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Introduction VGOS

VLBI Global Observing System (VGOS)

Introduced by Petrachenko et al. (2009, IVS Annual Report 2008) as VLBI2010

Aims: Station coordinate accuracy of 1 mm, reference frame stability of 0.1 mm/year.

Broad bandwidth (four bands between ∼ 2 and 15 GHz)

Ionosphere (dTEC) is estimated during fringe-fitting.

Dual linear polarization

Network is still growing

DiFX-2.5.4 is the version currently to be used for VGOS correlation.
Credit: Jan Wagner
Some details in Jaron et al. (2021, EVGA Proceedings).
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Introduction VGOS

VGOS VGOS

DiFX-2.5.4
H

V

H

V

HH VV HV VH ←Polarization Products

HOPS

Stokes I fourfit -P I ...

Fringe-Fitting

Complex gain differences between H and V
→ Calibration!
Niell et al. (2018, Radio Science, 53, 10)

Jaron et al. (2024, Radio Science, 59, 4)

VGOSDB

⇒ Increased signal-to-noise ratio, compared to legacy S/X observations.
⇒ Systematic errors become more significant, e.g., Source Structure!
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Introduction Images from VGOS observationsPérez-Díez, V., et. al.: A&A, 688, A151 (2024)

Fig. 11. Total intensity maps from VGOS experiment VO2187 obtained from the multifrequency image and the spectral index map. The contours
are shown at five levels of the peak percentage, specified in the legend of the plots. Each contour color represents the map for the central frequency
of each band: 3.25, 5.5, 6.75, and 10.5 GHz.

able to compare them. By displaying the maps at different fre-
quencies together, a study of the core shift of the sources can
be made. These images, as well as the direction and distance
of the jet, are in line with surveys carried out with other arrays
at similar frequencies, such as the images from the MOJAVE
program8.

4.4. Full-polarization imaging

In Fig. 12, we show full-polarization images of source 1849+670,
obtained with the CASA version of CLEAN, for the four VGOS
bands. The images were obtained after a D-term calibration
with the software PolSolve (Martí-Vidal et al. 2021). These
Dterms correct for residual cross-polarization gains after the pol-
conversion (e.g., Goddi et al. 2019) and will be discussed in a
forthcoming publication.

In Fig. 12, the total-intensity distributions (black contours)
show a jet extension in the northwest direction, the same as the
jet in the images published as part of the MOJAVE program
(Lister et al. 2018). The position of the polarization intensity
peaks (shown as yellow crosses) is also aligned in the jet direc-
tion with respect to the total-intensity peaks, although a hint of
counterclockwise rotation can be seen from bands A to C (the
polarization peak in band D coincides with the total-intensity

8 https://www.cv.nrao.edu/MOJAVE/

peak at the CLEAN resolution). Curiously enough, the expected
core shift should move the total-intensity core southeast at higher
frequencies (i.e., the direction opposite to the jet stream). How-
ever, the polarization peak approaches the total-intensity peak at
higher frequencies. If the polarization peak were related to an
optically thin jet feature, we should observe the opposite relative
astrometry between total intensity and polarization: The distance
between polarization and total-intensity peaks should increase
with increasing frequency. The observed behavior of the polar-
ization peak can only be explained if the region that emits the
polarized emission is also optically thick.

Astrometry in the different VGOS bands is necessary to
obtain more precise geodetic observables because the core shift
breaks the proportionality relation between the interferometric
phase and the group delay (Porcas 2009). The only way to accu-
rately obtain multifrequency astrometry of the sources (i.e., the
absolute coordinates of the source at each frequency) would be to
incorporate phase-referencing observations to monitor the core
shift at VGOS frequencies. We lack observations like this in this
experiment. The best way to align (in relative coordinates) the
images in different bands therefore is to create multifrequency
models aligning the jet because they must be optically very thin.

The EVPAs (from north to west) at the polarization inten-
sity peaks are 56.3, 56.7, 67.5, and 81.2 degrees for bands A
to D, respectively. These results do not follow the λ2 rela-
tion expected for Faraday-thin external rotation-measure screens,

A151, page 12 of 16

Pérez-D́ıez et al. (2024, A&A, 688, A151)
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Introduction Core-shift in AGN jets

Explicit measurement of frequency dependent core position for radio galaxy M87

LETTER
doi:10.1038/nature10387

An origin of the radio jet in M87 at the location of the
central black hole
Kazuhiro Hada1,2, Akihiro Doi3,4, Motoki Kino2, Hiroshi Nagai2,3, Yoshiaki Hagiwara1,2 & Noriyuki Kawaguchi1,2

