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Abstract

The International Celestial Reference Frame suffers from significantly less observations in the southern hemisphere
compared to the northern one. One reason for this is the historically low number of very long baseline interferometry
radio telescopes in the south. The AuScope very long baseline interferometry array with three new telescopes on the
Australian continent and an identical antenna in New Zealand were built to address this issue. While the overall number
of observations in the south has greatly improved since then, a closer look reveals that this improvement is only true for
strong radio sources (source flux densities >0.6 Jy). The new array of small very long baseline interferometry antennas
has a relatively low baseline sensitivity so that only strong sources can be observed within a short integration time. A
new observing strategy, the star scheduling mode, was developed to enable efficient observations of weak sources during
geodetic sessions, through the addition of a single more sensitive antenna to the network. This scheduling mode was
implemented in the Vienna very long baseline interferometry Software and applied in four 24-h sessions in 2016. These
observations provide updated positions and source flux densities for 42 weak southern radio sources and significantly
reduce the formal uncertainties for these sources. The star scheduling mode now allows the AuScope very long baseline
interferometry array to undertake greater responsibility in monitoring sources in the southern sky, without significantly
weakening the session for geodetic purposes.
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1 INTRODUCTION

VLBI observations of extragalactic sources at radio wave-
lengths are used to define the fundamental celestial refer-
ence frame, the International Celestial Reference Frame II
(ICRF2; Ma et al. 2009; Fey et al. 2015). It is well known
that due to limited observing capabilities the ICRF is much
weaker in the southern hemisphere than in the northern one. In
terms of nominal source positions, which are strongly corre-
lated with the number of observations and sessions in which
a source is observed, southern sources are much less pre-
cise than northern ones (e.g. Plank et al. 2015, Figures 7
and 8).

The AuScope VLBI array (Lovell et al. 2013) was built to
address these issues. The new Australian antennas in Kather-
ine (Ke, Northern Territory), Yarragadee (Yg, Western Aus-

tralia), and Hobart (Hb, Tasmania) have been regularly par-
ticipating in the international observing programmes coordi-
nated by the International VLBI Service for Geodesy and
Astrometry (IVS, Nothnagel et al. 2016). In parallel, the
AUSTRAL observing programme (Plank et al. 2017) was es-
tablished, having the aim to optimally utilise the new VLBI
infrastructure and further improve the results for the Aus-
tralian region. The Warkworth 12-m antenna (Ww) also par-
ticipates in the AUSTRAL programme. The high cadence
as well as the fact that the AUSTRALs have typically more
observations than the standard IVS experiments make them
an important contributor when counting the total number of
observations. This is shown in Figure 1, illustrating the cumu-
lative number of all observations since 2012. By distinguish-
ing between all sessions and all without the AUSTRALs,
one clearly sees that the AUSTRALs have been continually
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Figure 1. Cumulative number of all (red line) observations of the IVS from
2012 until 2016 September. For the black line, all sessions except the AUS-
TRAL sessions are considered. It is evident that the AUSTRAL sessions
have become increasingly important, changing the overall rate of growth in
the number of observations.
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Figure 2. Cumulative IVS observations since 2012 (as shown in Figure 1)
sorted in bins of sources with different flux densities (median values). While
sources of all strengths are regularly observed in standard IVS sessions (all
sessions are considered in the black bars), sources of flux densities lower than
0.6 Jy are significantly less frequently observed in the AUSTRAL sessions
(red bars). Note the logarithmic scale.

increasing their contribution to the total number of observa-
tions, also causing a change in the overall rate.

However, as the new and typically smaller telescopes are
less sensitive than the existing array of IVS radio telescopes,
this increase in the number of observations is highly de-
pendent on the strength (respectively flux density) of the
source. As illustrated in Figure 2, the distribution of obser-
vations amongst bins of source strengths is relatively bal-
anced (≈20 000–40 000) for flux densities down to 0.6 Jy.
For weaker sources, it rapidly falls off to about 13 000 obser-
vations for flux densities between 0.4 and 0.6 Jy and about
4 500 observations to sources between 0.2 and 0.4 Jy. In total,
we find only about 1 500 observations in the AUSTRAL ses-
sions to sources of a nominal flux density lower than 0.2 Jy.

