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ICRF

International Celestial 

Reference Frame (ICRF) as 

realized by VLBI

• Quasi-inertial reference frame

• Made up of `positions of 

centroids’ of 5000+ 

extragalactic objets measured 

by geodetic VLBI since 1980s

• Latest radio realization: ICRF3 

(Charlot et al. 2020)

• Axes stability < 0.01 mas/yr  

~ 1 mm in position at the 

surface of the Earth 

S: 2 GHz

X: 8 GHz

K: 22 GHz

Ka: 32 GHz

Example of astrometric

instability of a radio 

source centroid

(ivsopar.obspm.fr)

Charlot et al. 2020



ICRF

Now, there is a challenging optical realization

• Gaia DR3 (Vallenari et al. 2022)

• Precisions are comparable with VLBI ~ 0.1 mas

• Significant offsets between radio and optical centroids at 
0.1 mas to several mas = small scales (pc)

Technical issues to tie reference frames

New point-of-view for exploring AGN

The ICRF3 at 8 GHz (4536 sources) 3500+ ICRF3-EDR3 common sources

Charlot et al. 2020



l = 3 mm

VLBI

l = 7 mm

VLBA

l = 20 cm 

VLBA

l = 20 cm 

VLA

Messier 87

Distance ~ 53 Mal 

Magnitude 8

Hubble Space

Telescope

l = 1 mm

EHT

Geodetic VLBI ~ l = 3 cm

Blandford et al. 2019



ICRF IS MADE UP OF BLAZARS

• Mly to Gly compact objects (Blandford et al. 

2019)

• SMBH surrounded by dust torus with high velocity 

and temperature (broad line region)

• Particles accelerated by strong magnetic field 

along the rotation axis to relativistic speeds →

jet (superluminal motion)

• Radiative transfer: synchrotron, Compton/inverse 

Compton scattering, pair production and 

annihilation

• Radio emitted in `core’ (base of the jet) and jets 

`knots’ within few mas

• Optical emitted by disk (FSRQ), jet, host galaxy, 

halo, within several 100 mas

• Blazar: low inclination of the jet on the line of 

sights: Doppler boosting of the luminosity, radio-

loud, counterjet not detectable

‘Standard model’ by Urry and 

Padovani



ICRF IS MADE UP OF BLAZARS

• Synchrotron self-absorption

• Takes time for photons to get out from the core

• We only see the light arising from a thin layer at the surface of the 
core (‘opacity’)

• Absorption greater at low frequencies  if increase frequency, we see 
deeper in the source

• Induces a shift in the position of the core (frequency-dependent core-
shift)

• Induces a time delay in the emission (e.g., light curves at different 
frequencies are shifted)

• The structure is frequency-dependent

• VLBI networks different: difficult (and formally incorrect) to tie 
observations at different frequencies and interpret the 
measured offset in terms of jet physics

760 Y. Y. Kovalev et al.: Opacity in compact extragalactic radio sources
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Fig.1. A scheme illustrating the frequency-dependent position shift of the VLBI core. Adopted from Lobanov (1996).

accuracy, similar to the accuracy of radio source positions from
the ICRF and the VLBA1 Calibrator Survey (Beasley et al. 2002;
Fomalont et al. 2003; Petrov et al. 2005, 2006; Kovalev et al.
2007; Petrov et al. 2008). SIM is expected to deliver high pre-
cision astrometric positions of bright quasars at ≈10 µas accu-
racy and a target accuracy of ≈20 µas is envisaged for the radio-
optical alignment (Unwin 2005). For both of these missions,
an important problem will be matching the optical catalogues
to the radio astrometry catalogues based on precise positions
of compact extragalactic objects and determining mutual rota-
tions, distortions and zonal systematic errors (e.g. Fey et al.
2001; Souchay et al. 2006; Lambert et al. 2006; Frey et al. 2006;
Bourda et al. 2007). This match relies on an assumption that the
dominating component of emission in both the radio and optical
bands is physically the same region (See Sect. 3.4 for detailed
discussion).

The core shift is expected to introduce systematic offsets be-
tween the radio and optical positions of reference sources, af-
fecting strongly the accuracy of the radio-optical matching of
the astrometric catalogues. The magnitude of the core shift can
exceed the inflated errors of the radio and optical positional mea-
surements by a large factor. This makes it necessary to perform
systematic studies of the core shift in the astrometric samples in
order to understand and remove the contribution of the core shift
to the errors of the radio-optical position alignment.

