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• The signals from the radio sources which are in a distance of several billion light 
years have to travel through the intergalactic, interstellar, and interplanetary space
before arriving at the Earth.

• On their way they are deflected by the gravitational fields of huge masses, e.g., by 
the central black hole of our Galaxy, the Sun or massive planets such as Jupiter or 
Saturn. Together with any un-modelled motion of the SSB relative to the galactic 
centre, these effects cause an apparent change in the quasar positions.

• In the conventional VLBI model used for recent ICRF realizations, the theoretical 
group delay, i.e., the time difference between the arrivals of the plane radio wave 
at the two Earth-based stations, is computed in the Solar System Barycentric (SSB) 
frame and the positions of quasars are assumed to be constant.

• However, with the ambitious goal of the ICRF3 and the long VLBI observation 
history of more than three decades, it is now crucial to reconsider these 
assumptions and to assess those subtle effects on the source positions.
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• investigations of the apparent motion of extragalactic radio sources

• estimation of astronomical parameters from VLBI
– SSB acceleration vector towards the galactic centre
– mass of the galactic centre
– dipole and quadrupole parameters described by spherical harmonics in source positions 
– post-Newtonian parameter gamma in the model of the gravitational deflection of radio waves 

• support of the estimation with sophisticated simulations of those astronomical 
effects on all observed quantities (e.g., EOP, station coordinates, source 
coordinates)

• The findings of the project Galactic VLBI will help to refine the theoretical VLBI 
model and conceptions about our Galaxy, and to improve constraints on 
cosmologic models.
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Galactocentric acceleration

• raises through the relative motion of 
the SSB around the Galactic centre
on a quasi circular orbit

– rotation speed ~250 km/s
– rotation period ~200 Myr

• the acceleration of the SSB is 
directed towards the centre of the 
Galaxy 

• this effect is omitted in the a priori 
modelling of the VLBI observable so 
far, which results in a systematic 
dipole proper motion (Secular 
Aberration Drift, SAD) of 
extragalactic radio sources 

• the acceleration vector can be 
estimated from the VLBI 
measurements
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This artist's concept depicts the most up-to-date 
information about the shape of our own Milky Way 
galaxy. Credits: NASA/JPL-Caltech/R. Hurt (SSC/Caltech)



GA vector from the geodetic VLBI analysis
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Recent estimates of the GA vector from the geodetic VLBI analysis

• Fitting of the radio source proper motion field (Calc/Solve, OCCAM)
• Titov et al. (2011) 
• Titov and Lambert (2013) 
• Titov and Lambert (2016) 

• GA as global parameter (Calc/Solve)
• Xu et al. (2012) 
• MacMillan (2014)  

• Theoretical values
• Amplitude ~5-6 μas/y
• RA = 266 deg
• De = -29 deg



GA vector as a global parameter

• ~5800 observing sessions from 1979.7 until 2016.5 provided by the IVS

• Following Titov et al. (2011) the conventional equation for the group delay model (Petit and
Luzum, 2010) was extended by the GA vector.

𝜕𝜕𝜏𝜏𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝜕𝜕𝑎𝑎

= ∆𝑡𝑡
c2

𝑏𝑏𝑏𝑏 𝑏𝑏 − 𝑏𝑏 − ∆𝑡𝑡
c3

𝑏𝑏 𝑏𝑏 𝑉𝑉 + 𝑤𝑤2 + 𝑏𝑏 𝑉𝑉𝑉𝑉
2

− 𝑏𝑏𝑉𝑉 𝑏𝑏

Parameters in the global solution:
• TRF (position + linear velocity)
• CRF (positon)
• GA vector
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Most of the available IVS sessions
1979.7 – 2016.5, (~5800 sessions)

NEOS-A, IVS-R1, IVS-R4 and all CONT
1993.0 – 2016.5 (~2000 sessions)

Ampl [μas/y] 6.1 ± 0.2 5.4 ± 0.4

RAGC[deg] 260 ± 2 273 ± 4

DeGC [deg] -18 ± 4 -27 ± 8

b - baseline vector, 
s – barycentric unit vector of the radio source
V - barycentric velocity of the geocentre
w2 - geocentric velocity of the second station



Estimation of the GA vector from the VLBI scale

• Simplified group delay model including only the main aberration effect:

𝜏𝜏 = −
𝑏𝑏 � 𝑏𝑏

c +
𝑏𝑏 𝑏𝑏 𝑏𝑏 � 𝑉𝑉 − 𝑉𝑉

c2 = −
𝑏𝑏 � 𝑏𝑏

c +
𝑏𝑏 � ∆𝑏𝑏

c2

• The standard correction for the annual aberration: ∆𝑏𝑏 = (𝑏𝑏 × 𝑏𝑏 × 𝑉𝑉 )