In order to achieve better geodetic results through more
observations, only strong sources are observed in the AUS-
TRAL sessions (Plank et al. 2017). An exception are those
sessions with an astrometric purpose or those with the addi-
tion of larger and thus more sensitive antennas to the array.

While the current procedure is fine for geodetic purposes,
there is motivation to also include observations to weaker
sources in the AUSTRAL programme:

• Maintaining the ICRF. All sources need to be re-
observed regularly in order to monitor their flux densities
and to allow a precise determination of their positions.
The uneven distribution of position accuracies between
the northern and southern sky is a problem and could
be mitigated through more frequent observations in the
south.

• Tie to the optical frame. Gaia, a mission by the European
Space Agency, is expected to produce a new celestial ref-
erence frame at optical frequencies with unprecedented
accuracies (http://sci.esa.int/gaia/). For aligning the op-
tical frame to the ICRF, work has been done in iden-
tifying suitable ICRF2-Gaia transfer sources (Bourda
et al. 2010, 2011), both visible in the optical and radio
domain, and including them in regular as well as in ded-
icated observing programmes of the IVS (Le Bail et al.
2016). Once more southern sources are problematic to
be regularly observed.

• Special sources. Due to their high cadence and flexibility
in scheduling, the AUSTRAL sessions are also a very
attractive option for monitoring special sources. These
can be new sources, sources in a certain area used for
phase referencing, and sources with a special character-
istic or astrophysically interesting behaviour. Decreas-
ing the flux density limit for such sources may increase
the scientific output of the AUSTRAL sessions.

The most convenient possibility to increase the network
sensitivity of the AUSTRALs is adding the Hobart26 an-
tenna (Ho). Ho is co-located with the Hb telescope and like
the AuScope array operated by the University of Tasmania
(UTAS). However, when adding one large (i.e. more sensi-
tive) antenna to a network of smaller ones does not necessar-
ily help in scheduling weaker sources, without adapting the
scheduling algorithm accordingly. For the particular network
of the AUSTRAL sessions, a new strategy—the star mode—
has now been developed and is introduced in this paper.

The idea, implementation, and application of this new
mode to four AUSTRAL sessions are described in the fol-
lowing Section 2. In Section 3, results of the observations are
given. In Section 4, a more general discussion about the new
mode is given before concluding in Section 5.

2 STAR SCHEDULING MODE

Scheduling is the task of creating the observation plan,
namely telling each antenna which source shall be observed
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at what time and for how long. This is a complex task, trying
to solve multiple optimisation problems depending on the tar-
get of a session. Before describing the newly developed star
mode algorithm in Section 2.2, an introduction to the basic
relations in scheduling is given in the following section.

2.1. Scheduling basics

For a successful observation, the correlation signal of the
recorded data at two sites observing an identical source
should be strong enough enabling a clear detection. In
scheduling, the scan length (t) of an observation is planned so
that the source signal-to-noise ratio (SNR) becomes greater
than a certain low limit SNR, where this limit is typically 20
for the X-band and 15 for the S-band. The scan length is cal-
culated as the product of the antenna sensitivities (given by
the system equivalent flux density, SEFD) of stations 1 and 2,
divided by the source strength (flux density F) squared. Fur-
ther, adding the data rate as a measure of the amount of data
recorded per time unit, for up to 2-bit sampling, the following
relation holds:

tscan ∝
(

SNR

F

)2

× SEFD1 × SEFD2

data rate
. (1)

Typically, small antennas with a smaller collection area have
higher nominal SEFDs than large antennas. This means that
on a baseline with two small and insensitive antennas, a
source needs to be observed longer than on a baseline be-
tween one small and one large antenna. Further, weak sources
need to be observed longer than strong sources to reach the
target SNR.

While an observation is defined as a measurement on one
baseline, when more antennas observe the same source at
the same time this is called a scan. In one scan containing
nst = 4 stations, one usually has nobs = nst(nst − 1)/2 =
6 observations. Since the SNR has to be reached on each
baseline of a scan, the most insensitive pair of antennas of
the observing array determines how long a source needs to
be observed.