Measurements of the core shift have been done so far only
in a small number of objects (e.g., Marcaide et al. 1994; Lara
et al. 1994; Porcas & Rioja 1997; Lobanov 1996, 1998b; Paragi
et al. 2000; Ros & Lobanov 2001; Bietenholz et al. 2004; Kadler
et al. 2004). In this paper, we present for the first time results for
29 compact extragalactic radio sources used in VLBI astromet-
ric studies. In Sect. 2 we describe global VLBI data, the source
sample, and the method of measurement used in this paper, and
present results of the core shift measurements. In Sect. 3 we dis-
cuss astrophysical applications of the frequency-dependent core
shift (Sect. 3.1), variability of the shift resulting from nuclear
flares (Sect. 3.2), effect of the shift on multi-frequency VLBI
studies (Sect. 3.3). We investigate the influence of this effect on
the radio-optical reference frame matching and suggest a method

1 Very Long Baseline Array of the National Radio Astronomy
Observatory.

to compensate for it (Sect. 3.4). We summarize our results in
Sect. 4.

2. Core shift measurements

We have imaged and analyzed 277 sources from geodetic RDV2

observations made in 2002 and 2003 – ten 24 h-long experiments
on 16 January 2002, 6 March 2002, 8 May 2002, 24 July 2002,
25 September 2002, 11 December 2002, 12 March 2003,
7 May 2003, 18 June 2003. Geodetic RDV sessions feature
simultaneous observations at 2.3 GHz and 8.6 GHz (S and
X bands) with a global VLBI network at right circular polariza-
tion. This includes for every session the VLBA and up to nine
other radio telescopes from the following list: Algonquin Park
(46 m), Gilcreek (26 m), HartRAO (26 m), Kokee (20 m), Matera
(20 m), Medicina (32 m), Noto (32 m), Ny Alesund (20 m),
Onsala (20 m), TIGO (6 m), Tsukuba (32 m), Westford (18 m),
Wettzell (20 m). The data processing technique and imaging re-
sults are described by Pushkarev & Kovalev (2008).

This long-term RDV program is one of the best choices for
a large project to measure two-frequency core shifts on the basis
of open archival raw VLBI data for several reasons: (i) it is op-
timized to have a good (u, v)-coverage; (ii) it has the maximum
possible resolution for ground-based VLBI at these frequencies;
(iii) the frequency ratio between the simultaneously observed
bands is high (3.7); and (iv) the core shift per unit of frequency
between 2.3 and 8.6 GHz is larger than that at higher frequencies
because of opacity effects (see, e.g., Lobanov 1998b).

We have measured the frequency-dependent core shift
by model-fitting the source structure with two-dimensional
Gaussian components (Pearson 1999) and referencing the posi-
tion of the core component to one or more jet features, assuming
the latter to be optically thin and having frequency-independent
peak positions (Fig. 1). The method is illustrated in Fig. 2, where
astrometric S/X images of 1642+690 are shown, with positions
marked for the VLBI core (“C”) and jet feature (“A”).

Homan & Kovalev (in prep.) have made tests comparing core
shifts measured in the quasars 1655+077 and 2201+315 with
relative astrometry (phase referencing to a calibrator source) to

2 Research and Development VLBA experiments (see, e.g., Gordon
2005).

Kovalev et al. 2008

Lambert et al. 2021



ICRF IS MADE WITH VLBI…

Non optimal geometries, North-South 

asymmetry  systematic errors in 

declination, difficulties to tie/align the 

catalogs at various frequencies

An European K-band network; 

Gomez et al. 2019

A&A 644, A159 (2020)

Fig. 1. Worldmap showing thegeographical location of the167 antennas (situated on 126 di↵erent sites) that participated in theobservationsused
for ICRF3. The red dots show the antennas from the IVS network (and pre-existing adhoc VLBI arrays that observed at S/X band), the blue ones
those from theVLBA, and the yellow ones those from theDSN and ESA. The two-character codes printed near each dot correspond to the short
namesof theantennas, asdefined in the IVSnomenclature. The two insets show enlargements of western USand Japan where a largenumber of
antennas (including mobileVLBI stations) havebeen used to collect geodetic VLBI dataover theyearsdue to theseismic natureof these regions.

