroup = = = = ∂∂∂∂φφφφ////∂∂∂∂ωωωω

•ττττgroupgroupgroupgroup not ambiguous (unlike not ambiguous (unlike not ambiguous (unlike not ambiguous (unlike ττττφφφφ))))

• In practice, In practice, In practice, In practice, ττττgroupgroupgroupgroup is determined by fitting a straight line to the is determined by fitting a straight line to the is determined by fitting a straight line to the is determined by fitting a straight line to the 

sequence of phases measured at several sequence of phases measured at several sequence of phases measured at several sequence of phases measured at several ““““discretediscretediscretediscrete”””” frequenciesfrequenciesfrequenciesfrequencies

•Error in group delay:Error in group delay:Error in group delay:Error in group delay:

σσσσττττgroupgroupgroupgroup = = = = σσσσφφφφ / (2/ (2/ (2/ (2ππππ ∆ν∆ν∆ν∆νrmsrmsrmsrms)= 1/ (2)= 1/ (2)= 1/ (2)= 1/ (2ππππ ∆ν∆ν∆ν∆νrmsrmsrmsrms SNR)SNR)SNR)SNR)

The group delay is less accurate than The group delay is less accurate than The group delay is less accurate than The group delay is less accurate than 
the phase delay but not ambiguousthe phase delay but not ambiguousthe phase delay but not ambiguousthe phase delay but not ambiguous

8,18,18,18,1 8,38,38,38,3 8,58,58,58,5 8,78,78,78,7 8,98,98,98,9

Frequency (GHz)Frequency (GHz)Frequency (GHz)Frequency (GHz)
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∆ννννrmsrmsrmsrms = 0.3 = 0.3 = 0.3 = 0.3 GHzGHzGHzGHz,  SNR =50,  SNR =50,  SNR =50,  SNR =50

=> => => => σσσσττττgroupgroupgroupgroup =10 =10 =10 =10 pspspsps (3 mm)(3 mm)(3 mm)(3 mm)
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AstrometricAstrometricAstrometricAstrometric VLBI observables (3)VLBI observables (3)VLBI observables (3)VLBI observables (3)

• Phase Phase Phase Phase delaydelaydelaydelay raterateraterate ((((fringefringefringefringe frequencyfrequencyfrequencyfrequency))))

ττττɺɺɺɺφφφφ = = = = ∂∂∂∂ττττφφφφ////∂∂∂∂t = (1/t = (1/t = (1/t = (1/ωωωω) ) ) ) ∂∂∂∂φφφφ////∂∂∂∂tttt

•ττττɺɺɺɺφφφφ not ambiguousnot ambiguousnot ambiguousnot ambiguous

•ττττɺɺɺɺφφφφ is determined by fitting a straight line to the sequence of is determined by fitting a straight line to the sequence of is determined by fitting a straight line to the sequence of is determined by fitting a straight line to the sequence of 

phases measured over time (a few minutes)phases measured over time (a few minutes)phases measured over time (a few minutes)phases measured over time (a few minutes)

•Error in phase delay rate:Error in phase delay rate:Error in phase delay rate:Error in phase delay rate:

σσσσττττɺɺɺɺφφφφ = (1/= (1/= (1/= (1/ωωωω) ) ) ) σσσσφφφφ / / / / ∆∆∆∆ttttrmsrmsrmsrms= 1/ (2= 1/ (2= 1/ (2= 1/ (2πνπνπνπν ∆∆∆∆ttttrmsrmsrmsrms SNR)SNR)SNR)SNR)

0000 50505050 100100100100 150150150150 200200200200 250250250250

Time  (sec)Time  (sec)Time  (sec)Time  (sec)
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νννν = 8.4 GHz,  = 8.4 GHz,  = 8.4 GHz,  = 8.4 GHz,  ∆ttttrmsrmsrmsrms = 60 s,= 60 s,= 60 s,= 60 s, SNR = 50   =>  SNR = 50   =>  SNR = 50   =>  SNR = 50   =>  σσσσττττɺɺ ɺɺφφφφ = 0.06 = 0.06 = 0.06 = 0.06 ps/sps/sps/sps/s
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AngularAngularAngularAngular sensitivitysensitivitysensitivitysensitivity ofofofof VLBI observablesVLBI observablesVLBI observablesVLBI observables

