























Source structure effects on the CRF 351

Figure 8. Estimated position offsets d due to simulated source structure per source using various structure models with a nominal structure index SI = 2 (top),
SI = 3 (middle) and SI = 4 (bottom). The x-axis shows the alignment [0-90°] of the direction of the estimated offset with the direction of the source’s jet.
Additionally, the estimated offsets are binned by alignment with the jet in increments of 10°, with the red squares and whiskers indicating the median source
position offset as well as the 16th and the 84th percentile for each bin. Note the different scaling for different structure indices.

component (b, = 0.05), affecting source positions up to only about
30 pas at most. With increasing brightness of the secondary com-
ponent, the beating of patterns in structure delay in the (u, v) plane
decreases and the areas of similar structure delay become broader.
While the median delays of all observations do not change signifi-
cantly, the maximal delays as well as the distribution of the upper
16-50 per cent of structure delays change noticeably. For a relative
brightness b, = 0.35, source positions are moved by up to 100—
150 pas (51 pas in median), values more typical for the SI = 4
models. In contrast to applying source structure of SI = 2, the SI =
3 models also affect a number of sources, which are moved into
directions other than parallel to the jet. For sources with extremely
large estimated offsets, we searched for anomalies in the observing
schedules (low number of observations, low number of sessions,
etc), without any success. As a reminder, we note here that identical
schedules were used for all investigations, meaning that any differ-
ences between applying different source structure models are the
results of the particular combination of that model with the given
geometry as defined in the schedules we used.

The biggest difference between the SI = 4 models is in the
maximum structure delays, which coincides well with an increase in
both maximal and median source position offsets. We can conclude
that for the SI = 4 models, the beating in the (1, v) plane is generally
high and hence the interplay between a particular pattern with the
observational geometry becomes less important. In other words, the
effect of this highest level of structure produces delays that are less

consistent with a source position offset in the direction of the jet
and, although greater in magnitude, tend to be relatively reduced in
a global solution over all sessions.

Summarizing this section, we find that source structure causes an
apparent shift of the source position, which is mostly but not always
aligned with the direction of the jet of that source. Because the ob-
serving geometry of the simulations did not change, the reason for
the alignment/non-alignment of the estimated source offsets lies in
the different source structure models. Systematic source offsets are
also found in the full simulations. Despite other (largely stochastic)
simulated errors causing an additional shift in positions, the sys-
tematic effect due to structure remains. Hence, when the estimated
source position offsets of the full simulations are reduced by the
results of the full simulations without additional source structure,
the results are identical with those of the structure-only simulations.
This is a cross-check of our simulations.

4 NEW PARAMETRIZATION

In this section, a new parametrization is tested with the goal of
mitigating the effects of source structure on a globally estimated
CREF. In Section 3.1, we have shown that source structure leads to
position offsets preferentially in the jet direction. Motivated by this,
the idea is to represent source positions in components along the
jet (j) and perpendicular to the jet (normal component, n), rather
than the usual RA/Dec. parametrization. The j-component is then
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Table 3. Alignment of the estimated position offsets with the jet direction
of the sources. The percentages of all sources are shown, where the offset
is aligned within 45°, 30° and 10°, respectively. This is given for source
structure-only simulations using the various models of nominal structure
indices 2, 3 and 4. The values are medians of three solutions, each time
using different jet directions for each source.

Table 4. Simulated median source position offsets d and formal uncertain-
ties for an estimated CRF using the new j/n parametrization. We compare
the results of different simulations, using no source structure and source
models of nominal structure indices of SI =2, 3 and 4. The presented values
are medians for three realizations of each simulation, with new jet angles for
the structure-only simulations and new random numbers for the stochastic
errors sources in the full simulations respectively.

by <45° <30° <10°
(per cent) (per cent) (per cent) by Structure-only (pas) Full simulations (pas)
SI=2.0 No structure - 38 +44
035 95 90 56 SI—20
030 88 78 43 035 442 38 + 41
025 96 92 6l 030 6+3 39 + 41
020 96 92 59 025 8 + 4 41 + 41
0.15 23 87 30 0.20 743 40 + 41
0.10 81 64 29 0.15 642 39 4 41
0.05 65 46 23 0.10 442 39 + 41
SI=3.0 0.05 443 30 4 41
035 77 64 29 Sl 30
0.30 76 63 25 035 16+ 8 44 + 41
025 75 38 22 0.30 1447 42441
020 73 58 28 0.25 1147 41 + 41
0.15 66 30 22 0.20 9+7 30 4 41
0.10 74 54 17 0.15 11+8 40 + 41
0.05 69 32 20 0.10 10+38 38 + 41
SI=4.0 0.05 8+ 8 38 + 41
035 73 53 19 SI— 40
030 68 33 18 035 39 + 30 63 + 51
025 66 50 20 030 30 + 28 55 4 50
020 66 47 18 0.25 27425 49 + 48
0.15 60 41 18 0.20 28 + 24 54448
0.15 22+ 24 48 + 47

modelled as an arc parameter and session-wise reduced. In the
global solution, only the component normal to the jet direction
contributes to the final CRE.