Powerful radio jets from active galactic nuclei are thought to be
powered by the accretion of material onto the supermassive black
hole (the ‘central engine’)1,2. M87 is one of the closest examples of
this phenomenon, and the structure of its jet has been probed on a
scale of about 100 Schwarzschild radii (Rs, the radius of the event
horizon)3. However, the location of the central black hole relative
to the jet base (a bright compact radio ‘core’) remains elusive4,5.
Observations of other jets indicate that the central engines are
located about 104–106Rs upstream from the radio core6–9. Here
we report radio observations of M87 at six frequencies that allow
us to achieve a positional accuracy of about 20microarcseconds. As
the jet base becomes more transparent at higher frequencies, the
multifrequency position measurements of the radio core enable us
to determine the upstream end of the jet. The data reveal that the
central engine ofM87 is located within 14–23Rs of the radio core at
43GHz. This implies that the site of material infall onto the black
hole and the eventual origin of the jet reside in the bright compact
region seen on the image at 43GHz.
On8 and 18April 2010wemademultifrequency observations ofM87

with the Very Long Baseline Array (VLBA) at 2, 5, 8, 15, 22 and 43GHz
quasi-simultaneously. Using the phase-referencing technique, the radio
core positions of M87 at each frequency were measured relative to the
nearby (separated by 1.5u) reference source M84 (see Supplementary
Information for detailed data analysis).When the core at each frequency
corresponds to the surface where the optical depth for synchrotron self-
absorptionbecomesunity10, the position of the radio coremoves towards
the central engine with increasing frequency (core-shift effect11–13, see
also Fig. 1). If we assume that the jet is conical and the central engine is
located at the apex of the jet, the separation between the central engine
and a core at a given frequency n satisfies rc(n) / n2a (a. 0). Thus, the
location of the central engine can be specified by determining the fre-
quency dependence of the core shift (see Fig. 1 for more details).
In Fig. 2 we show the measured core shift of M87 in right ascension

(RA) as a function of n. Because M84 also has its own core shift, the
measured core-position changes on the sky plane are a combination of
the core shifts of M87 and M84. Fortunately, M84 has a sufficiently
narrow jet structure extended towards the north and the jet is unre-
solved in the RA direction (see Supplementary Information). This
situation enables us to extract the RA contributions ofM87’s core shift
successfully by minimizing any structural effect of M84 (hereafter we
denote the RA contributions of rc(n) as rRA(n)). It should be stressed
that the clear detection of the core shift shown in Fig. 2 explicitly
precludes the possibility of a standing shock6 in the case of the M87
core; otherwise it would remain stationary with frequency.
Themost remarkable finding in Fig. 2 is the strong constraint on the

location of the central engine of M87 on a 10Rs scale. The amount of
core shift between two adjacent frequencies decreases smoothly with
increasing frequency, and the core position converges to the upstream
endof the jet, which is supposed to be the location of the central engine.
We fit the power-law function to the measured data on core positions

with the weighted least-square method, then we derive the best-fit
value as rRA(n) / n20.946 0.09. The fitted curve approaches the dashed
line asymptotically at 416 12mas eastwards of the 43-GHz core posi-
tion (errors are 1s), which is equivalent to the projected separation
66 2Rs for the black-hole massM5 6.03 109 solar masses (ref. 14) at
a distance of 16.7Mpc (ref. 15). The measured frequency dependence
of the core shift roughly n21 is consistent with a ‘conical’ jet with the
radial profiles of the magnetic field strength and the electron number
density varying as r21 and r22, respectively16, with the assumption of a
constant jet velocity. With regard to jet shape, a recent theoretical
model shows that a jet seems to have a ‘paraboloidal’ shape near a
central black hole1. If this is true of theM87 jet, then the location of the
central engine is likely to be even closer to the 43-GHz radio core than
the dashed line.

1Department of Astronomical Science, The Graduate University for Advanced Studies (SOKENDAI), 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan. 2National Astronomical Observatory of Japan, 2-21-1
Osawa, Mitaka, Tokyo 181-8588, Japan. 3Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 3-1-1 Yoshinodai, Chuo, Sagamihara, Kanagawa 252-5210, Japan.
4Department of Space and Astronautical Science, The Graduate University for Advanced Studies (SOKENDAI), 3-1-1 Yoshinodai, Chuo, Sagamihara, Kanagawa 252-5210, Japan.