AssumingAssumingAssumingAssuming: : : : d = 5000 d = 5000 d = 5000 d = 5000 kmkmkmkm,  ,  ,  ,  λλλλ = 3.6 cm,  = 3.6 cm,  = 3.6 cm,  = 3.6 cm,  SNR = 50,SNR = 50,SNR = 50,SNR = 50,
∆ν∆ν∆ν∆νrmsrmsrmsrms = 0.3 GHz,  = 0.3 GHz,  = 0.3 GHz,  = 0.3 GHz,  ∆∆∆∆ttttrmsrmsrmsrms = 60 s= 60 s= 60 s= 60 s

• Phase Phase Phase Phase delaydelaydelaydelay

sin sin sin sin θθθθ ∆θ∆θ∆θ∆θ((((ττττφφφφ) = (1/2) = (1/2) = (1/2) = (1/2ππππ) ) ) ) ���� ((((λλλλ/d) /d) /d) /d) ���� (1/SNR)(1/SNR)(1/SNR)(1/SNR) => 0.005 mas=> 0.005 mas=> 0.005 mas=> 0.005 mas

• Group Group Group Group delaydelaydelaydelay

sin sin sin sin θθθθ ∆θ∆θ∆θ∆θ((((ττττgroupgroupgroupgroup) = (1/2) = (1/2) = (1/2) = (1/2ππππ))))����((((λλλλ/d)/d)/d)/d)����((((νννν////∆ν∆ν∆ν∆νrmsrmsrmsrms))))����(1/SNR)  (1/SNR)  (1/SNR)  (1/SNR)  => 0.13 => 0.13 => 0.13 => 0.13 masmasmasmas

• Phase Phase Phase Phase delaydelaydelaydelay raterateraterate

cos cos cos cos θθθθ ∆θ∆θ∆θ∆θ((((ττττɺɺɺɺφφφφ) = (1/2) = (1/2) = (1/2) = (1/2ππππ))))����((((λλλλ/d)/d)/d)/d)����(1/(1/(1/(1/ωωωωeeee ∆∆∆∆ttttrmsrmsrmsrms))))����(1/SNR)  (1/SNR)  (1/SNR)  (1/SNR)  => 1.1 => 1.1 => 1.1 => 1.1 masmasmasmas

((((ωωωωe e e e = angular velocity of the Earth= angular velocity of the Earth= angular velocity of the Earth= angular velocity of the Earth’’’’s rotation)s rotation)s rotation)s rotation)

TheTheTheThe primaryprimaryprimaryprimary astrometricastrometricastrometricastrometric VLBI observable VLBI observable VLBI observable VLBI observable isisisis thethethethe group group group group delaydelaydelaydelay
((((alsoalsoalsoalso calledcalledcalledcalled «««« bandwidthbandwidthbandwidthbandwidth synthesissynthesissynthesissynthesis »»»» delaydelaydelaydelay))))
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VLBI VLBI VLBI VLBI observingobservingobservingobserving mode for mode for mode for mode for astrometryastrometryastrometryastrometry

• DurationDurationDurationDuration ofofofof experimentsexperimentsexperimentsexperiments: 24 : 24 : 24 : 24 hourshourshourshours

• DualDualDualDual----bandbandbandband observations to observations to observations to observations to calibratecalibratecalibratecalibrate ionosphereionosphereionosphereionosphere
(8.4/2.3 (8.4/2.3 (8.4/2.3 (8.4/2.3 GHzGHzGHzGHz))))

• BandwidthBandwidthBandwidthBandwidth: : : : 
• 8 8 8 8 frequenciesfrequenciesfrequenciesfrequencies atatatat X X X X bandbandbandband speadspeadspeadspead overoveroverover 720 MHz (8.2720 MHz (8.2720 MHz (8.2720 MHz (8.2----8.9 8.9 8.9 8.9 GHzGHzGHzGHz))))

