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The reference frame determined by Gaia EDR3, Gaia-CRF3, is aligned to the International Celes-
tial Reference System by referring to counterparts in its latest realization, the third International
Celestial Reference Frame (ICRF3), which is calculated from very long baseline interferometry
(VLBI) observations of extragalactic objects at radio frequencies. The objects in ICRF3, although
bright at radio frequencies, are mostly faint at optical frequencies. The non-rotation of the opti-
cally bright Gaia frame to ICRF3 has to be tested separately because the Gaia dataset is known
to be magnitude-dependent in terms of astrometric calibration. This can be done by identifying
additional counterparts besides objects in ICRF3. Suitable counterparts are radio stars observed
by VLBI relative to extragalactic objects in ICRF3 using phase-referencing. We discuss the rota-
tional differences, i.e., orientation and spin, between the optically bright Gaia EDR3 and models
of stellar motion from VLBI. In particular, we show the effects of improved models of stellar
motion, for which we extended the time series from literature or archives with new VLBI results.
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Impact of new VLBI star model estimates on the alignment of the bright Gaia frame Susanne Lunz

1. Testing the alignment of the Gaia bright frame

The Gaia satellite, operated by the European Space Agency (ESA), collects precise astromet-
ric and photometric data of more than 1.8 billion objects at optical frequencies. The latest data
release, Gaia EDR3, is based on the first 34 months of observational data [1]. The third realiza-
tion of the International Celestial Reference Frame [ICRF3, 2] is a catalog of precise positions
of 4 588 extragalactic radio sources at three different frequency setups, out of which 303 defining
sources realize the orientation of the International Celestial Reference System (ICRS) axes. The
ICRF3 was created based on a thorough analysis of almost 40 years of very long baseline inter-
ferometry [VLBI, 3] observations of the extragalactic, ideally point-like, objects by Earth-based
radio antennas. These radio sources are typically bright at radio frequencies, but faint at optical
frequencies. The celestial reference frame defined by Gaia data is aligned to the ICRF3 at S/X
frequencies (which comprises 4536 radio sources) by a solid-body rotation onto the positions of
the counterparts [4]. Ideally, the orientation offset 𝝐 (𝑻) between the two frames is zero, but more
importantly the spin 𝝎 is expected to be zero due to the non-rotation requirement of ICRF31.

As outlined in more detail in the appendix of [5], the alignment of the Gaia frame is magnitude
dependent due to internal calibration procedures. Therefore, the non-rotation of calibration sections
of visual magnitude𝐺 must be checked individually for their alignment to ICRF3. None of the 2269
counterparts between Gaia EDR3 and ICRF3 are brighter than 𝐺 ≤ 13 mag. For the bright Gaia
DR2 frame (𝐺 ≤ 13 mag) radio stars were collected from the literature and used for the alignment
test in [5]. The stars are generally faint at radio frequencies and therefore can only be detected
with a sufficient signal-to-noise ratio using the phase referencing method [6, 7], in which the star
position is determined relative to a radio bright calibrator (ideally in ICRF3 S/X) based on phase
delays. This is different from the approach of ICRF3, where quasar positions are adjusted along
with other geodetic parameters based on group delays. [5] also suggested a mathematical approach
that takes into account not only proper motions but also position offsets for the determination
of the spin. A magnitude dependent weighting of the alignment was tested but not found to be
unambiguously significant. Another approach was developed by [8], who used the proper motion
differences between bright and faint stars in binaries and open clusters from Gaia EDR3 data
alone to determine the spin. Their sample of 92 000 counterparts is significantly larger than the 41
counterparts in [5]. Therefore, it was possible to sort the counterparts into several bins of visual
magnitude 𝐺, and a clear magnitude dependence of the alignment between faint and bright Gaia
EDR3 frame was found. They report a spin of 40 `as yr−1 for the magnitude range 𝐺 ≤ 10.5 mag,
and 80 `as yr−1 for the magnitude range 11 mag ≤ 𝐺 ≤ 13 mag. For both magnitude bands, the
largest component is around the 𝑌 axis.

In this work, we evaluated the spin determination of Gaia EDR3 employing VLBI observations
of radio stars as specified by [5], but with a homogenized and extended VLBI dataset. We tested two
ways of extending the VLBI dataset with new star observations at one epoch. First, we produced
absolute positions that are directly inserted into the spin determination. Second, we produced
relative positions that were inserted into the time series of a star’s relative positions whenever
possible, with the goal of creating new estimates for models of stellar motion (position, proper
motion, and parallax) whenever possible.

