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Abstract We present an updated study on assessing the
stability of the axes of the third generation of the Inter-
national Celestial Reference Frame (ICRF3) in terms
of linear drift and scatter, based on the extragalactic
source position time series from analyses of archival
Very Long Baseline Interferometry observations. Our
results show that the axes of the ICRF3 are stable at a
level of 10 to 20 microseconds of arc, and this does not
degrade after the adoption of the ICRF3 when obser-
vations from new networks are included. We also show
that the commonly used method of deriving the posi-
tion time series (four-step solution) is robust.
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1 Introduction

The apparent positions of extragalactic sources are
known to vary with time due to their intrinsic evolu-
tion. This kind of astrometric instability will cause
an orientation variation to the axes of the celestial
reference frame that are defined by positions of
extragalactic sources, a phenomenon known as the
celestial frame instability [1]. Recent studies based on
the extragalactic source position time series measured
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by Very Long Baseline Interferometry (VLBI) suggest
that sources that were considered stable are likely
to become unstable as long as they are observed for
a longer time span [2]. As a result, it is necessary
to regularly monitor the astrometric behavior of
extragalactic sources and the stability of the axes of
the VLBI celestial frame.

We updated our previous work [3] on the evaluation
of the ICRF3 axes’ stability by extending the VLBI ob-
servations to 2022 and also by examining the robust-
ness of the method for deriving the position time series.
All the data and the codes (in the PYTHON Jupyter
notebook) to reproduce the results of this work can be
accessed publicly online1.

2 Data

We used observations in 7,146 VLBI regular sessions
made between November 1979 and December 2021
that are publicly available at the Data Center2 of the
International VLBI Service for Geodesy and Astrome-
try [4]. These data were processed with the Calc/Solve
software [5] in the global solution mode.

To produce the position time series for each source,
the observed sources were divided into N subsets in a
manner so that each subset contains the same number
of ICRF3 defining sources and non-defining sources
and the sky distribution is as identical and uniform as
possible. Then, N separate VLBI global solutions were
carried out treating the positions of the sources in each
respective subset as sessionwise parameters, thus pro-
viding the position time series for these sources. These

1 https://git.nju.edu.cn/neo/icrf3-axis-stability-2022
2 ftp://ivsopar.obspm.fr/vlbi/ivsdata/vgosdb

298



Evaluate ICRF3 Axes Stability 299

N solutions together provided the position time series
for the full source sample. We may call this method
of producing the source position time series as the “N-
step” method. Different values of N were used by var-
ious authors; for example, N = 4 in [6] and N = 10 in
[2]. In this work, we set N to 4, 8, 12, 16, and 20 in
order to test the robustness of the “N-steps” method in
deriving the position time series and also to estimate
the influence of the different choices of N on the eval-
uation of the ICRF3 axes’ stability.

Finally, we obtained position time series for 6,032
extragalactic sources, including all 303 ICRF3 defin-
ing sources, which were considered in this work. The
median number of observed sessions and the median
of the mean observing epoch for the ICRF3 defining
sources were 157 and 2013.5, respectively. The obser-
vation time span ranged from 4.13 a year to 42.06 a
year.

3 Analysis

We adopted the same methods as used in [3] to evalu-
ate the stability of the ICRF3 axes. On the one hand,
we estimated the spin of ICRF3, that is, the change
rate of the orientation of the ICRF3 axes, through the
apparent proper motion field of extragalactic sources,
the latter being derived from the position time series.
The value of spin multiplied by the length of the ob-
servation period offered an estimate of the stability of
the ICRF3 axes. On the other hand, we constructed
yearly representations of the ICRF3 by annually aver-
aging the source positions within a one-year window,
and we studied the temporal variation in the orienta-
tion of the axes of these yearly celestial frames, which
assessed the stability of the ICRF3 axes from another
aspect.

3.1 Spin of ICRF3

The apparent proper motion was estimated by the least-
squares fitting to a linear motion model as[

α(t)
δ (t)

]
=

[
µα

µδ

]
(t − t0)+

[
α(t0)
δ (t0)

]
, (1)

where t0 was set to be the mean observing epoch. Data
points whose distances to the mean position were three
times greater than the corresponding uncertainties were
removed from the position time series before fitting.
The inverse of the full covariance matrix of each data
point position time series was used as the weight. Fig-
ure 1 presents the distributions of the apparent proper
motion for the ICRF3 defining sources based on differ-
ent position time series solutions, in which noticeable
differences can be found in the declination component.
Nearly half of the sources show an apparent proper mo-
tion greater than 30 µas yr−1 in the right ascension or
the declination. To examine the statistical significance
of these apparent proper motions, we plotted the distri-
bution of the total apparent proper motion µ and its sig-
nificance Xµ from the 20-step solution as an example in
Figure 2, where limits of µ ≤ 10 µas yr−1 and Xµ ≤ 3
filter out approximately 20% of sources. The source lo-
cated in the upper right corner with µ ≃ 0.8 mas yr−1

and Xµ ≃ 21.5 is 2220−351, which may need to be
studied further.