• 6 6 6 6 frequenciesfrequenciesfrequenciesfrequencies atatatat S S S S bandbandbandband spreadspreadspreadspread overoveroverover 125 MHz (2.22125 MHz (2.22125 MHz (2.22125 MHz (2.22----2.35 2.35 2.35 2.35 GHzGHzGHzGHz))))

• 6666----10 10 10 10 telescopestelescopestelescopestelescopes

• Observe ~ 50 Observe ~ 50 Observe ~ 50 Observe ~ 50 differentdifferentdifferentdifferent sources sources sources sources withwithwithwith a a a a fewfewfewfew scansscansscansscans on on on on 
eacheacheacheach source =>a source =>a source =>a source =>a fewfewfewfew thousandthousandthousandthousand delaydelaydelaydelay observationsobservationsobservationsobservations

• For For For For eacheacheacheach measuredmeasuredmeasuredmeasured quantityquantityquantityquantity ((((ττττgroupgroupgroupgroup or or or or ττττɺɺɺɺφφφφ ), calculate ), calculate ), calculate ), calculate 
corresponding theoretical modelcorresponding theoretical modelcorresponding theoretical modelcorresponding theoretical model

=> => => => FormFormFormForm OOOO----C (observed C (observed C (observed C (observed –––– calculatedcalculatedcalculatedcalculated)))) andandandand estimateestimateestimateestimate
parametersparametersparametersparameters ofofofof interestinterestinterestinterest ((((e.g.e.g.e.g.e.g. source source source source coordinatescoordinatescoordinatescoordinates,...),...),...),...)

• Software: Software: Software: Software: CALC/SOLVE (NASA), MODEST (JPL), OCCAM (Europe)CALC/SOLVE (NASA), MODEST (JPL), OCCAM (Europe)CALC/SOLVE (NASA), MODEST (JPL), OCCAM (Europe)CALC/SOLVE (NASA), MODEST (JPL), OCCAM (Europe)
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VLBI VLBI VLBI VLBI modelingmodelingmodelingmodeling

• Observables: Observables: Observables: Observables: 

ττττgroupgroupgroupgroup = = = = ∂∂∂∂φφφφ////∂∂∂∂ωωωω ,,,, ττττɺɺɺɺφφφφ = (1/= (1/= (1/= (1/ωωωω) ) ) ) ∂∂∂∂φφφφ////∂∂∂∂tttt

• VLBI model VLBI model VLBI model VLBI model ((((ττττgroupgroupgroupgroup abbreviated as abbreviated as abbreviated as abbreviated as ττττ ))))

ττττ = = = = ττττgggg + + + + ττττinstinstinstinst + + + + ττττtroptroptroptrop + + + + ττττionionionion +...+...+...+...

ττττgggg = geometric delay= geometric delay= geometric delay= geometric delay

ττττinstinstinstinst = instrumental delay= instrumental delay= instrumental delay= instrumental delay

ττττtroptroptroptrop = = = = tropospherictropospherictropospherictropospheric delaydelaydelaydelay

ττττionionionion = = = = ionosphericionosphericionosphericionospheric delaydelaydelaydelay ττττττττgg
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VLBI modeling: gVLBI modeling: gVLBI modeling: gVLBI modeling: geometric delay eometric delay eometric delay eometric delay ττττg

ττττg  g  g  g  = = = = ---- (1/c) k . B [...](1/c) k . B [...](1/c) k . B [...](1/c) k . B [...]

• BBBBcelcelcelcel = Q (= Q (= Q (= Q (BBBBterterterter + + + + ∆∆∆∆BBBBterterterter))))

• Relativistic effects at the Relativistic effects at the Relativistic effects at the Relativistic effects at the 
level of 10level of 10level of 10level of 10----8888 ssss

• ∆∆∆∆BBBBterterterter depends on:depends on:depends on:depends on:
• Tectonic motionsTectonic motionsTectonic motionsTectonic motions

• Solid Earth tidesSolid Earth tidesSolid Earth tidesSolid Earth tides

• Ocean loadingOcean loadingOcean loadingOcean loading

• Atmospheric loadingAtmospheric loadingAtmospheric loadingAtmospheric loading
• ............