Fig. 2. Distribution of the observations used for ICRF3. The three his-
tograms show the number of VLBI delays per year at S/X band (upper
panel),K band (middlepanel), andX/Kaband (lower panel). For easeof
reading, thenumber of observations isplotted with a logarithmic scale.

despite ongoing e↵orts (Plank et al. 2017), the paucity of obser-
vations in this area of the sky compared to the north remains a

deficiency in the data set. Occasional astrometric observations
conducted by other VLBI arrays such as the European VLBI

Network and theAustralian LongBaselineArray havealso been
incorporated.

The generation of ICRF3, furthermore, took advantage of
a number of dedicated astrometric sessions conducted with the

VLBA at S/X band since themid 1990s. These include theseries
of VCS campaigns that took place between 1994 and 2007,

already incorporated in ICRF2 (see Fey et al. 2015), along with
the campaign that re-observed all VCS sources in 2014–2015,
which was initiated specifically for the purpose of ICRF3, as
reported in Gordon et al. (2016). More recently, another 24 such
VLBA sessions have been run under the USNaval Observatory
share of the VLBA observing time. Those sessions targeted all
sources in the VLBI pool meeting one of the following crite-
ria: (i) had not been observed since 2009 (i.e., when ICRF2
was delivered), (ii) had less than 50 observations, (iii) were
observed in three or fewer sessions, or (iv) were among the
weakest known optically bright sources listed in LeBail et al.
(2016). The goal here was to further enhance uniformity of the
data sets for ICRF3. In all, theVLBA sessions constitute only a
small portion of theentire set of S/X band sessions (200 sessions
out of a total of 6206 sessions) but account for 26% of the data,
while more than two-thirds (68%) of the sources have observa-
tions coming exclusively from the VLBA. See Gordon (2017)
for further details on the impact of the VLBA observing on the
celestial frame.

2.2. K band (24 GHz)

The data sets in this band are made of 40 VLBA sessions that
observed the northern sky (down to mid-southern declinations),
supplemented with 16 single-baseline sessions between tele-
scopes in Hartebeesthoek (South Africa) and Hobart (Australia)
that observed sources below −15◦ declination (down to the far
south). Thefirst VLBA session wasconducted onMay 15, 2002
and was part of a set of ten such sessions that ultimately led to
the first realization of a celestial frame in this frequency band,
although not covering the entire sky (Lanyi et al. 2010). Apart
from two similar follow-up sessions in 2008, VLBA observing
was then interrupted until 2015, after which it was started again

A159, page4 of 28
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8500 km10,600 km

9900 km

Ka-band combined NASA/ESA/JAXA Deep Space 

Network

Maps credit: Google maps

ESA’s Argentina 35-meter antenna adds  3 baselines to DSN’s 2 baselines

• Full sky coverage by accessing south polar cap

• near perpendicular mid-latitude baselines: CA to Aust./Argentina

JAXA’s Misasa, 54-meter antenna adds another 3 baselines

Argentina ~15%

ESA Argentina to NASA-California under-observed by order of magnitude!

JAXA Misasa. Japan just started in Nov 2020

12

7,500 km

8,200 km

The X/Ka network; Jacobs et al. 2022
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Figure 2: Stat ions that have part icipated in the EC065 experiment.

can be found in Gomez et al. (2019).

3. PRELIM INARY ANALYSIS OF EVN GEODETIC DATA ACQUIRED AT K-
BAND

A non-standard EVN geodet ic experiment at K-band, coded EC065, wascarried out on June13,

2018. Data from 14 EVN telescopes, including Sardinia, Jodrell2, KVN-Yonsei and Torun which

are non-geodetic, were acquired (Fig. 2). A total of 478 scans spread over the 24-hour durat ion

of the experiment were observed. The data were correlated with SXFC and post-processed with

HOPS following the established path.

The geodet ic analysis was conducted with VieVS (Böhm et al., 2018) in a standard way with

models and apriori data as in Table 1.