1Rotation is used as an umbrella term for orientation offset and spin.
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2. Two different scenarios to the inclusion of new star positions

Data from the 41 stars as collected by [5] were homogenized by us so that all star positions
refer to ICRF3 S/X whenever possible. Furthermore, one new position from phase-referencing
with the VLBA was observed for 32 stars, seven of which were observed relative to two different
phase-calibrators. Of the 32 stars, 18 were already included in the list of 41 stars. The frequency
setup was chosen to be at X- or C-band, depending on the historic observations, to avoid any
position shift in the precise relative position time series due to a possible frequency dependence
of the star or calibrator position. The new positions were evaluated both as relative positions and
as absolute positions with an appropriate realistic error budget as described in [9, submitted] and
[10, submitted]. The relative positions are based on a fringe fit of the phase-calibrator with a
source structure model applied, and the absolute positions are based on a corresponding fringe fit
with a point source model applied, similar to ICRF3. Since compact calibrators were chosen, the
differences between the two position types are mostly small, but the error budget is different.

Following the suggestion in [5], for the first scenario, denoted “55,EDR3,GA”, the absolute
positions were added to the homogenized data as single-epoch positions after correcting for the
parallax effect and the Römer delay. The 𝝐 (𝑻) at the Gaia epoch 𝑇 = 2016.0 and the 𝝎 were
determined from the position and proper motion differences between the VLBI and Gaia data
propagated to the VLBI epoch. The Gaia parallaxes were corrected beforehand [11]. The residuals
showed that outliers were present, so the star with the most deviating data was discarded and the
calculation repeated. This rejection process was continued until the minimum number was reached
for the rotation parameter adjustment. The result is a set of solutions for the rotation parameters
with decreasing sample size. From these series, the weighted mean over all iterations (WM), the
weighted root mean square of estimates around the WM (WRMS), and the mean formal error
(ME) of each rotation parameter series were determined. We considered only solutions that are
not affected by edge effects, such as too small number of stars or outlying stars still included. The
same calculations were performed for a second scenario “55,EDR3,GA,NM” in which the new data
for the 32 stars were not added directly as absolute one-epoch positions, but the relative positions
were used to improve the estimates for the models of stellar motion. This was possible for 13 stars.
For each of these stars, the input data was replaced with the new model estimates. Instead of the
model position based on relative position measurements with phase-calibrator structure correction,
the absolute position based on a point source fringe fit was used. In this way, the positions are
connected to the ICRF3 in the best possible way, considering the given observations.

As shown in [10], for “55,EDR3,GA” the added WMs and the quadratically combined ME of
𝜖 (𝑇) in 𝑋 , 𝑌 , 𝑍 are 0.712 and 0.150 mas. The WM and ME of 𝜔 are 0.098 and 0.021 mas yr−1. For
“55,EDR3,GA,NM” the respective values are 0.780 and 0.175 mas resp. 0.106 and 0.019 mas yr−1.
“55,EDR3,GA,NM” has a higher 𝜖 (𝑇) ME because fewer positions are involved in the adjustment
since any multiple input for a star was replaced by the new model estimate and the absolute position.
In contrast, its 𝜔 ME is smaller due to the more precise proper motion information from the new
model estimates. They also result in a smaller quadratically combined 𝜔 WRMS (0.025 mas yr−1

and 0.021 mas yr−1), while the 𝜖 (𝑇) WRMS is slightly larger (0.124 mas and 0.147 mas). Applying
a t-test (Behrens-Fisher problem, 5 % significance) to the individual rotation parameter series pairs
shows that the estimates for 𝜖𝑌 (𝑇), 𝜔𝑌 , and 𝜔𝑍 are significantly different in the two scenarios.
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(a) WM for “55,EDR3,GA”. (b) WM for “55,EDR3,GA,NM”.

(c) ME for “55,EDR3,GA”. (d) ME for “55,EDR3,GA,NM”.

Figure 1: WM and ME statistics of the rotations around the 𝑋,𝑌 , and 𝑍 axes for the 163 185 individual scenarios based on the given
scenario. The colors indicate the minimum value of the respective mean 𝑄/𝑛 of its iterations, similar to the reduced 𝜒2, in each bin.
In each of the subplots, the upper plots show the statistics for the orientation offset 𝝐 (𝑻 ) with 𝑇 = 2016.0 and the lower plots for the
spin 𝝎. The red crosses label the solution with the minimum mean 𝑄/𝑛.