�� ��

���� ��

��

ττττττττgg max = 0,02 smax = 0,02 smax = 0,02 smax = 0,02 smax = 0,02 smax = 0,02 smax = 0,02 smax = 0,02 s

B��
k��

Q = Q = Q = Q = rotationalrotationalrotationalrotational transformation transformation transformation transformation ofofofof coordinatescoordinatescoordinatescoordinates fromfromfromfrom thethethethe terrestrialterrestrialterrestrialterrestrial
frameframeframeframe to to to to thethethethe celestialcelestialcelestialcelestial frameframeframeframe

Q = PNUXY Q = PNUXY Q = PNUXY Q = PNUXY X,Y = polar motion, U=EarthX,Y = polar motion, U=EarthX,Y = polar motion, U=EarthX,Y = polar motion, U=Earth’’’’s rotations rotations rotations rotation

N = nutation, P=N = nutation, P=N = nutation, P=N = nutation, P=precessionprecessionprecessionprecession
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VLBI modeling: Earth’s orientationVLBI modeling: Earth’s orientationVLBI modeling: Earth’s orientationVLBI modeling: Earth’s orientation

Q = PNUXYQ = PNUXYQ = PNUXYQ = PNUXY

• X, Y: polar motionX, Y: polar motionX, Y: polar motionX, Y: polar motion

• U: rotation of the Earth around U: rotation of the Earth around U: rotation of the Earth around U: rotation of the Earth around 
its axis (UT1its axis (UT1its axis (UT1its axis (UT1----UTC)UTC)UTC)UTC)

• N: N: N: N: nutationnutationnutationnutation
���� consists of consists of consists of consists of several hundreds several hundreds several hundreds several hundreds 
of periodic termsof periodic termsof periodic termsof periodic terms

• P: precessionP: precessionP: precessionP: precession

Q transforms a vector from the Q transforms a vector from the Q transforms a vector from the Q transforms a vector from the 
terrestrial frame to the celestial terrestrial frame to the celestial terrestrial frame to the celestial terrestrial frame to the celestial 
frameframeframeframe
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VLBI VLBI VLBI VLBI modelingmodelingmodelingmodeling: plate : plate : plate : plate tectonictectonictectonictectonic motionsmotionsmotionsmotions

Evolution Evolution Evolution Evolution ofofofof thethethethe distance distance distance distance betweenbetweenbetweenbetween WestfordWestfordWestfordWestford (USA) (USA) (USA) (USA) andandandand WettzellWettzellWettzellWettzell
((((GermanyGermanyGermanyGermany) ) ) ) betweenbetweenbetweenbetween 1984 1984 1984 1984 andandandand 2004200420042004
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VLBI modeling: instrumentalVLBI modeling: instrumentalVLBI modeling: instrumentalVLBI modeling: instrumental delay delay delay delay ττττinst

• The instrumental delay comprises two terms:The instrumental delay comprises two terms:The instrumental delay comprises two terms:The instrumental delay comprises two terms:

• The delay caused by the shift between the clocks at the two The delay caused by the shift between the clocks at the two The delay caused by the shift between the clocks at the two The delay caused by the shift between the clocks at the two 
stationsstationsstationsstations

ττττclock  clock  clock  clock  = = = = ττττclock2  clock2  clock2  clock2  ---- ττττclock1clock1clock1clock1

• The delay caused by propagation time in cables and The delay caused by propagation time in cables and The delay caused by propagation time in cables and The delay caused by propagation time in cables and 
etectronicsetectronicsetectronicsetectronics at each stationat each stationat each stationat each station

ττττprop  prop  prop  prop  = = = = ττττprop2  prop2  prop2  prop2  ---- ττττprop1prop1prop1prop1