The scheduling strategy itself depends on the aim of the
session, whether the goal is geodesy to measure station posi-
tions and Earth orientation parameters, or something else, for
example, to observe a specific source close to the Sun in or-
der to test relativity. For geodesy, a rule of thumb is the more
observations the better. More specifically, at each station, one
seeks to schedule observations in many different directions
to allow for a better estimation of the tropospheric delays af-
fecting the measurements. This is commonly referred to as
optimising for sky coverage (e.g. Sun et al. 2014). A sim-
ple quantity to compare the qualities of different schedules is
the number of scans per station per hour with a high number
usually producing better results.

More detailed information about geodetic scheduling of
VLBI can be found in Gipson (2016), Sun (2013), Petrov
et al. (2009), and Gipson & Baver (2016).

Ho

Ke

Yg

Hb

Ww

Figure 3. Illustration of the star mode. The scan length is determined only
using the baselines including Ho (thick red lines).

2.2. Implementation

The star mode was developed following the original idea
that adding the more sensitive (26 m) Ho antenna to the
AUSTRAL network would allow for observations of weaker
sources. While adding the Ho antenna certainly improves the
sensitivity on baselines with Ho, it does not change anything
on the baselines between the 12-m antennas. This is illus-
trated in Figure 3.

In a standard AUSTRAL network, one has four stations
(Hb, Ke, Ww, Yg) and six baselines (dashed lines). Since all
four antennas are of similar type, they have similar sensitiv-
ities of ≈3 600–4 600 Jy in X-band and ≈4 000–5 200 Jy in
S-band (Plank et al. 2017). Using the standard AUSTRAL
mode of 1 Gbps (Giga bit per second) recording, sources
down to 0.4 Jy flux density can be observed with scan lengths
of up to 500 s. Adding the Ho antenna (sensitivity of 1 200 Jy
in X-band and 800 Jy in S-band) to the network shortens the
scheduled observing time on the new baselines to Ho, while
it does not change anything on the original baselines between
the 12-m antennas.

The main feature of the star mode is that for a certain list
of weak sources of interest, the scan length is only calculated
for the baselines to Ho, ignoring the baselines between two
12-m antennas of lower sensitivity. This allows for observa-
tions of much weaker sources, in the case of the AUSTRAL
array sources with flux densities down to about 0.15 Jy in
X-band and 0.2 Jy in S-band. While without modification,
these would yield scan lengths of 60 min or more, in the
new mode scan lengths of maximum 10 min were scheduled.
Examples for sessions scheduled with the star mode are pre-
sented in Section 2.4.

Since 2013, the Vienna VLBI Software (VieVS, Böhm
et al. 2009) has been used for scheduling the AUSTRAL
experiments. As first mentioned in Plank et al. (2016), this
software was amended for the star scheduling mode, as
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STAR SCHEDULING ALGORITHM
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- Scan end time
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schedule scan with Ho             
and target source
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target sources

- Calculate scan
duration only using
baselines with Ho

Full network incl. Ho

Figure 4. Algorithm for the implementation of the star mode in VieVS.

described step-by-step in the next Section (2.3). Since the
12-m telescopes are of similar sensitivities and relatively fast,
they typically are scheduled together in the same scan with
rapid slew times in between. This leads to many scans per
hour (≈30–35) and improved geodetic results (see e.g. Plank
et al. 2017). By simply adding the slower Ho antenna to the
network, the scheduling algorithm would favour larger net-
works. This in turn would lead to more idle time for the fast
antennas, less scans per hour, and consequently a degradation
of the geodetic results.

2.3. Scheduling algorithm

The implementation of the star scheduling mode into VieVS
is shown in the flow chart of Figure 4.

In step 1, a list of target sources is defined. These are typi-
cally weak radio sources and their approximate flux densities
in S- and X-band have to be known. In step 2, the sensitive an-
tenna (Ho) has to be selected. Currently, the implementation
was designed for one sensitive and slow antenna being added
to a regional network of fast antennas of similar sensitivities.
The scheduling itself works scan-by-scan (step 3). It is dis-
tinguished between every nth scan and all other scans. For all
other scans (right branch in the flow chart), the special an-
tenna (Ho) is removed from the core network. As described in
more detail by Sun (2013), the stationwise scheduling algo-
rithm in VieVS first collects all geometrically possible scans

Table 1. Sessions scheduled with the new star mode. Each session
lasted for 24 h and consisted of three or four 12-m antennas plus
the Ho 26-m telescope.