Data/ Models Comments

Ephemeris JPL421

Earth Orientat ion Parameters IERS C04

Terrestrial Reference Frame ITRF2014

Celest ial Reference Frame ICRF3(K)

Ocean Tide Loading FES2004

Ionospheric correct ion CODE

Galact ic Accelerat ion YES

Tropospheric hydrostat ic model Saastamoinen

Tidal atmospheric loading Vienna

Non-t idal atmospheric loading Vienna

Tropospheric Mapping funct ion VMF3

Table 1: Models (non-exhaust ive) used for the analysis of the EC065 experiment.

As only a single frequency was observed, correct ion of ionospheric effects was necessary. For

this purpose we used total electron content maps produced by the Center for Orbit Determination

in Europe (CODE) based on data from the Global Navigat ion Satellite Systems. A trial using

3

The VLBA network

Charlot et al. 2020

K-band (22 GHz)

S/X bands (2/8 GHz)

X/Ka bands (8/32 GHz)



ICRF IS MADE WITH VLBI…

• Systematic errors in K and X/Ka catalogs showing up as 
large-scale (and probably smaller-scales!!!) deformations 
could result in misinterpreting core-shift or location of 
emission in the AGN

• Difficulty to estimate the deformation parameters and 
remove the model afterwards because of lacking full 
covariance information

Charlot et al. 2020

Large scale deformations between ICRF3 X and K

Large scale deformations between ICRF3 X and K

Lambert et al. 2021



ICRF WITH GENESIS 

• GENESIS will provide a flexible quasar…

• Compact

• Known position if satellite position is known

• Known frequency or frequencies, ideally able to switch between the S/X, K, X/Ka frequencies of 

the classical VLBI network and the broad-band 2-14 GHz of the VGOS network 

• No core-shift (if the phase center of the antenna is known)

• VLBI delay model might be adapted to a curved wavefront in a multiple antenna 

network

• “GENESIS quasar” can be used to tie and combine

• Tie different VLBI networks including VLBI networks observing at different frequencies

• Tie VLBI network to other space-geodesy techniques

 Should limit the “reference frame effects” and reduce systematic errors, although more than one 

GENESIS satellite might be necessary



RELATIVE ASTROMETRY

• Satellite serves as a reference whose 

(absolute) position is known

• Determine nearby quasar position relatively to 

the satellite position (phase-referencing VLBI, 

switching periodically between the two sources 

or using dual-beam receivers)

• Get quasar position in the absolute frame with 

an (improved) accuracy Reid and Honma 2014

Session 1 Session 2

Rotation equivalent to change in the 

apparent position of the source



CORE-SHIFT IN AGN

• Today, core-shift determination thanks to 
VLBI multiwavelength catalogs implies 
rigorous alignment between catalogs, no 
deformations, no systematics, etc.

• Detected after estimate/removal of large-
scale systematics; grossly matching a simple 
opacity model but largely perfectible 
(Lambert et al. 2021)

• Ideally, GENESIS should help in wiping out 
problematic errors…

• Great for astrophysics; e.g., obtain magnetic 
field in the VLBI core and jet dynamics 
(Kovalev et al. 2008):

760 Y. Y. Kovalev et al.: Opacity in compact extragalactic radio sources
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Fig.1. A scheme illustrating the frequency-dependent position shift of the VLBI core. Adopted from Lobanov (1996).

accuracy, similar to the accuracy of radio source positions from
the ICRF and the VLBA1 Calibrator Survey (Beasley et al. 2002;
Fomalont et al. 2003; Petrov et al. 2005, 2006; Kovalev et al.
2007; Petrov et al. 2008). SIM is expected to deliver high pre-
cision astrometric positions of bright quasars at ≈10 µas accu-
racy and a target accuracy of ≈20 µas is envisaged for the radio-
optical alignment (Unwin 2005). For both of these missions,
an important problem will be matching the optical catalogues
to the radio astrometry catalogues based on precise positions
of compact extragalactic objects and determining mutual rota-
tions, distortions and zonal systematic errors (e.g. Fey et al.
2001; Souchay et al. 2006; Lambert et al. 2006; Frey et al. 2006;
Bourda et al. 2007). This match relies on an assumption that the
dominating component of emission in both the radio and optical
bands is physically the same region (See Sect. 3.4 for detailed
discussion).