• In practice, the instrumental delay In practice, the instrumental delay In practice, the instrumental delay In practice, the instrumental delay ττττinstinstinstinst= = = = ττττclockclockclockclock + + + + ττττpropproppropprop is is is is 
modeled by a linear or modeled by a linear or modeled by a linear or modeled by a linear or quadradicquadradicquadradicquadradic function with the function with the function with the function with the 
coefficients estimated from the VLBI observations.coefficients estimated from the VLBI observations.coefficients estimated from the VLBI observations.coefficients estimated from the VLBI observations.
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VLBI modeling: VLBI modeling: VLBI modeling: VLBI modeling: tropospherictropospherictropospherictropospheric delay delay delay delay ττττtrop

• ττττtrop may be separated into two componentsmay be separated into two componentsmay be separated into two componentsmay be separated into two components
• The The The The dry componentdry componentdry componentdry component:  ~ 7 ns at zenith (210 cm):  ~ 7 ns at zenith (210 cm):  ~ 7 ns at zenith (210 cm):  ~ 7 ns at zenith (210 cm)

----> may be predicted to ~ 1cm from meteorological data> may be predicted to ~ 1cm from meteorological data> may be predicted to ~ 1cm from meteorological data> may be predicted to ~ 1cm from meteorological data

• The The The The wet componentwet componentwet componentwet component:  < 1 ns at zenith (30 cm):  < 1 ns at zenith (30 cm):  < 1 ns at zenith (30 cm):  < 1 ns at zenith (30 cm)
----> difficult to predict, quickly variable> difficult to predict, quickly variable> difficult to predict, quickly variable> difficult to predict, quickly variable

• ModelingModelingModelingModeling

• For each station i:    For each station i:    For each station i:    For each station i:    ττττtrop i trop i trop i trop i = = = = ττττtrpztrpztrpztrpz i i i i R(HR(HR(HR(Hiiii))))

ττττtrpztrpztrpztrpz i i i i = zenith zenith zenith zenith tropospherictropospherictropospherictropospheric delaydelaydelaydelay

R = mapping function (HR = mapping function (HR = mapping function (HR = mapping function (Hiiii = elevation)= elevation)= elevation)= elevation)

• Differential effectDifferential effectDifferential effectDifferential effect

ττττtrop trop trop trop = = = = ττττtrop 2 trop 2 trop 2 trop 2 ---- ττττtrop 1trop 1trop 1trop 1

• In practice In practice In practice In practice 

• ττττtrpztrpztrpztrpz i  i  i  i  estimated from the VLBI dataestimated from the VLBI dataestimated from the VLBI dataestimated from the VLBI data
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VLBI modeling: VLBI modeling: VLBI modeling: VLBI modeling: ionosphericionosphericionosphericionospheric delay delay delay delay ττττion

• DependsDependsDependsDepends on the total electronic on the total electronic on the total electronic on the total electronic 
content (TEC) above telescopescontent (TEC) above telescopescontent (TEC) above telescopescontent (TEC) above telescopes

• Diurnal cycleDiurnal cycleDiurnal cycleDiurnal cycle

• Proportional to 1/Proportional to 1/Proportional to 1/Proportional to 1/νννν²²²²

• Differential effectDifferential effectDifferential effectDifferential effect

ττττion ion ion ion = = = = ττττion 2 ion 2 ion 2 ion 2 ---- ττττion 1ion 1ion 1ion 1

In practiceIn practiceIn practiceIn practiceIn practiceIn practiceIn practiceIn practice::::::::

ττττionionionion removed by linear combination of the delays measured at removed by linear combination of the delays measured at removed by linear combination of the delays measured at removed by linear combination of the delays measured at removed by linear combination of the delays measured at removed by linear combination of the delays measured at removed by linear combination of the delays measured at removed by linear combination of the delays measured at 
2.3 GHz (S band) and 8.4 GHz (X band)2.3 GHz (S band) and 8.4 GHz (X band)2.3 GHz (S band) and 8.4 GHz (X band)2.3 GHz (S band) and 8.4 GHz (X band)2.3 GHz (S band) and 8.4 GHz (X band)2.3 GHz (S band) and 8.4 GHz (X band)2.3 GHz (S band) and 8.4 GHz (X band)2.3 GHz (S band) and 8.4 GHz (X band)
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TheTheTheThe International International International International CelestialCelestialCelestialCelestial ReferenceReferenceReferenceReference FrameFrameFrameFrame