Session code Date Participating stations

aua009 2016 February 23 Hb Ke Ww Yg + Ho
aua010 2016 April 12 Hb Ke Ww Yg + Ho
aug024 2016 June 08 Ke Ww Yg + Ho
aug026 2016 July 13 Ke Ww Yg + Ho

and subsequently weights them according to three selection
criteria: each scan earns points for improving the sky cover-
age over each station, for a high number of observations and
for a short scan duration. Typically, this process runs until the
end of a session is reached. In the star mode, every nth scan
deviates from the procedure above (left branch). Instead, the
special antenna (Ho) is added to the network and a scan is
formed with all stations to one of the target sources defined
in step 1. Hereby, the programme cycles through the list of
target sources. Also, in these scans, the scan duration is deter-
mined only considering the baselines including Ho. For the
observed sessions, n was set to 10, which was identified as a
good mixture between special scans and geodetic scans.

When the end of the session is reached, the schedule is first
scanned for possible fill-in opportunities (step 4). These are
additional scans that are added for the core network, when
two or more antennas are idling while the others are still
observing or slewing. The final step (5) is to identify scans
of the core network which can be reached by the special
antenna Ho in between the special scans. By adding Ho in
so-called tag-along mode, it is guaranteed that the slower
antenna does not degrade the geodetically optimised schedule
and still increases its number of scans.

The star mode is a new feature of VieVS and was used to
schedule four 24-h sessions in 2016.

2.4. Scheduled sessions

The new star scheduling mode was applied to four sessions
in 2016 (Table 1). The data were correlated at the Shang-
hai Astronomical Observatory and fringe fitting was done at
UTAS. All information about these experiments, including
the schedules, correlated data, and analysis results, can be
found via the master file website (http://lupus.gsfc.nasa.gov/
sess/master16.html) of the IVS.

The sessions’ network consisted of the AuScope 12-m an-
tennas in Hb, Ke, and Yg plus Ww. In addition, the Ho 26-m
telescope was added as the strong antenna. For the last two
sessions, Hb could not observe due to maintenance work dur-
ing that period.

Two source lists were used for scheduling, one compris-
ing geodetically good and reasonably strong sources and
additionally a list of 10–15 target sources per experiment.
These target sources (Table 2) were selected from the ICRF2
catalogue, having a particularly low number of observations.
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Table 2. List of target sources observed in aua009, aua010, aug024, and aug026. For each session,
the statistics are given about the numbers of scheduled and successfully observed (i.e. correlated)
observations. The percentages in columns five and six represent the ratio of successfully correlated
observations as well as the percentage of observations that were found to be suitable to be included
in the analysis. In the last four columns, the observed flux densities for X-band and S-band are shown
together with their corresponding factors from the a priori values used in the scheduling.

Source Session #sched #obs %corr %used X flux fX S flux fS

0112-017 aua010 36 36 100.0 58.3 0.51 0.86 0.37 1.24
aug026 27 21 77.8 42.9 0.59 0.98 0.41 1.36

0113-118 aua010 59 55 93.2 43.6 0.99 1.15 0.61 1.49
0155-549 aug024 27 27 100.0 29.6 0.23 0.77 0.23 0.77
0212-620 aua009 87 69 79.3 55.1 0.43 1.08 0.34 1.14
0226-559 aug024 36 36 100.0 91.7 0.42 1.41 0.35 1.18
0244-470 aua009 63 60 95.2 65.0 0.62 1.56 0.26 1.03
0254-334 aug026 24 21 87.5 33.3 0.26 1.13 0.16 1.17
0335-364 aug024 9 9 100.0 100.0 0.25 1.09 0.39 1.10
0432-606 aug024 30 30 100.0 50.0 0.25 0.89 0.20 0.48
0454-463 aua010 79 79 100.0 94.9 1.31 1.33 1.44 1.25

aug026 84 66 78.6 48.5 1.25 1.26 1.59 1.38
0511-220 aua010 60 60 100.0 83.3 0.60 1.08 0.32 1.87
0522-611 aug026 33 27 81.8 44.4 0.13 0.61 0.22 0.64
0621-787 aug026 18 18 100.0 50.0 0.33 1.32 0.22 0.64
0758-737 aua009 88 74 84.1 32.4 0.11 0.70 0.27 1.37

aug024 45 45 100.0 60.0 0.09 0.63 0.25 1.25
aug026 42 42 100.0 50.0 0.09 0.63 0.25 1.24