Central black hole and accretion flow

Radio core at different frequencies
(ν5 > ν4 > ν3 > ν2 > ν1)
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rc(ν1)
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Figure 1 | Schematic diagram explaining the radio core shift of a jet. The
diagram illustrates the core shift of a jet generated from the central black hole (a
black dot) surrounded by the accretion disk (represented as a red ellipse), with
the horizontal axis showing a distance from the black hole (r). The cores of a jet,
the bright surfaces of optical depths being unity, are indicated as grey ellipses at
the actual radio frequencies of VLBI measurements; darker colours indicate
higher frequencies. The cores are located at the apparent origin of the jet in each
frequency image. The optical depth tssa for the synchrotron self-absorption is a
function of the radio-emitting electron number density Ne, the magnetic field
strengthB and the observing frequency n. BecauseNe andB have a radial profile
in the jet, the radial position on the surface at which tssa becomes unity shifts as
a function of frequency. If we assume thatNe andB have power-law profiles of r
described as Ne / r2n and B / r2m (n and m positive), the frequency
dependence of the core position results in r(n) / n2a. Here a is the positive
power index described as a function of n and m (ref. 10). According to the
relation, the cores shift towards the upper stream with increasing frequencies
and converge on the location of the central black hole.
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In Fig. 3 the upstream end of the jet corresponding to the dashed line
in Fig. 2 is overlaid on the 43-GHz intensity image as the shaded area. By
specifying the position angle of the M87 jet, we can also evaluate the
amount of the core shift indeclination.On thebasis of the43-GHz image
ofM87 in previous work that discusses the large direction uncertainty of
the inner jet region3, we set the allowed range of the jet position angle
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Figure 3 | VLBA image of M87 at 43GHz
superimposed on the measured core-shift
positions. a, Global view of the radio jet on a
subparsec scale. b, Close-up view of the region
enclosed by the rectangle in a. The synthesized beam
of the VLBA is 0.22mas3 0.46mas at25u (bottom
right in the upper image). The peak brightness and
1s noise level are 724mJy and 1.1mJy per beam,
respectively. Contours are (21, 1, 2, 2.8 and
4)3 3.3mJy per beam and thereafter increase by
factors of 21/2. Two broken red lines represent the
maximum possible range of the inner jet direction
centred on the 43.2-GHz core. A solid red arrow
represents the larger-scale jet direction. Red circles
indicate the core positions at 2.3, 5.0, 8.4, 15.2, 23.8
and 43.2GHz relative to the 43.2-GHz core (the
higher the frequency of the core, the closer it
approaches the central engine). Core positions at
each frequency are averaged over two epochs. We
assume that the core shift occurs along the larger-
scale jet direction. The positional uncertainties in
declination are due to uncertainties in the direction
of the inner jet, which are shown by the vertical
broken arrows threading each core position. The
shaded area at the east of the 43.2-GHz core
represents the upstream end of the jet derived from
the core-shift measurements. This area is enclosed
by the 1s error in the core-shift value in RA, and the
direction of the inner jet defines uncertainties in
declination. A black circle (top left in b) shows the
diameter 6Rs of the innermost stable orbit around a
non-rotating black hole. Inset in a, a 15-GHz Very-
Large-Array image showing kiloparsec-scale
structure. (Copyright National Radio Astronomy
Observatory/Associated Universities, Inc./National
Science Foundation).