• ICRF (International ICRF (International ICRF (International ICRF (International CelestialCelestialCelestialCelestial ReferenceReferenceReferenceReference FrameFrameFrameFrame) ) ) ) builtbuiltbuiltbuilt in in in in 
1995 by a 1995 by a 1995 by a 1995 by a WorkingWorkingWorkingWorking Group Group Group Group ofofofof thethethethe IAU (Ma et IAU (Ma et IAU (Ma et IAU (Ma et alalalal. 1998). 1998). 1998). 1998)

• BasedBasedBasedBased on on on on allallallall VLBI VLBI VLBI VLBI astrometricastrometricastrometricastrometric////geodeticgeodeticgeodeticgeodetic data data data data acquiredacquiredacquiredacquired
betweenbetweenbetweenbetween 1979 1979 1979 1979 andandandand 1995199519951995

• 1.6 Million pairs 1.6 Million pairs 1.6 Million pairs 1.6 Million pairs ofofofof group group group group delaydelaydelaydelay andandandand phase phase phase phase delaydelaydelaydelay rate rate rate rate 
observationsobservationsobservationsobservations

• ICRF comprises 608 ICRF comprises 608 ICRF comprises 608 ICRF comprises 608 extragalacticextragalacticextragalacticextragalactic sourcessourcessourcessources
• 212 212 212 212 definingdefiningdefiningdefining sourcessourcessourcessources

• 294 candidate sources294 candidate sources294 candidate sources294 candidate sources

• 102 102 102 102 otherotherotherother sourcessourcessourcessources

• Orientation Orientation Orientation Orientation ofofofof frameframeframeframe consistent consistent consistent consistent withwithwithwith opticalopticalopticaloptical FK5 FK5 FK5 FK5 systemsystemsystemsystem

• ICRFICRFICRFICRF----Ext.1 (1999) Ext.1 (1999) Ext.1 (1999) Ext.1 (1999) andandandand ICRFICRFICRFICRF----Ext.2 Ext.2 Ext.2 Ext.2 addaddaddadd anotheranotheranotheranother 59 + 50 59 + 50 59 + 50 59 + 50 
sources => 717 sources => 717 sources => 717 sources => 717 sourcessourcessourcessources todaytodaytodaytoday
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ICRF ICRF ICRF ICRF skyskyskysky distributiondistributiondistributiondistribution

Ma (2006)Ma (2006)Ma (2006)Ma (2006)
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ICRF position ICRF position ICRF position ICRF position accuracyaccuracyaccuracyaccuracy

• IndividualIndividualIndividualIndividual source position source position source position source position accuracyaccuracyaccuracyaccuracy:  :  :  :  ≥≥≥≥ 0.25 mas0.25 mas0.25 mas0.25 mas

• Orientation Orientation Orientation Orientation ofofofof referencereferencereferencereference frameframeframeframe knownknownknownknown to 0.02 masto 0.02 masto 0.02 masto 0.02 mas
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Future: ICRFFuture: ICRFFuture: ICRFFuture: ICRF----2222

• CurrentlyCurrentlyCurrentlyCurrently beingbeingbeingbeing builtbuiltbuiltbuilt by a by a by a by a WorkingWorkingWorkingWorking Group Group Group Group ofofofof thethethethe IAU IAU IAU IAU 
andandandand IVSIVSIVSIVS

• ShouldShouldShouldShould bebebebe presentedpresentedpresentedpresented atatatat IAU 2009 IAU 2009 IAU 2009 IAU 2009 GeneralGeneralGeneralGeneral AssemblyAssemblyAssemblyAssembly