0805-077 aua010 52 48 92.3 52.1 1.14 1.41 0.55 1.13
aug026 33 33 100.0 48.5 0.94 1.16 0.43 0.87

0820-578 aug024 24 24 100.0 16.7 0.08 0.52 0.06 0.45
0823-223 aug026 27 21 77.8 23.8 0.71 1.62 0.30 0.89
0918-534 aua009 66 53 80.3 66.0 0.18 1.10 0.55 1.09
1128-047 aua010 36 36 100.0 72.2 0.41 1.72 0.33 1.58

aug026 42 42 100.0 61.9 0.34 1.42 0.23 1.10
1148-001 aua010 36 36 100.0 63.9 0.60 1.34 1.52 1.64

aug026 24 24 100.0 75.0 0.46 1.03 1.41 1.51
1156-094 aua010 40 39 97.5 25.6 0.25 1.18 0.32 1.14
1221-829 aug024 60 60 100.0 93.3 0.34 1.08 0.51 0.86
1334-649 aua009 94 68 72.3 1.5 0.23 1.13 1.25 6.27
1430-178 aua010 20 20 100.0 40.0 0.27 1.03 0.46 0.94
1435-218 aua010 65 65 100.0 60.0 0.60 1.33 0.46 1.29
1555-140 aua010 26 25 96.2 36.0 0.21 0.84 0.41 0.36
1606-398 aug024 33 33 100.0 87.9 0.49 0.91 0.41 1.37
1718-649 aug024 33 33 100.0 75.8 0.55 3.45 1.22 3.20
1817-254 aua010 52 52 100.0 59.6 0.52 1.27 0.42 1.54
1852-534 aug024 24 24 100.0 54.2 0.15 0.77 0.29 1.43
1929-457 aug024 12 12 100.0 91.7 0.16 1.00 0.22 0.98
1936-623 aug024 6 6 100.0 100.0 0.41 3.16 0.44 0.92
1941-554 aua009 69 57 82.6 26.3 0.28 1.41 0.20 0.99
2054-377 aua010 53 46 86.8 80.4 0.44 1.30 0.30 1.37
2155-152 aua010 205 204 99.5 95.6 8.30 1.73 4.28 1.39

aug026 30 27 90.0 88.9 7.70 1.60 4.39 1.42
2227-399 aug024 33 33 100.0 60.6 0.23 0.75 0.20 0.87
2233-148 aua010 40 40 100.0 72.5 0.65 1.05 0.66 1.69
2306-312 aug026 63 51 81.0 58.8 0.34 1.12 0.24 1.15
2321-375 aug026 30 27 90.0 25.9 0.65 1.51 0.29 1.15
2331-240 aua010 66 66 100.0 68.2 0.73 1.38 0.39 1.43
2333-528 aua009 66 58 87.9 70.7 0.52 0.52 0.86 2.14
2353-686 aug026 39 39 100.0 48.7 1.03 1.23 0.44 1.12

Applying the star scheduling mode, we ended up with about
30 scans per hour for the 12-m antennas and 10–12 scans
per hour for the Ho telescope. In the regular AUSTRALs, we
find a maximum of 35 scans per hour for the 12-m telescopes.

It has been shown (Plank et al. 2017) that this improves the
geodetic results in terms of baseline length repeatabilities
compared to typically 10–15 scans per hour in the standard
IVS experiments. We conclude that including observations of
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weak sources in the schedule does not significantly diminish
the geodetic quality of the schedule measured by the number
of scans for each station.

3 RESULTS

Overall, the observed sessions were very successful. After
analysis and geodetic estimation, a session fit between 33 and
43 ps was found. Despite four sessions being at the margin
of statistical significance, baseline length repeatabilities were
found to be between 2 and 5 mm for these sessions, indicating
good geodetic results. More severe problems were found in
aug026 as there are no data from Ww for half of the session
due to bad weather. Ho was also intermittently stowed due to
high winds, in total accumulating to about 6-h data loss.