We modeled the apparent proper motion filed by the
first degree of the vector spherical harmonics (VSH)
[7] as

µα cosδ = −ωx cosα sinδ −ωy sinα sinδ +ωz cosδ

−gx sinα +gy cosα,

µδ = +ωx sinα −ωy cosα

−gx cosα sinδ −gy sinα sinδ +gz cosδ ,
(2)

where ωωω = (ωx,ωy,ωz)
T stands for the spin of the ce-

lestial frame and ggg = (gx,gy,gz)
T represents the dipo-

lar pattern due to, for example, the Galactic aberra-
tion effect [8]. These parameters were estimated via a
least-square fitting to the apparent proper motions of
all the ICRF3 defining sources, weighted by the inverse
of their covariance matrix, and these results are shown
in Figure 3. Different position time series gave con-
sistent results, that is, only the spin around the Y-axis
deviated from zero by approximately 0.4 µas yr−1 to
0.5 µas yr−1 considering the associated formal uncer-
tainties. We also determined the spin parameters from
a bootstrap resampling analysis based on 1,000 ran-
domly picked samples to obtain a realistic estimate of
the parameter uncertainties, which were found to be ap-
proximately 0.7 µas yr−1. Figure 4 displays the apex lo-
cations of the spin and glide vectors, which are close to
the directions of the Galactic anticenter and the Galac-
tic center, respectively. The possible explanation is that
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Fig. 1 Distributions of apparent proper motions in right ascension (left) and declination (right) for the ICRF3 defining sources based
on position time series from different solutions.

Fig. 2 Distribution of the total apparent proper motion against
its significance from the 20-step solution.

Fig. 3 Estimate of the spin and glide parameters.

there is some residual Galactic aberration effect in the
ICRF3, which requires further investigation.

Considering the observation period of approx-
imately 42 years and the nonzero deviation of
0.4 µas yr−1 – 0.5 µas yr−1 for the spin of ICRF3, the
accumulated deformation in the direction of the ICRF3
axes is on the order of 10 µas – 20 µas.

IVS 2022 General Meeting Proceedings
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Fig. 4 Location of the apexes of the spin (left) and glide (right) vectors.

3.2 Variation in the ICRF3 Axes
Orientations

The annual representations of ICRF3 were constructed
by the mean positions of the ICRF3 defining sources
within each one-year observing window. The orienta-
tion offsets of these yearly celestial reference frames
with respect to ICRF3 were estimated by a weighted
least-squares fitting of the first degree of the VSH that
is similar to Equation (2). Figure 5 displays the tem-
poral variations of the orientation of the yearly celes-
tial frame axes. Different position time series solutions
gave consistent results. We computed the weighted
root-mean-squares (WRMS) of the orientation offsets
and tabulated them in Table 1. The WRMS is approxi-
mately 10 µas – 20 µas over the whole observation span,
and it is reduced to no greater than 10 µas if only con-
sidering post-2019 data; that is, the adoption of the
ICRF3 as the fundamental celestial reference frame.

Table 1 Weighted root-mean-squares of orientation offsets of the
yearly celestial reference frames with respect to the ICRF3 in the
unit of microseconds of arc.

Solution
1979 – 2022 1995 – 2022 2018 – 2022
εx εy εz εx εy εz εx εy εz

4-step 18 19 12 13 15 7 4 7 7
8-step 16 17 12 12 13 7 7 7 8

12-step 16 17 13 11 13 8 6 7 6
16-step 17 17 12 12 14 8 5 8 7
20-step 16 16 12 12 13 8 6 7 7

4 Conclusions

We evaluate the stability of the ICRF3 axes based
on the VLBI observations between November
1979 and December 2021, which is found to be at
10 µas – 20 µas. We also find that the commonly used
four-step method of deriving the position time series is
sufficiently robust.
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Fig. 5 Orientation offsets of yearly celestial frames with respect to the ICRF3.
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