• WillWillWillWill addaddaddadd allallallall VLBI data VLBI data VLBI data VLBI data acquiredacquiredacquiredacquired sincesincesincesince 1995199519951995

• ImprovedImprovedImprovedImproved modelingmodelingmodelingmodeling ((((tropospheretropospheretropospheretroposphere))))

• ImprovedImprovedImprovedImproved source source source source categorisationcategorisationcategorisationcategorisation
=> => => => accountsaccountsaccountsaccounts for for for for source position source position source position source position variabilityvariabilityvariabilityvariability andandandand source structuresource structuresource structuresource structure

to to to to identifyidentifyidentifyidentify definingdefiningdefiningdefining sourcessourcessourcessources

• Source position Source position Source position Source position variabilityvariabilityvariabilityvariability
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Future: ICRFFuture: ICRFFuture: ICRFFuture: ICRF----2222

• Impact Impact Impact Impact ofofofof source structure on source structure on source structure on source structure on thethethethe VLBI group VLBI group VLBI group VLBI group delaydelaydelaydelay

Four « Four « Four « Four « structure indexstructure indexstructure indexstructure index » » » » categoriescategoriescategoriescategories defineddefineddefineddefined to to to to identifyidentifyidentifyidentify thethethethe mostmostmostmost
compact sourcescompact sourcescompact sourcescompact sources

Charlot (2002)Charlot (2002)Charlot (2002)Charlot (2002)
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TheTheTheThe VLBA VLBA VLBA VLBA CalibratorCalibratorCalibratorCalibrator SurveySurveySurveySurvey (VCS)(VCS)(VCS)(VCS)

• BasedBasedBasedBased on a on a on a on a seriesseriesseriesseries ofofofof VLBA VLBA VLBA VLBA experimentsexperimentsexperimentsexperiments conductedconductedconductedconducted
sincesincesincesince 1994199419941994

• Most Most Most Most ofofofof thethethethe sources sources sources sources observedobservedobservedobserved onlyonlyonlyonly in in in in oneoneoneone experimentexperimentexperimentexperiment

• DeclinationDeclinationDeclinationDeclination > > > > ----45454545°°°°

• MilliarcsecondMilliarcsecondMilliarcsecondMilliarcsecond position accuracyposition accuracyposition accuracyposition accuracy

• Successive steps:Successive steps:Successive steps:Successive steps:
• VCS1: 1579 sources (Beasley et al. 2002)VCS1: 1579 sources (Beasley et al. 2002)VCS1: 1579 sources (Beasley et al. 2002)VCS1: 1579 sources (Beasley et al. 2002)

• VCS2: 243 sources (VCS2: 243 sources (VCS2: 243 sources (VCS2: 243 sources (FomalontFomalontFomalontFomalont et al. 2003)et al. 2003)et al. 2003)et al. 2003)

• VCS3: 308 sources (VCS3: 308 sources (VCS3: 308 sources (VCS3: 308 sources (PetrovPetrovPetrovPetrov et al. 2005)et al. 2005)et al. 2005)et al. 2005)

• VCS4: 258 sources (VCS4: 258 sources (VCS4: 258 sources (VCS4: 258 sources (PetrovPetrovPetrovPetrov et al. 2006)et al. 2006)et al. 2006)et al. 2006)

• VCS5: 569 sources (VCS5: 569 sources (VCS5: 569 sources (VCS5: 569 sources (KovalevKovalevKovalevKovalev et al. 2006)et al. 2006)et al. 2006)et al. 2006)

• Includes VLBI images as wellIncludes VLBI images as wellIncludes VLBI images as wellIncludes VLBI images as well

• Provides a dense grid of calibrators for phaseProvides a dense grid of calibrators for phaseProvides a dense grid of calibrators for phaseProvides a dense grid of calibrators for phase----
referencingreferencingreferencingreferencing
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VCS VCS VCS VCS skyskyskysky distributiondistributiondistributiondistribution