In Table 2, the statistics of the observations to the target
sources are shown.

In the third column, the number of scheduled observations
is given. The target sources were scheduled for between 6 and
90 observations in a 24-h session. However, these cover the
observations on all baselines, including the ones between the
12-m antennas. As these observations were not considered
when determining the scan lengths, it is expected that they
will have low SNR and subsequently are of less precision
and not suitable for analysis. Studying Table 2, this is exactly
what we find.

While from the originally scheduled observations most
were successfully correlated (columns 4 and 5), the num-
ber of observations actually used is much lower. In column
6, the numbers of observations that were used in the analysis
are given in percentages of the correlated observations. On
average, 60% of the correlated observations were also used
in the analysis. This means that sometimes also observations
on the baselines between the 12-m antennas were used. The
explanation for this is that in the scheduling when calculat-
ing the scan length the target SNRs are typically set much
higher (20 or 15) than the SNR limit for a successful scan
(typically 7). This is in order to account for changing source
flux densities or other variables influencing the SNR during
the observation (see e.g. Gipson & Baver 2016).

In the last four columns, the flux densities of the observed
sources are given for X-band and S-band. They are estimated
from the observed SNR for observations with a clear detec-
tion compared to the expected values derived from station
sensitivities. The first number is the determined value, fol-
lowed by the ratio of observed to expected flux density. One
typically gets more useful observations when the source was
assumed to be weaker (factors of >1) than it actually turned
out to be and less observations when the factors are <1. These
metrics do not include non-detections due to antenna-based
problems such as wind stow. It shall also be noted that inter-
ference at S-band is particularly strong at Hobart which may
be another reason why this relationship does not hold for ev-
ery source. Overall, we obtained a good number of useful
observations of all scheduled sources except one, 1334-649.
Though this source has been detected in previous AUSTRAL

Figure 5. Formal uncertainties σ in right ascension (RA) and declination
(Dec). As common, the former ones are scaled with cos(Dec). The sources
were estimated in sessionwise solutions for aua009, aua010, aug024, and
aug026. The target sources of Table 2 are marked with red crosses, while all
other sources are represented by black dots. Note the logarithmic scale.

experiments, it is possibly too weak to be properly observed
with this network.

For some of the observed sources, these observations are
the first flux density measurement for over 10 yrs. With the
flux densities prone to significant variations over time (e.g.
Shabala et al. 2014), this is important for both determining an
appropriate on source time in the scheduling as well as mon-
itoring the sources’ astrophysical behaviour. For the more
frequently observed sources, comparison of the flux densi-
ties of our sessions with the results of global IVS sessions
showed good agreement.

Besides measurements of source flux densities, these ses-
sions can also be used to accurately determine the positions
of the observed sources. First, the observations were analysed
sessionwise, using VieVS. For the estimation of source coor-
dinates, the Earth orientation was fixed and standard settings
were used for the other parameters (see e.g. Plank et al. 2017).
In Figure 5, the formal uncertainties in right ascension (RA)
and declination (Dec) of the estimated source coordinates are
given. Note that the standard geodetic and target sources have
been plotted separately, with the latter ones typically having
less observations and observed mainly on the star baselines
only. This does affect the results. While the typical (median)
uncertainties for the standard geodetic sources are 224 μas in
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Table 3. Positions of target sources observed in aua009, aua010, aug024, and aug026, computed at GSFC/NASA using
Calc/Solve. A global solution was calculated using 6015 VLBI sessions from 1979 August 03 to 2016 July 13. Units
of RA are hours, minutes, and seconds, units of Dec are degrees, minutes, and seconds. The uncertaintiesa σ are given
in mas and σ RA are scaled with cos (Dec). In columns six and seven, the improvement in the uncertainties is shown,
when calculating global solutions with the four new sessions compared to a solution without them. Finally, in the last two
columns, the numbers of used observations per source are given for the first solution, as well as the additional observations
added through the four new sessions.

Coordinates σ [mas] Improvement # of obs.