Corresponding correction for the aberration effect if the GA vector 𝑎𝑎 is added to the group delay model 
(∆𝑡𝑡 is the time since a reference epoch):

𝜏𝜏𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑏𝑏(𝑏𝑏 𝑏𝑏 𝑉𝑉 + 𝑎𝑎∆𝑡𝑡 − (𝑉𝑉 + 𝑎𝑎∆𝑡𝑡))

c2 =

=
𝑏𝑏 𝑏𝑏 𝑏𝑏𝑉𝑉 − 𝑉𝑉

c2 +
𝑏𝑏𝑏𝑏
c

𝑏𝑏𝑎𝑎 ∆𝑡𝑡
c −

𝑏𝑏𝑎𝑎 ∆𝑡𝑡
c2 = 𝜏𝜏𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎1 + 𝜏𝜏𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎2

• The effect of the proper motion on the source coordinates is 𝜏𝜏′ = −𝑏𝑏�𝜇𝜇∆𝑡𝑡
c

• Finally after some rearrangement: 𝜏𝜏𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎2 + 𝜏𝜏′ = (𝑏𝑏�𝑉𝑉)(𝑉𝑉�𝑎𝑎)∆𝑡𝑡
c2

− (𝑏𝑏(𝑎𝑎+c𝜇𝜇))∆𝑡𝑡
c2
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b - baseline vector, 
s – barycentric unit vector of the radio source
V - barycentric velocity of the geocentre

Term sensitive to the 
Galactocentric acceleration

Term with the individual 
proper motions of the sources

new
method



• For a perfect model, the scale factor F is equal to unity for all observations: 

𝐹𝐹 =
𝑑𝑑𝜏𝜏𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔
𝑑𝑑𝜏𝜏𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔

≡ 1

• When the unmodelled delays (𝜏𝜏𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎2 + 𝜏𝜏′) are contained in the group delay, 

the scale factor is given by

𝐹𝐹 = 1 +
𝑎𝑎 � 𝑏𝑏

c
∆𝑡𝑡

and manifests itself as a variable parameter depending on 

• GA
• radio source position
• the time since a reference epoch.
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Estimation of the GA vector from the VLBI scale



• 5825 observing sessions from 1979.7 until 2016.5 provided by the IVS
• Solution 1 – Standard solution, IERS2010

• Parameters in the global solution:
– TRF (position + linear velocity)
– CRF (positon)
– Individual scale factor for each source
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GA as a time-independent effect

Partial derivative::    
𝜕𝜕𝜏𝜏𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝜕𝜕 𝐹𝐹

∆𝑡𝑡

= −𝑏𝑏�𝑉𝑉
c
� ∆𝑡𝑡

Scale factor corrections [ppb/y] as a function of equatorial coordinates 



• 5825 observing sessions from 1979.7 until 2016.5 provided by the IVS
• Solution 1 – Standard solution, IERS2010
• Solution 2 – as Sol1 but the GA vector was added in the a priori group delay model
• Parameters in the global solution:

– TRF (position + linear velocity)
– CRF (positon)
– Individual scale factor for each source
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Solution 1 minus Solution2

An annual effect on the scale (~0.02 ppb/year) which  grows proportional to Δt
reaching ~0.2 ppb (previous slides) - so the mean Δt is about 10 years.

GA as a time-independent effect: plotted diff  𝑎𝑎�𝑉𝑉c
Partial derivative::    

𝜕𝜕𝜏𝜏𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝜕𝜕 𝐹𝐹

∆𝑡𝑡

= −𝑏𝑏�𝑉𝑉
c
� ∆𝑡𝑡

Scale factor corrections [ppb/y] as a function of equatorial coordinates 
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GA as a time-independent effect

Partial derivative::    
𝜕𝜕𝜏𝜏𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝜕𝜕 𝐹𝐹

∆𝑡𝑡

= −𝑏𝑏�𝑉𝑉
c
� ∆𝑡𝑡

Estimates of the dipole components (GA vector)

Num. of observations > 4 > 10 > 50 > 500 > 1 000 > 10 000 >20 000 > 50 000

Num. of sources 4062 4001 3414 573 476 133 87 43

A [μas/y] 7.1 ± 0.2 8.2 ± 0.3 5.2 ± 0.2 5.1 ± 0.3 5.0 ± 0.3 4.8 ± 0.4 5.3 ± 0.5 4.6 ± 0.7