Such a set-up in the analysis is also supported astrophysically
because, although the actual structure of a source is subject to
change considerably with time, the direction of the jet is generally
thought to remain constant (e.g. Lister et al. 2009). Studying the
variation of the jet direction in images of 44 frequently observed
geodetic sources, we have found that for 30 per cent of the sources
the jet angle is stable within 5°, and within 10° for 65 per cent of
the studied sources. The investigated time-span was up to 17 yr and
we had between a minimum of 2 and a maximum of 22 images per
source (median = 5).

4.1 Formalism

Unlike the usual barycentric source coordinates in RA and Dec.,
the j/n parametrization is different for each source. The source
catalogues of the VieVS source structure simulator contain only two
component sources (Section 2.1). The direction of the jet () is given
by the line between these two components, the normalized offset
in right ascension and declination (ARA and ADec.), respectively.
The vector perpendicular to the jet direction (n), as seen in the
RA/Dec. plane on the sky, can be directly derived by interchanging
the two components of the vector and changing the sign for one of
the components (equation 5):

. [ ARA "= ADec. )
J=\ ADec. )" =\ —ArRA /-
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For the new parametrization, the partial derivatives of the observable
T with respect to the source position (j, n) were set up as follows:

0 _ 9% spa+ T ADec
9j  ORA dDec. ‘
or 0t AD ot ARA ©)
on ~ ORA ec dDec. ’

In the global solution, the normal equation matrices of all 104
sessions were stacked together. While the parallel component was
reduced session-wise (meaning that the source was allowed to move
along the jet in each session), only the normal component was
set up as a global parameter using loose constraints of 2 mas for
all estimated sources. As a result, we obtain an estimated posi-
tion offset in the normal direction n, as well as its formal uncer-
tainty o ,. Finally, the estimated values for the n-component could
be transformed to corrections in RA and Dec. using equation (5),
and subsequently into a position offset on the sky d according to
equation (3).

4.2 Results

The new parametrization was applied to all the simulations de-
scribed in Section 3. The results in terms of median source position
offsets and uncertainties using the new parametrization are given in
Table 4 and Figs 9 and 10.

When applying the new j/n parametrization, we find that the
distorting effect on an estimated CRF is diminished. A careful
examination of the findings is in order. In the full simulation without
source structure, the median estimated source position offset is

GT0Z ‘LT JequisnopN uo 1senb Aq /610°sjeulnolploxosesuw//:dny wody papeojumoq


http://mnras.oxfordjournals.org/

45 r
s0b —E—SI=2
SI=3
35F —H— si=4 ]

30F -

median source position offset in pas

25} ]
20} ]
15} //@)///\@ J
10} _o—O— 2 ]
o g
5t ]
0 I L M
0 0.1 0.2 0.3 0.4

relative brightness of second component

Figure 9. Simulated median position offsets d due to source structure using
various two-component source models with nominal structure indices SI =
2, 3 and 4 and a relative brightness of the second component between 0.05
and 0.35 of the main component. These are structure-only simulations using
the new j/n parametrization.
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Figure 10. Same as Fig. 9 but for full simulations. The black line shows
the result for the full simulation, when no source structure was simulated.

reduced from 49 pas (Table 2) to 38 pas (Table 4), while the formal
errors with 44 pas stay the same. This slight reduction is due to
the fact that in the new parametrization we allow the source to
move along one direction per session. Hence, the free coordinate
effectively absorbs some of the stochastic errors.

Applying source structure of SI = 2, the new method is found
very suitable. From originally up to 60 pas in median systematic
source position offsets, we could reduce the effect to a level below
10 pas. For SI = 3, the median offsets could be reduced from about
20-50 pas to the level of 8—16 pas. A slight increase in the estimated
source position offset for a stronger secondary component is still
evident in Figs 9 and 10. For SI = 4, although the median offsets are
more or less halved (from 40-80 pas to 20—40 pas) when applying
the new parametrization, the effects of source structure on global
source positions are still clearly evident. The formal uncertainties
remain about the same for the new method as for the classical
method.
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The full simulations let us better assess the significance of the
remaining median systematic offsets. Fig. 10 shows that for the
structure of a nominal SI = 2 and 3, the overall level of remaining
offsets is only slightly (<10 pas) above the solution without source
structure. This is not the case for the SI = 4 structure where, despite
the new j/n parametrization, applying source structure significantly
moves the sources.