Source RA (h, m, s) Dec (° ’ ”) RA Dec σ RA σ Dec Before New

0112-017 01 15 17.09995579 − 01 27 04.5773252 0.0350 0.0510 1% 1% 563 30
0113-118 01 16 12.52202046 − 11 36 15.4345535 0.0346 0.0670 1% 2% 522 24
0155-549 01 56 49.71224343 − 54 39 48.4987434 0.7590 0.7924 86% 85% 5 8
0212-620 02 14 16.20431930 − 61 49 33.6592918 0.0845 0.0977 2% 5% 203 38
0226-559 02 28 21.59838145 − 55 46 03.2803226 0.1758 0.2023 25% 52% 12 33
0244-470 02 46 00.11796976 − 46 51 17.2328995 0.0771 0.1111 3% 7% 274 39
0254-334 02 56 42.60273272 − 33 15 21.2770197 0.1008 0.1643 1% 4% 94 7
0335-364 03 36 54.02351470 − 36 16 06.2239396 0.1550 0.1643 2% 9% 109 9
0432-606 04 33 34.10846719 − 60 30 13.7693007 0.1719 0.2758 5% 17% 12 15
0454-463 04 55 50.77249009 − 46 15 58.6797453 0.0136 0.0157 1% 1% 5 714 107
0511-220 05 13 49.11432759 − 21 59 16.0922216 0.0557 0.0897 9% 15% 289 50
0522-611 05 22 34.42548697 − 61 07 57.1336805 0.0478 0.0630 0% 1% 317 12
0621-787 06 18 30.15872824 − 78 43 02.1406694 0.2233 0.2498 5% 10% 14 9
0758-737 07 57 14.07717507 − 73 53 09.3716844 0.2044 0.1296 14% 13% 264 72
0805-077 08 08 15.53603835 − 07 51 09.8864944 0.0283 0.0427 1% 1% 748 41
0820-578 08 21 20.52742403 − 58 00 18.7509673 0.2884 0.6148 4% 11% 6 4
0823-223 08 26 01.57293556 − 22 30 27.2029285 0.0388 0.0832 0% 0% 707 5
0918-534 09 19 44.03944964 − 53 40 06.4477079 0.2164 0.1801 21% 12% 126 35
1128-047 11 31 30.51674889 − 05 00 19.6573890 0.0776 0.1078 9% 8% 278 52
1148-001 11 50 43.87075758 − 00 23 54.2051699 0.0462 0.0871 2% 6% 542 41
1156-094 11 59 12.71172733 − 09 40 52.0488329 0.0845 0.1123 1% 1% 326 10
1221-829 12 24 54.38266473 − 83 13 10.1020623 0.1199 0.1243 22% 23% 71 56
1334-649 13 37 52.44499297 − 65 09 24.8961141 1.0823 1.1249 1% 2% 21 1
1430-178 14 32 57.69061960 − 18 01 35.2486388 0.0985 0.1443 1% 1% 279 8
1435-218 14 38 09.46940165 − 22 04 54.7483937 0.0333 0.0522 1% 2% 643 39
1555-140 15 58 21.94805147 − 14 09 59.0516177 0.1945 0.2953 6% 7% 138 9
1606-398 16 10 21.87909447 − 39 58 58.3290705 0.0620 0.1435 3% 16% 143 29
1718-649 17 23 41.02939326 − 65 00 36.6111447 0.0868 0.1068 11% 21% 94 25
1817-254 18 20 57.84870176 − 25 28 12.5842089 0.0385 0.0875 1% 3% 625 31
1852-534 18 57 00.45230997 − 53 25 00.3800963 0.3401 0.3736 16% 21% 30 13
1929-457 19 32 44.88777021 − 45 36 37.9289567 0.1015 0.1685 3% 6% 79 11
1936-623 19 41 21.76857349 − 62 11 21.0568991 0.3119 0.3307 3% 38% 32 6
1941-554 19 45 24.22882795 − 55 20 48.8363832 0.4238 0.7676 40% 13% 26 15
2054-377 20 57 41.60348760 − 37 34 02.9903643 0.0568 0.1208 4% 13% 257 37
2155-152 21 58 06.28189651 − 15 01 09.3284051 0.0206 0.0297 4% 5% 1 698 219
2227-399 22 30 40.27856945 − 39 42 52.0668991 0.1002 0.1918 4% 11% 101 20
2233-148 22 36 34.08715080 − 14 33 22.1896099 0.0460 0.0848 3% 5% 382 29
2306-312 23 09 14.33141051 − 30 59 12.5843434 0.0632 0.1263 2% 7% 139 30
2321-375 23 24 07.11183037 − 37 14 22.4557637 0.0923 0.0939 1% 2% 164 7
2331-240 23 33 55.23782277 − 23 43 40.6582669 0.0527 0.0683 4% 5% 367 45
2333-528 23 36 12.14455764 − 52 36 21.9510295 0.2639 0.2910 38% 37% 45 41
2353-686 23 56 00.68140393 − 68 20 03.4718491 0.0314 0.0351 0% 1% 534 19