RAGC [deg] 281 ± 3 281 ± 3 281 ± 3 281 ± 4 280 ± 5 280 ± 7 281 ± 7 290 ± 13

DeGC [deg] -51 ± 2 -55 ± 2 -35 ± 3 -34 ± 3 -32 ± 4 -28 ± 5 -34 ± 5 -24 ± 8

The components of the GA vector (a1, a2, a3) are estimated by fitting the individual scale factor corrections by 
the following model:

∆𝐹𝐹 = 𝑎𝑎1 cos𝛼𝛼 cos𝛿𝛿 + 𝑎𝑎2 sin𝛼𝛼 cos𝛿𝛿 + 𝑎𝑎3 sin𝛿𝛿
𝑎𝑎1 = 𝐴𝐴 cos𝑅𝑅𝐴𝐴𝐺𝐺𝐺𝐺 cos𝐷𝐷𝐷𝐷𝐺𝐺𝐺𝐺
𝑎𝑎2 = 𝐴𝐴 sin𝑅𝑅𝐴𝐴𝐺𝐺𝐺𝐺cos𝐷𝐷𝐷𝐷𝐺𝐺𝐺𝐺
𝑎𝑎3 = 𝐴𝐴 sin𝐷𝐷𝐷𝐷𝐺𝐺𝐺𝐺

𝐴𝐴 = 𝑎𝑎12 + 𝑎𝑎22 + 𝑎𝑎32 𝑅𝑅𝐴𝐴𝐺𝐺𝐺𝐺 = arctan 𝑎𝑎2
𝑎𝑎1

𝐷𝐷𝐷𝐷𝐺𝐺𝐺𝐺 = arctan 𝑎𝑎3

𝑎𝑎12+𝑎𝑎22

Estimates of the dipole components (GA vector) a posteriori from ΔF/Δt (Solution 1). 
Different cut-off thresholds for number of radio source observations (N) applied.
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Changes in the CRF
due to the omitted GA effect

Solution 1 – Standard solution, IERS2010
Solution 2 – same as Solution 1,

but GA vector (A = 5 μas/y) 
was added to the conventional equation

Systematic difference in the De and RA 
with an amplitude of ~50 μas.

Solution 1 – Solution 2



Changes in the baseline length
due to the omitted GA effect
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Solution 1 – Standard solution, IERS2010
Solution 2 – same as Solution 1, but GA vector was added to the conventional equation 

Solution 1 minus Solution 2

Radio sources located near 
the Galactic centre/anticentre
cause a strong systematic 
effect on the baseline length 
exceeding 1 mm.
After 1990 the scheduling 
strategy was changed and the 
influence of the individual 
sources was mitigated.
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Changes in the baseline length
due to the omitted GA effect

Solution 1 – Standard solution, IERS2010
Solution 2 – same as Solution 1, but GA vector was added to the conventional equation
Solution 3 – same as Solution 2, but the GA correction was omitted for the source 0552+389

Solution 1 minus Solution 3

Radio sources located near 
the Galactic centre/anticentre
cause a strong systematic 
effect on the baseline length 
exceeding 1 mm, especially, in 
early VLBI years.



Conclusions (GA vector)

• We introduce a new method for estimation of the galactic acceleration (secular aberration drift) 
vector from VLBI measurements.

• The GA vector is obtained by fitting the scale factor corrections estimated for each source 
individually within a global solution. 

• From fitting the individual scale factor corrections of sources with more than 50 observations 
during  1979.7 – 2016.5 we got the GA vector with the amplitude of 5.2 ± 0.2 μas/y, and the
direction RA = 281 ± 3 deg and De = -35 ± 3 deg.

• We estimated the GA vector also directly within a global adjustment of the VLBI data. This 
procedure seems to be sensitive to the inclusion of weak networks. GA vector determined from 
selected IVS sessions after 1993 (Ampl =  5.4 ± 0.4 μas/y, RA = 273 ± 4 deg, De = -27 ± 8 deg) is 
closer to its theoretical value than the estimate from the entire VLBI history.

• Neglecting the galactic acceleration in the a priori VLBI observation model causes errors in the 
estimated baseline length which can exceed 1 mm especially in the early VLBI years, and systematic 
errors in the determined celestial reference frame (up to 0.05 mas).