Figure 2 | Plot of the core-shift measurements in right ascension forM87 as
a function of observing frequency. The data sets of filled and open circles are
results for 8 and 18April, respectively. Both observations were made at 2.3, 5.0,
8.4, 15.4, 23.8 and 43.2GHz. The origin of the vertical axis is referenced to the
weighted-mean position of the 43.2-GHz core over the two epochs. This plot
shows that the measured core positions for the two epochs are consistent within
1s error bars, indicating that the systematic errors are effectively cancelled out
through the quasi-simultaneous multifrequency observations (see also
Supplementary Information for details of the data analysis and error
estimations). The solid curve represents the best-fit solution, with rRA(n)5
A2a1B (a5 0.946 0.09, A5 1.406 0.16 and B520.0416 0.012), which is
derived fromtheweighted least-squaremethod to the entire data set. The dashed
horizontal line represents the asymptotic line of the solid curve, which is located
at 41mas eastwards from the 43.2-GHz core in RA. At the distance of M87 of
16.7Mpc and the mass of the black hole of 6.03 109 solar masses, 1mas
corresponds to a length of 0.08pc or 140Rs projected on the plane of the sky.
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In Fig. 3 the upstream end of the jet corresponding to the dashed line
in Fig. 2 is overlaid on the 43-GHz intensity image as the shaded area. By
specifying the position angle of the M87 jet, we can also evaluate the
amount of the core shift indeclination.On thebasis of the43-GHz image
ofM87 in previous work that discusses the large direction uncertainty of
the inner jet region3, we set the allowed range of the jet position angle
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superimposed on the measured core-shift
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subparsec scale. b, Close-up view of the region
enclosed by the rectangle in a. The synthesized beam
of the VLBA is 0.22mas3 0.46mas at25u (bottom
right in the upper image). The peak brightness and
1s noise level are 724mJy and 1.1mJy per beam,
respectively. Contours are (21, 1, 2, 2.8 and
4)3 3.3mJy per beam and thereafter increase by
factors of 21/2. Two broken red lines represent the
maximum possible range of the inner jet direction
centred on the 43.2-GHz core. A solid red arrow
represents the larger-scale jet direction. Red circles
indicate the core positions at 2.3, 5.0, 8.4, 15.2, 23.8
and 43.2GHz relative to the 43.2-GHz core (the
higher the frequency of the core, the closer it
approaches the central engine). Core positions at
each frequency are averaged over two epochs. We
assume that the core shift occurs along the larger-
scale jet direction. The positional uncertainties in
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of the inner jet, which are shown by the vertical
broken arrows threading each core position. The
shaded area at the east of the 43.2-GHz core
represents the upstream end of the jet derived from
the core-shift measurements. This area is enclosed
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declination. A black circle (top left in b) shows the
diameter 6Rs of the innermost stable orbit around a
non-rotating black hole. Inset in a, a 15-GHz Very-
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Figure 2 | Plot of the core-shift measurements in right ascension forM87 as
a function of observing frequency. The data sets of filled and open circles are
results for 8 and 18April, respectively. Both observations were made at 2.3, 5.0,
8.4, 15.4, 23.8 and 43.2GHz. The origin of the vertical axis is referenced to the
weighted-mean position of the 43.2-GHz core over the two epochs. This plot
shows that the measured core positions for the two epochs are consistent within
1s error bars, indicating that the systematic errors are effectively cancelled out
through the quasi-simultaneous multifrequency observations (see also
Supplementary Information for details of the data analysis and error
estimations). The solid curve represents the best-fit solution, with rRA(n)5
A2a1B (a5 0.946 0.09, A5 1.406 0.16 and B520.0416 0.012), which is
derived fromtheweighted least-squaremethod to the entire data set. The dashed
horizontal line represents the asymptotic line of the solid curve, which is located
at 41mas eastwards from the 43.2-GHz core in RA. At the distance of M87 of
16.7Mpc and the mass of the black hole of 6.03 109 solar masses, 1mas
corresponds to a length of 0.08pc or 140Rs projected on the plane of the sky.
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Hada et al. (2011, Nature, 477, 7363)
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Methods Theory

In general, the structure phase is given by

φs =
2π

λ
B ·OP0 + tan−1

(
−Zs

Zc

)
, (1)

with

Zc =

∫∫
Ωs

I (P, λ, t) cos

(
2π

λ
B ·OP

)
dΩ, (2)

Zs =

∫∫
Ωs

I (P, λ, t) sin

(
2π

λ
B ·OP

)
dΩ, (3)

B Baseline vector,
O Origin of local coordinate system,
P0 Reference point within the source,
λ Observing wavelength,
I (P, λ, t) Source brightness distribution.

Charlot (1990, AJ, 99, 1309)
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Methods Gaussian Components

Zc =
n∑

k=1

[
Ske−2π2(a2

kU
2
k+b2

kV
2
k ) cos

(
2π

λ
B ·OPk

)]
,

Zs =
n∑

k=1

[
Ske−2π2(a2

kU
2
k+b2

kV
2
k ) sin

(
2π

λ
B ·OPk

)]
,

with

ak =
FWHMk(major axis)

2
√

2 log 2
, bk =

FWHMk(minor axis)

2
√

2 log 2
,

and
Uk = u sinψk + v cosψk , Vk = −u cosψk + v sinψk ,

ψk : position angle of the kth component.

Charlot (1990, AJ, 99, 1309)
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Methods Gaussian Components

Observations

Simulation (VieRDS) Gruber et al. (2021, PASP, 131)

Raw data (level-0)

Correlation (DiFX)Deller et al. (2011, PASP, 123)

Visibilities (level-1) SWIN files

difxstrucVieSOFT

Corrected visibilites (level-1) SWIN files

Fringe-Fitting (HOPS fourfit)

VGOSDB

Geodetic Analysis (VieVS)Böhm et al. (2021, PASP, 130) Results

Source structure models

Calibration
Pérez-D́ıez et al. (2024, A&A, 688, A151)

Image
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Methods Gaussian Components

Command line tool difxstruc

difxstruc -i <DiFX input file> -d <DiFX SWIN file> -s <source model file> -o <output file>

DiFX input file Provides information about frequency setup.
DiFX SWIN file DIFX file containing the original visibilities.