aThe formal errors in the table come directly from the GSFC solution and are likely too optimistic. A more realistic estimate would
be obtained by applying a scale factor of 1.5 to the formal uncertainties followed by a root-sum-square increase of 40 μas of error in
quadrature to the quoted values. This was the procedure adopted for ICRF2 (Fey et al. 2015). That means the formal errors can be compared
with each other but should not be compared with some other catalogues.

RA and 276 μas in Dec, one finds higher uncertainties for the
target sources, namely 391 μas in RA and 401 μas in Dec,
respectively, in the single-session solution.

For final positions of the target sources, a global solution
using the history of all VLBI observations since 1979 was

calculated (Table 3). Comparing solutions with and with-
out the four sessions described here, one finds significant
improvements in the formal uncertainties for some of the
target sources. As expected, the largest improvements were
found for sources with initially having a very low number of
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observations. On average (mean over 42 sources), the four
sessions improve the uncertainties in RA by 9% and in Dec
by 12%.

4 DISCUSSION

The star scheduling mode is a new feature of VieVS and has
been successfully applied to four 24-h geodetic VLBI ses-
sions, allowing us to determine the flux densities and posi-
tions of 42 target sources. While dropping several baselines
will certainly badly affect the uv-coverage and subsequent
imaging of the observed radio sources, the new mode does
not harm the geodetic quality of the session. With the geode-
tic observing programme striving to increase the observa-
tions to a full 24-h on 7 d a week schedule (Nothnagel et al.
2016), this mode offers possibilities for other studies. For
example, monitoring of changes in the flux densities can in-
dicate astrophysical changes in the sources (Shabala et al.
2014).

At the moment the mode was developed for the special case
of the AUSTRAL network with the co-located Ho antenna,
but it certainly can be applied in other networks. Possible
amendments in the scheduling strategy then include a bet-
ter inclusion of the star antenna into the regular schedule,
as an alternative to the currently used tag-along option. For
larger networks, a strategy for smart sub-netting should be
developed. If a network has more than one antenna of sig-
nificantly higher sensitivity, the scheduling algorithm needs
to be further developed. Though the basic concept of the star
mode, that only baselines to the more sensitive antennas are
considered for calculating the scan duration would stay the
same.

5 CONCLUSIONS

Since the advent of the AuScope VLBI array, its contribu-
tion to future improvement of the ICRF has been continually
increasing through the observations of the AUSTRAL pro-
gramme, alongside the classical IVS observations including
the new antennas. Due to antenna limitations, the expected
improvements are limited to relatively strong sources, with
flux densities >0.6 Jy.

A new scheduling mode—the star mode—was introduced
in this paper, which allows to include observations of weaker
(≈0.2 Jy) radio sources when adding a single stronger radio
telescope to the network. The new mode further maintains a
high number of observations for the small and fast antennas in
the network, which is important in a geodetically optimised
schedule designed for measuring precise station coordinates.

The star scheduling mode now allows for the AuScope
VLBI array and its AUSTRAL observing programme to take
much more responsibilities in maintaining and improving the
ICRF and further supporting special observing programmes
for ICRF2-Gaia transfer sources or calibrator surveys for
space-craft navigation.

Future amendments of this mode will allow it to be applied
to other antenna networks, easing the efforts when scheduling
inhomogeneous antenna capabilities when pairing the new
fast and weak antennas with the slow and more sensitive
legacy telescopes.
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