• Results presented in this presentation are computed with the VieVS software and verified with the 
OCCAM software package.
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• EGU 2017 poster
Impact of the Galactic acceleration on the terrestrial reference frame and the scale 
factor in VLBI (Krásná & Titov)

• EVGA 2017 oral
Determining the Galactocentric acceleration vector from VLBI and its impact on 
the TRF&CRF (Krásná & Titov)

• A&A paper, in preparation: Measurement of the solar system acceleration using the 
scale factor (Titov & Krásná)
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• Estimation of the TRF & CRF from VLBI within a global solution (current 
official VieCRF solutions produced primary by David Mayer)

• EGU 2017 poster: 
Seasonal station variations in the Vienna VLBI terrestrial reference frame 
VieTRF16a (Krásná et al.)
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• 5825 observing sessions provided by the IVS (1979.7 – 2016.5)

• VieVS Software 3.0
• IERS Conventions 2010 (Petit & Luzum, 2010)
• Non-tidal atmosphere loading applied a priori (TU Wien, Wijaya et al., 2013)

• Session-wise parameters
• Clock, zenith wet delay, troposphere gradients, EOP
• Coordinates of stations with < 15 sessions and an observation time < 3 years

(if the velocity could not be constrained to a neighbouring telescope) 
• Coordinates of special handling sources

• Global parameters
• TRF – position + linear velocity (102 stations)
• CRF – position (4097 sources)
• Sine and cosine amplitudes for the annual and semi-annual period of the station displacement 

at the 22 datum stations

• NNR/NNT condition on station coordinates of ITRF2014 (22 stations)
• NNR condition on coordinates of ICRF defining sources in GSFC2015b

20

Parameter Interval [min] Relative constraints

Clock 60 1.3 cm after 1 hour

Zenith wet delay 60 1.5 cm after 1 hour

Troposphere gradients 360 0.5 mm after 6 hours

EOP 1440 0.1 µas after 1 day
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• DTRF2014 (DGFI-TUM, Munich) –
offset + rate + NT-CWSL (non-tidal 
hydrology loading) corrections

• JTRF2014 (JPL, Pasadena) – weakly 
positions (deterministic part in 
Kalman filter consists of a linear 
trend and annual and semi-annual 
periodic terms)

• VieTRF16a (TU Wien, Vienna) –
offset + rate + annual and semi-
annual harmonic corrections from a 
global adjustment
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• DTRF2014 (DGFI-TUM, Munich) –
offset + rate + NT-CWSL (non-tidal 
hydrology loading) corrections

• JTRF2014 (JPL, Pasadena) – weakly 
positions (deterministic part in 
Kalman filter consists of a linear 
trend and annual and semi-annual 
periodic terms)

• VieTRF16a (TU Wien, Vienna) –
offset + rate + annual and semi-
annual harmonic corrections from a 
global adjustment



• Mean correlation coefficients 
between

VieTRF16a and DTRF2014: 
U: 0.45, E: -0.20, N: 0.21
VieTRF16a and JTRF2014:  
U: 0.32, E: -0.06, N: -0.31

• High correlation especially in the 
height component   at stations with 
large periodic signal

• The lower correlation with 
JTRF2014 is partly caused by the 
stochastic part in the station time 
series and by the fitting to the 
atmospheric and non-tidal oceanic 
loading models

The negative sign means that the 
DTRF2014/JTRF2014 time series have very weak 
annual or semi-annual pattern (especially in the 
horizontal plane).
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Epoch 2010.0 ITRF2014 DTRF2014
position rms < 5 mm all stations position rms < 5 mm all stations

Tx [mm] -0.5 ± 0.6 -0.9 ± 1.1 2.3 ± 2.1 2.0 ± 1.9
Ty [mm] 1.5 ± 0.6 1.4 ± 1.0 -0.5 ± 2.0 -0.6 ± 1.9
Tz [mm] -1.7 ± 0.6 -1.4 ± 1.0 -2.1 ± 2.0 -1.9 ± 1.9
Rx [µas] -17 ± 22 -15 ± 40 12 ± 79 14 ± 73
Ry [µas] -28 ± 23 -43 ± 41 -34 ± 81 -43 ± 75
Rz [µas] 22 ± 18 20 ± 33 116 ± 64 115 ± 60
Scale [ppb] 0.72 ± 0.09 0.77 ± 0.16 0.02 ± 0.31 0.06 ± 0.28
δTx [mm/y] -0.1 ± 0.2 -0.2 ± 0.4 1.1 ± 0.7 1.1 ± 0.7
δTy [mm/y] 0.0 ± 0.2 0.0 ± 0.4 0.7 ± 0.7 0.6 ± 0.7
δTz [mm/y] 0.0 ± 0.2 0.0 ± 0.4 0.5 ± 0.7 0.5 ± 0.7
δRx [µas/y] -1 ± 8 -2 ± 14 2 ± 28 4 ± 26
δRy [µas/y] -2 ± 8 -4 ± 15 -13 ± 29 -15 ± 27
δRz [µas/y] -2 ± 7 -3 ± 12 66 ± 23 63 ± 21
δScale [ppb/y] 0.02 ± 0.03 0.03 ± 0.06 -0.05 ± 0.11 -0.05 ± 0.10
Weighted Helmert parameters to VieTRF16a from ITRF2014 and DTRF2014, respectively.
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• The ITRF2014 scale is defined by the arithmetic average of the implicit scales of SLR and VLBI solutions.