3. The accuracy of the alignment

For both scenarios, “55,EDR3,GA” and “55,EDR3,GA,NM”, it was tested how much the
rotation parameters diverge given only a small change in the sample of counterparts. To quantify
the effect, the scatter of the WM, WRMS, and ME statistics was tested by running multiple solutions,
where in each solution a unique combination of four stars was excluded. Furthermore, the same
nine most divergent counterparts (typically due to non-linear proper motion) in each of the two
scenarios were excluded a priori to not distort the statistics. This results in a total of 13 excluded
stars and 163 185 possible solutions of each scenario. For each solution, the WM, WRMS and ME
statistics were calculated from the rotation parameters of the first iteration to the 29th iteration.
The scatter of the WM and ME statistics of the 163 185 solutions is shown in Figs. 1a and 1c for
“55,EDR3,GA” and in Figs. 1b and 1d for “55,EDR3,GA,NM”.

Comparing “55,EDR3,GA,NM” to “55,EDR3,GA”, the scatter in 𝝎 WM, the minimum 𝝎

WRMS values, and the 𝝎 ME values are smaller for “55,EDR3,GA,NM”, while they gener-
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Scenario Min Max Mean

55,EDR3,GA 𝜖 (T) [mas] 0.567 1.064 0.795
𝜔 [mas yr−1] 0.018 0.183 0.102

55,EDR3,GA,NM 𝜖 (T) [mas] 0.471 1.158 0.802
𝜔 [mas yr−1] 0.041 0.194 0.110

Table 1: Minimum, maximum, and mean values of the added ab-
solute WM𝑋 , WM𝑌 , and WM𝑍 of the various solutions of scenarios
“55,EDR3,GA” and “55,EDR3,GA,NM”.

𝜖 (T) 𝜔

Scenario [mas] [mas yr−1]

55,EDR3,GA WRMS 0.148 0.027
ME 0.175 0.023

55,EDR3,GA,NM WRMS 0.163 0.022
ME 0.185 0.020

Table 2: Mean values of the quadratically combined
WRMS and ME in 𝑋,𝑌 , and 𝑍 of the various solutions
of scenarios “55,EDR3,GA” and “55,EDR3,GA,NM”.

ally increase for 𝝐 (𝑻). The scatter of the 𝜖𝑌 (𝑇) WRMS however is only half as large for
“55,EDR3,GA,NM”. The range of the added 𝜖 (𝑇) WMs and 𝜔 WMs and its mean values for
the various solutions are given in Table 1 for both scenarios. Also from these values, the range
of 𝜖 (𝑇) WM for “55,EDR3,GA” is smaller than for “55,EDR3,GA,NM”, while for 𝜔 it is slightly
larger. The improvement in spin determination is also supported by the quadratically combined
mean values for WRMS and ME for both 𝜖 (𝑇) and 𝜔 and both scenarios as presented in Table 2.
If the distribution of the results of the rotation parameters is imagined as a histogram, the solu-
tions group around the solution with the minimum sum of all 𝑄/𝑛 of its iterations, where 𝑄/𝑛 is
equivalent to the reduced 𝜒2 of the solution.

From these values, it can be concluded that for the given data, adding new model esti-
mates using the new relative positions improves the Gaia to VLBI spin determination more
compared to adding the new data as absolute single-epoch positions. When formal errors are
renormalized with

√︁
𝑄/𝑛, the spin reaches a 3-𝜎 significance in the 𝑌 -axis for solutions with

low mean 𝑄/𝑛. The formal errors in 𝑌 are still less well determined compared to the other
axes. The spin WM covers a wider range of values than the brightness dependent spin de-
termined based on binaries and open clusters from the Gaia data itself in [8]. The estimates
(𝜔𝑋, 𝜔𝑌 , 𝜔𝑍 ) = (29.9 ± 16.5, 63.1 ± 19.7,−12.3 ± 16.8) `as yr−1 from the solution with the low-
est 𝑄/𝑛 (2.4) in “55,EDR3,GA,NM” coincide with their spin in 𝑋 and 𝑌 for 10.5 ≤ 𝐺 ≤ 13 and
in 𝑍 for 𝐺 ≤ 10.5. More accurate and precise VLBI data, also of new counterparts, are needed to
improve the alignment between radio and optical frames based on radio stars.
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