The core shift is expected to introduce systematic offsets be-
tween the radio and optical positions of reference sources, af-
fecting strongly the accuracy of the radio-optical matching of
the astrometric catalogues. The magnitude of the core shift can
exceed the inflated errors of the radio and optical positional mea-
surements by a large factor. This makes it necessary to perform
systematic studies of the core shift in the astrometric samples in
order to understand and remove the contribution of the core shift
to the errors of the radio-optical position alignment.

Measurements of the core shift have been done so far only
in a small number of objects (e.g., Marcaide et al. 1994; Lara
et al. 1994; Porcas & Rioja 1997; Lobanov 1996, 1998b; Paragi
et al. 2000; Ros & Lobanov 2001; Bietenholz et al. 2004; Kadler
et al. 2004). In this paper, we present for the first time results for
29 compact extragalactic radio sources used in VLBI astromet-
ric studies. In Sect. 2 we describe global VLBI data, the source
sample, and the method of measurement used in this paper, and
present results of the core shift measurements. In Sect. 3 we dis-
cuss astrophysical applications of the frequency-dependent core
shift (Sect. 3.1), variability of the shift resulting from nuclear
flares (Sect. 3.2), effect of the shift on multi-frequency VLBI
studies (Sect. 3.3). We investigate the influence of this effect on
the radio-optical reference frame matching and suggest a method

1 Very Long Baseline Array of the National Radio Astronomy
Observatory.

to compensate for it (Sect. 3.4). We summarize our results in
Sect. 4.

2. Core shift measurements

We have imaged and analyzed 277 sources from geodetic RDV2

observations made in 2002 and 2003 – ten 24 h-long experiments
on 16 January 2002, 6 March 2002, 8 May 2002, 24 July 2002,
25 September 2002, 11 December 2002, 12 March 2003,
7 May 2003, 18 June 2003. Geodetic RDV sessions feature
simultaneous observations at 2.3 GHz and 8.6 GHz (S and
X bands) with a global VLBI network at right circular polariza-
tion. This includes for every session the VLBA and up to nine
other radio telescopes from the following list: Algonquin Park
(46 m), Gilcreek (26 m), HartRAO (26 m), Kokee (20 m), Matera
(20 m), Medicina (32 m), Noto (32 m), Ny Alesund (20 m),
Onsala (20 m), TIGO (6 m), Tsukuba (32 m), Westford (18 m),
Wettzell (20 m). The data processing technique and imaging re-
sults are described by Pushkarev & Kovalev (2008).

This long-term RDV program is one of the best choices for
a large project to measure two-frequency core shifts on the basis
of open archival raw VLBI data for several reasons: (i) it is op-
timized to have a good (u, v)-coverage; (ii) it has the maximum
possible resolution for ground-based VLBI at these frequencies;
(iii) the frequency ratio between the simultaneously observed
bands is high (3.7); and (iv) the core shift per unit of frequency
between 2.3 and 8.6 GHz is larger than that at higher frequencies
because of opacity effects (see, e.g., Lobanov 1998b).

We have measured the frequency-dependent core shift
by model-fitting the source structure with two-dimensional
Gaussian components (Pearson 1999) and referencing the posi-
tion of the core component to one or more jet features, assuming
the latter to be optically thin and having frequency-independent
peak positions (Fig. 1). The method is illustrated in Fig. 2, where
astrometric S/X images of 1642+690 are shown, with positions
marked for the VLBI core (“C”) and jet feature (“A”).

Homan & Kovalev (in prep.) have made tests comparing core
shifts measured in the quasars 1655+077 and 2201+315 with
relative astrometry (phase referencing to a calibrator source) to

2 Research and Development VLBA experiments (see, e.g., Gordon
2005).

Kovalev et al. 2008

GENESISQuasar, frequency-

dependent position

Lambert et al. 2021



CONCLUSIONS

•GENESIS is a crucial mission for improving the ICRF

• Accurate position thanks to efficient ties between frames and between wavelengths

• Likely enormous potential of “absolute astrometry” for nuclear jet science (until now 

based on imaging only on which astrometry remains difficult)

• Likely to improve also VLBI EOPs and TRF

• Technically

• “GENESIS quasar” should emit at all VLBI frequencies

• Scheduling of “GENESIS quasar” as a normal object within regular VLBI sessions

• Upgrade software packages to treating VLBI delays from close objects (spherical 

wavefront)