• The resulting scale difference between the SLR and VLBI solutions is 1.37 ±0.10 ppb at epoch 2010.0

Scale factor w.r.t. ITRF2014
weighted mean = 0.70 ppb

Session-wise scale factor estimates (1993-2016) from NEOS-A, IVS-R1, IVS-R4 and all CONT

Considering the delay produced by the Earth gravitational potential at the location of the
second station (adding it to the Consensus delay equation) reduces the scale factor by 0.7 ppb!

Scale factor w.r.t. ITRF2014
weighted mean = 0.01 ppb

this term is reported by Kopeikin (1990)



• The standard assumption in the routine VLBI analysis is that the observations are 
station and time independent which manifests itself in a diagonal observation 
covariance matrix. 

• But this simplification causes a mis-characterisation of the measured group delays 
leading to incorrect estimation of parameters and too optimistic formal errors. 

• In the first step we compare the estimated baseline length scatter from 
CONTinuous VLBI campaigns using two ways of reweighting obsevations, i.e. 
adding baseline dependent and elevation dependent noise. 

• In the second step we introduce correlations into the observation covariance 
matrix focusing on mis-modeling of the atmosphere and taking into acount 
correlations between observations at a common time. 

• We demonstrate that this reduces the baseline length scatter, indicating that the 
results are more consistent day-to-day. 
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σ0 - observational sigma from the NGS cards 

The 33 ps (= 1 cm) solution:
𝜎𝜎2 = 𝜎𝜎02 + 33ps 2

The elevation dependent solution:
𝜎𝜎2 = 𝜎𝜎02 + 6ps

sin(𝑎𝑎𝑒𝑒1)
2 + 6ps

sin(𝑎𝑎𝑒𝑒2)
2
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Correlated station dependent noise - accounting for an atmosphere noise

Scan-wise covariance matrix

Pscan = inv(Ωscan)

Ωscan = Ωmeas + Ωel

Ωmeas = diag(𝜎𝜎0𝑖𝑖2 )   the observational sigma from the NGS cards

Ωel :

1 scan with 6 observations, where 𝜎𝜎𝑖𝑖 = 𝑥𝑥 ps
sin(𝑎𝑎𝑒𝑒)

, x = 1-20

Stat_i, Stat_j 1,3 1,4 3,4 5,4 1,5 3,5
1,3 σ1^2+ σ3^2 σ1^2 -σ3^2 0 σ1^2 -σ3^2
1,4 σ1^2 σ1^2+ σ4^2 σ4^2 σ4^2 σ1^2 0
3,4 -σ3^2 σ4^2 σ3^2+ σ4^2 σ4^2 0 σ3^2
5,4 0 σ4^2 σ4^2 σ5^2+ σ4^2 -σ5^2 -σ5^2
1,5 σ1^2 σ1^2 0 -σ5^2 σ1^2+ σ5^2 σ5^2
3,5 -σ3^2 0 σ3^2 -σ5^2 σ5^2 σ3^2+ σ5^2
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Correlated station dependent noise - accounting for an atmosphere noise



31



• proposed cooperation

• separation of the source positions and troposphere parameters for sessions 
with poor geometry and sky coverage

• mainly southern hemisphere
• concentration on troposphere parameterization (zwd, gradients)
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Sky coverage during
a single-baseline
(HartRAO – DSS45) 
session 06OCT04XN



• Unified Analysis Workshop (UAW) 07/2017

• IAG 08/2017
– Oral: Correlated atmosphere noise in VLBI analysis (Krasna & Gipson)
– Poster: Investigations on the scale factor from VLBI observations (Krasna & Titov)
– Oral: Second order terms (v/c)^2 from the Special Theory of Relativity estimated with 

VLBI (Titov & Krasna)

• Journées 09/2017
– Several topics possible

• AGU 12/2017
– Session-wise Kalman filter TRF solution (coop. with Benedikt Soja)
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• 124.031 Mathematische Methoden der Geowissenschaften, VO 
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Thank you for your attention!
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