+ 258 VCS4 + 569 VCS5 (+ 258 VCS4 + 569 VCS5 (+ 258 VCS4 + 569 VCS5 (+ 258 VCS4 + 569 VCS5 (notnotnotnot shownshownshownshown))))

Ma (2006)Ma (2006)Ma (2006)Ma (2006)
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International VLBI Service for International VLBI Service for International VLBI Service for International VLBI Service for GeodesyGeodesyGeodesyGeodesy andandandand AstrometryAstrometryAstrometryAstrometry

> 30 institutes > 30 institutes > 30 institutes > 30 institutes aroundaroundaroundaround thethethethe worldworldworldworld
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International VLBI Service for International VLBI Service for International VLBI Service for International VLBI Service for GeodesyGeodesyGeodesyGeodesy andandandand AstrometryAstrometryAstrometryAstrometry

IVS IVS IVS IVS observingobservingobservingobserving
• SeveralSeveralSeveralSeveral 24242424----hour sessions hour sessions hour sessions hour sessions conductedconductedconductedconducted eacheacheacheach weekweekweekweek

• AdditionalAdditionalAdditionalAdditional 1111---- to 2to 2to 2to 2----hour sessions hour sessions hour sessions hour sessions everyeveryeveryevery daydaydayday for for for for EarthEarthEarthEarth rotationrotationrotationrotation

• Data Data Data Data immediatelyimmediatelyimmediatelyimmediately availableavailableavailableavailable fromfromfromfrom IVS data centresIVS data centresIVS data centresIVS data centres

IVS monitors...IVS monitors...IVS monitors...IVS monitors...
• thethethethe celestialcelestialcelestialcelestial frameframeframeframe

• thethethethe Earth’s orientationEarth’s orientationEarth’s orientationEarth’s orientation

• thethethethe terrestrialterrestrialterrestrialterrestrial frameframeframeframe
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PhasePhasePhasePhase----referencedreferencedreferencedreferenced astrometryastrometryastrometryastrometry

• Observe Observe Observe Observe alternatelyalternatelyalternatelyalternately a a a a targettargettargettarget andandandand an an an an angularlyangularlyangularlyangularly----closeclosecloseclose
(~1(~1(~1(~1°°°°) ) ) ) calibratorcalibratorcalibratorcalibrator
• targettargettargettarget: : : : e.g.e.g.e.g.e.g. weakweakweakweak extragalacticextragalacticextragalacticextragalactic source, source, source, source, stellarstellarstellarstellar objectobjectobjectobject, , , , spacecraftspacecraftspacecraftspacecraft,...,...,...,...

• calibratorcalibratorcalibratorcalibrator: : : : e.g.e.g.e.g.e.g. ICRF or VCS sourceICRF or VCS sourceICRF or VCS sourceICRF or VCS source

• cycle cycle cycle cycle calibratorcalibratorcalibratorcalibrator////targettargettargettarget ofofofof a a a a fewfewfewfew minutesminutesminutesminutes

• ThenThenThenThen, , , , differentiatedifferentiatedifferentiatedifferentiate thethethethe measuredmeasuredmeasuredmeasured phases for phases for phases for phases for thethethethe
calibratorcalibratorcalibratorcalibrator andandandand targettargettargettarget
• do do do do notnotnotnot requirerequirerequirerequire phase phase phase phase connectionconnectionconnectionconnection

•modelingmodelingmodelingmodeling errorserrorserrorserrors scalescalescalescale withwithwithwith calibratorcalibratorcalibratorcalibrator////targettargettargettarget angularangularangularangular separationseparationseparationseparation

• PermitsPermitsPermitsPermits accurateaccurateaccurateaccurate relative (relative (relative (relative (narrownarrownarrownarrow----angleangleangleangle) ) ) ) astrometryastrometryastrometryastrometry
• seeseeseesee talktalktalktalk////demodemodemodemo by A. by A. by A. by A. BrunthalerBrunthalerBrunthalerBrunthaler tomorrowtomorrowtomorrowtomorrow............
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TheTheTheThe endendendend

ThanksThanksThanksThanks!!!!