Also contains (u, v) coordinates for each observation.
Source model file Contains information about reference points and a list of

Gaussian components (one file per source).
Output file Name of the SWIN file that will contain the corrected visibilities.

Input file

DiFX SWIN file

Source model file

difxstruc Corrected DiFX SWIN file

F. Jaron (TU Wien, MPIfR) Mitigating source-structure in geodetic VLBI October 17, 2024 12 / 23



Methods Gaussian Components

The source structure description file

DEC δ
REF x0 y0

COMP νmin νmax Flux x y Maj Min PA α
COMP νmin νmax Flux x y Maj Min PA α
COMP νmin νmax Flux x y Maj Min PA α
...

DEC line contains the absolute declination of the source.

All other coordinates are in units of mas and relative to some arbitrary coordinate origin.

REF is the reference point P0 = (x0, y0).

COMP lines contain description for one Gaussian component: Frequency range
(νmin − νmax), Flux density, Coordinates (x , y), semi-major and minor axes, position
angle, and radio spectral index.
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Results The reference point

Effect of just changing the reference point

Question: If I only change the reference point, how does the estimated source position change?

To answer this questions

Well-behaved VGOS session: vo3012

Compact source with many observations: 1156+295

Systematically change reference point coordinates

Apply visibility phase corrections

Run fringe-fitting, export VGOSDB

Geodetic analysis with the VLBI module of VieVS

φs = 2π(ux0 + vy0) +
���

���
��: 0 (for this test)

atan2(−Zs,Zc)
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Results The reference point
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Results Images

Original:
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Credit: Victor Pérez-D́ıez, applying the method of Pérez-D́ıez et al. (2024) to vo2187.
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Results Closure delays
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τABC = τAB + τBC + τCA

All three delays have to refer to the same wavefront (e.g., geocentric delays).

Without any baseline specific systematics: τABC = 0

Observational results from vo3012.
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Results Post-fit residuals

Geodetic analysis

Full geodetic analysis on the session vo3012.

Vienna VLBI and Satellite Software (VieVS, Böhm et al. 2021).

Estimated:

Source coordinates
UT1-UTC
Tropospheric zenith delays.

Compare post-fit residuals before and after the source structure correction.
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Results Post-fit residuals

Correction: No -- Observations: All
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Results Post-fit residuals
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Results Post-fit residuals

Correction: No -- Observations: 3C418
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Results Post-fit residuals

Correction: Yes -- Observations: 3C418
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Conclusion
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Input file

DiFX scan file

Source model file

difxstruc Corrected DiFX scan file

We have developed a tool to remove source structure from
DiFX visibility data.
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Input file

DiFX scan file

Source model file

difxstruc Corrected DiFX scan file

We have developed a tool to remove source structure from
DiFX visibility data.
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Images obtained from structure-corrected visibilities indeed
appear more compact.
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Input file

DiFX scan file

Source model file
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We have developed a tool to remove source structure from
DiFX visibility data.

−1.0−0.50.00.51.0
Relative RA (mas)

−1.0

−0.5

0.0

0.5

1.0

Re
la

tiv
e

D
ec

(m
as

)

3C418

Contours(%): 3.0 7.2 17.3 41.6 100.0
A B C D

−1.0−0.50.00.51.0
Relative RA (mas)

−1.0

−0.5

0.0

0.5

1.0

Re
la

tiv
e

D
ec

(m
as

)

3C418

Contours(%): 3.0 7.2 17.3 41.6 100.0
A B C D

Images obtained from structure-corrected visibilities indeed
appear more compact.

 0

 10

 20

 30

 40

 50

-8 -6 -4 -2  0  2  4  6  8

Original 3C418

N
u
m

b
e
r

Closure delay [100 ps]

 0

 10

 20

 30

 40

 50

-8 -6 -4 -2  0  2  4  6  8

Corrected 3C418

N
u
m

b
e
r

Closure delay [100 ps]

Closure delays show a more compact distribution, but not all
misclosures are removed.
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Input file
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Source model file

difxstruc Corrected DiFX scan file

We have developed a tool to remove source structure from
DiFX visibility data.
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Images obtained from structure-corrected visibilities indeed
appear more compact.
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After a geodetic analysis post-fit residuals seem slightly
improved.