More insight into the functionality of the new estimation pro-
cedure is given through Fig. 11. As in Fig. 8, the median source
position offsets are given for bins of alignment, comparing the clas-
sical parametrization with the new j/n approach.

Itis clearly visible that the estimated offsets that were well aligned
to the jet direction are heavily diminished while the estimates in
other directions are less affected. As in the SI = 2 simulations, most
estimated offsets are aligned with the jet (up to 90 per cent within
30—40°; see Table 3), and the new parametrization proves to be very
suitable for mitigating the effects of source structure at the level of
SI = 2 on the CRF. For SI = 3, the alignment was less good and
hence the success of the new parametrization is limited. We find a
satisfying mitigation up to an alignment of the estimated sources of
30-40°, which, according to Table 3, means for at least 50 per cent
of all sources.

Care has to be taken when the new method is applied for reducing
the effects of simulated structure of SI = 4. While the offsets due to
source structure along the direction of the jet are greatly suppressed
when applying the new parametrization, offsets initially estimated
in the normal direction are found to remain at the level of up to
about 50 pas (medians) for some models (Fig. 11).

However, once again we find differences between the different
source models. Hence, for models of SI = 4 with a weaker sec-
ondary component (b, = 0.15, 0.20 and 0.25) further away, the new
parametrization greatly suppresses source position displacements
due to structure (to a level of about 30 pas) when the estimated
offset is aligned with the direction of the jet within 45°. Conversely,
for models with a close and strong second component (b, = 0.30
and 0.35), high (30-50 pas) median source position offsets are
also found for well-aligned estimated offsets 30-45°. This is also
reflected in overall higher median source position offsets over all
sources for these models (Table 4).

The above results are motivating, but also show some limitations
of this new approach. We clearly see that the influence of source
structure is better mitigated for better alignment. In general, the
new approach greatly reduces the effects of source structure for
good alignment (about up to 30—40°) between the jet angle and
estimated source position offset, while the improvements are less
clear for sources whose estimated offsets are less aligned with the
direction of the jet.

5 DISCUSSION

The presented simulations show that the source structure of SI = 2
and above can systematically affect source positions at a level above
the ICRF2 noise floor and above the influence of the most common
stochastic error sources, tropospheric turbulence, clock errors and
measurement noise. This is particularly interesting because the cur-
rent limit for the selection of suitable radio sources is SI < 3.0 (Ma
et al. 2009). The effects found in our simulations are solely the
result of observing different sessions with different baselines and
changing networks. Other effects, such as the variation of source
structure with time or the apparent change in the core position with
frequency (e.g. Lobanov 1998; Charlot 2002; Kovalev et al. 2008),
were not included in this study.
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Figure 11. Comparison of the simulated position offsets d due to source structure between the estimates of the classical RA/Dec. solution and the new j/n
parametrization for source structure-only simulations. Results are given for various structure models, with a nominal structure index SI = 2 (top), SI = 3
(middle) and ST = 4 (bottom). The x-axis shows the alignment [0-90°] of the direction of the estimated offset with the direction of the source’s jet. The
estimated offsets of the individual sources are binned by alignment with the jet in increments of 10°, with the green triangles (red squares) and whiskers
indicating the median source position offset as well as the 16th and the 84th percentiles for each bin. For a better comparison also between the different levels

of structure indices, a common scaling is used in all plots.

By applying different two-component source models, we have
also found large differences in the size and the characteristics of the
estimated source position offsets, even when their nominal structure
indices were identical. These clear differences between the models
are a result of the clear beating pattern in the (u, v) plane: source
structure models with low SI, which are not frequently beating, show
a strong systematic effect on global source positions, although their
individual structure delays are quite small. Conversely, the effects
of SI = 4, showing a high variability of the structure delay in the
(u, v) plane, are individually much larger but tend to become ab-
sorbed in the large sample of observations, baselines and sessions.
Although many real radio sources are reducible to a two-component
model (Charlot 1990), this could change considerably when addi-
tional components are added to the source model. This needs to be
investigated in the future, for example by using real source models
from imaging data.

We have further found that, although the observed delay index
SI,bs might better reflect the actual structure delays in a specific net-
work and observation set-up than the network independent nominal
SL it is also not suitable as a proper indicator for the size of the
effect on the CRE.

The presented simulations confirm the work by Modr et al.
(2009), who, using real observations, also found that the correla-
tion between observed source movement and jet direction does not
hold for all sources. As pointed out by MacMillan & Ma (2007),
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variations in source positions can also occur due to changes in the
observing antenna network. This was clearly shown here. While
further research will be necessary for a full understanding of the
interactions between the observing network, the schedule, the be-
haviour of source structure and the resulting source position offset,
we have shown that slight changes in the source model (keeping
the nominal SI fixed) can significantly change the estimated source
position, even for a fixed observing geometry.

The newly presented parametrization using the direction of the
jet was found to be effective at reducing the apparent effects on
a globally estimated CRF. The improvement is greater for sources
whose position offset was actually found to be well aligned with
the direction of the jet using a standard parametrization. In our case
study, this means that this method is more suitable for sources with
structure indices SI = 2 and SI = 3 rather than SI = 4. We note that
this might also be a limitation of the applied simulation method.

The used source models consisting of two components only were
rather simple and stable with time. In reality, we expect a dynamic
source evolution with multiple components moving predominantly
along the jet. This needs to be investigated in the future. However,
we have examined a large number of source models, applying a
range of astrophysically reasonable separations and brightness ra-
tios between the modelled source components. Further testing, es-
pecially with real source models from imaging (not two-component
models), will be necessary.
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Our new parametrization strategy should be used with discretion.
One does not want to lose valuable position information on good
and stable sources by modelling one direction as an arc-parameter.
A better approach might be to apply the traditional analysis for all
stable sources, and to model the unstable sources with the new j/n
parametrization. We defer this approach to a future investigation.

6 CONCLUSIONS

We have used the source structure simulator of VieVS to simulate
the effects of source structure delays on globally estimated source
positions. Our findings confirm previous studies with real observa-
tions that source structure can affect the CRF at the level of tens
to hundreds of mas for individual sources. These effects are evi-
dent for source models that are not changing with time. Because of
its systematic behaviour, in the global solution this effect exceeds
other common error sources due to the station clocks, tropospheric
turbulence or measurement noise, which are individually larger but
usually cancel in a larger sample of observed sessions.

Applying simple two-component models for the observed
sources, we find that in medians over all sources, the size of the
offsets does not necessarily scale with increasing SI. We find that
sources of nominal structure indices of SI = 2, 3 and 4 can all
cause offsets above the current level of source position uncertain-
ties. Here, the determined offset in source position is the result of
the additional delay due to source structure applied in one year of
geodetic schedules, and the subsequent determination of a CRF in
a global solution. Another interesting result is the fact that most
source models of a lower structure index (SI = 2) cause source
position offsets more or less (<30°) aligned with the jet direction
of the underlying source model. Despite almost all simulated mod-
els showing an alignment within 30° for at least 50 per cent of
the estimated sources, this clear relation significantly weakens for
higher structure indices. The reason for this could be identified as
the more dense beating pattern of the structure delay as seen in
the (u, v) plane, causing high structure delays even for relatively
unaligned baselines. Another important finding of this simulation
study is the fact that the effects of source structure due to simple
two-component models on an estimated CRF can significantly vary
for slightly different models, even when the nominal SI of these
models is the same.

Finally, we have presented a new parametrization, where the
source positions are modelled in components along the jet and
perpendicular to it. In the global solution, the component perpen-
dicular to the jet is assumed to be stable and contributes to the
CRF estimations, while the component along the jet is modelled
as an arc-parameter and is reduced session-wise. Applying this
new parametrization significantly reduces the negative effects due
to source structure, for certain models even down to the level of
the formal uncertainties. The study also reveals some problematic
issues for such a new modelling approach, especially when the un-
derlying source structure does not necessarily cause the sources to
be shifted along the jet direction, which is often the case for the
SI = 4 models.

Negative effects of source structure in X-band VLBI have long
been identified to be problematic in geodetic and astrometric VLBI
and specifically in defining a stable celestial reference frame. Be-
cause of its complexity as well as the fact that sources change with
time, no fully satisfactory mitigation strategy has yet been found.
At present, sources having a high SI or revealing considerable in-
stabilities in their position time series are excluded from the set of
ICREF defining sources. In this study, we have shown that for most
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(but not all) of the source models of SI < 3 the systematic errors due
to source structure are smaller (a few tens of pas) than the errors
due to the troposphere or than the overall nominal noise level of the
ICREF (40 pas). According to this, the current restriction to sources
of SI < 3 is a semisuccessful mitigation strategy. However, for more
stringent accuracy demands, source structure effects will become
more problematic. Our newly presented parametrization modelling
with respect to the jet direction could provide a potential solution
for this problem. It successfully suppresses source structure effects
down to the level of below 10 pas for SI = 2 and SI = 3 sources.
Applying the j/n parametrization to sources currently classified as
unstable might allow these to contribute to the ICRF datum by
providing a stable position at least in one direction.

Another possibility for mitigation of the source structure-induced
errors in a CRF would be to move it to higher frequencies, for
example X/KA-bands (8.4/32 GHz) as proposed by Jacobs et al.
(2012). Sources at these higher frequencies are thought to be more
compact and to have less intrinsic structure, resulting in an improved
CRF (Charlot et al. 2010). A detailed study of source structure
effects at higher frequencies will be the subject of future research.
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