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Celestial Reference System &Celestial Reference Frame

Ø The International Celestial Reference System (ICRS) provides the basic positioning standard, 
which is widely used in astrometry, geodesy, and navigation for spacecraft. 

Ø The ICRS concept is built on the assumption that the Universe does not show a global 
rotation (kinematic definition).

Ø The planetary ephemeris reference frame realizes the ICRS in a dynamical sense with an 
assumption that the motions of (Solar System) objects do not present any acceleration 
reflected in the rotation of the celestial reference system (dynamical definition).

Gaia-CRF3ICRF3-S/X
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Solar System ephemerides & Planetary ephemeris frame

All these celestial reference frames should be tied without losing much their accuracies. 
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Orientation accuracy of ephmeris reference frames

Folkner et al. (2012)

Park et al. (2015)
RMS ~ 0.2 mas

The inner orbit of DE440 is tied to ICRF3 with 
an accuracy of ~ 0.2 mas (Park et al. 2021).
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Pulsar astrometry
Differential VLBI (~ 1 mas)

Pulse timing (millisecond pulsar ~ 
0.2 mas; young pulsar ~ 10 mas)

Gaia (~ 0.3 mas)
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Frame-tie via pulsar astrometry
Pros
Ø Achieve a direct tie between the ephemeris and the extragalactic reference frames 
Ø Provide an external check on the frame-tie since pulsar positions are fully independent of the production 

of the ephemerides
Ø May be less sensitive to the systematics along specific directions when using single baselines and a few 

targets thanks to the relatively uniform sky distribution of pulsars and the strong geometry of the 
observed VLBI networks 

Ø Permit a regular monitoring of the frame-tie status with ongoing and future pulsar timing arrays (PTAs) 
and VLBI observing campaigns (PSR𝜋/MSPSP𝜋)

Ø …
Cons
Ø Mainly limited by precision of VLBI astrometry (~ 1 mas)
Ø Genuine differences between timing (pulsar) and Gaia (companion) positions
Ø Gaia cannot observe pulsars being most precisely timed
Ø …
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Pulsar sample
Ø Searched for pulsars in the Gaia DR3 using ANTF pulsar catalog and found 49 astrometric matches (two 

false associations: PSR J1435–6100 and PSR J1955+2908) 
Ø Found 62 pulsars in the PSR𝜋/MSPSP𝜋 data
Ø Searched for archival timing solutions using SIMBAD query service (283 solutions for 93 pulsars)

Gaia pulsar sample VLBI pulsar sample
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Astrometric precision of pulsars 
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Archival timing solutions
👈 Formal uncertainties of published timing solutions

Ø Choice of planetary ephemeris used in the timing 
solutions depends on the published time of the 
timing solutions (newly published solutions favor 
newer edition of planetary ephemerides)

Ø Precision of timing solutions also depends on the 
published time of the timing solutions (early 
solutions suffer from issues such as shorter data 
spans, narrower bandwidths, and less sophisticated 
data reduction techniques)

Ø One can hardly separate errors due to 
misalignment of ephemeris frames from errors 
caused by impection of timing solutions
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Position comparison:Timing vs. Gaia

The timing positions yield genuine offsets to the Gaia positions for some pulsars.

Position offsets for MSPs and Non-MSPs
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Position comparison:Timing vs. VLBI

Use DE200 as an example, the behaviors of the non-MSPs differed significantly from the MSPs.



13

Frame rotation:Timing vs. Gaia

Ø A frame rotation was used to fit the positional offsets.
Ø An iterative LSQ fitting, by removing one outlier each time, was performed to get reliable estimates.
Ø The fitting converged at some stages.
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Frame rotation:Timing vs. VLBI

The results strongly 
depend on the subset 
used in the comparison 
and they could be biased 
by underestimated errors 
in the archival timing 
data, reflecting the 
limitation of using the 
literature timing 
solutions to determine 
the frame rotation. 
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How accurate is the frame-tie via pulsar?

The frame tie via pulsar 
should focus on a subset of 
well-selected millisecond 
pulsars (MSPs).

Ø Timing 
Ø millisecond pulsar ~ 0.2 mas
Ø young pulsar ~ 10 mas

Ø VLBI ~ 1 mas
Ø Gaia ~ 0.3 mas

Gaia MSPs

VLBI MSPs

Gaia/VLBI non-MSPs
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Can we improve the results? Yes!  
80 MSPs regularly monitored by pulsar timing arrays (PTAs, up to April 2022) 
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Data sets for new pulsar sample (MSPs only)
Ø Found seven MSPs observed by VLBA and LBA
Ø Only found two MSPs in common between PTA and Gaia DR3
Ø Reanalyzed the timing observations from PTAs using different planetary ephemerides (DE, EPM, 

and INPOP)
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Position comparison:Timing vs. VLBI (new)

Some discrepancies among different PTAs but still consistent within the formal uncertainties
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Orientation offsets of ephemeris frames vs. VLBI frame 

Ø Improved results compared to previous 
studies

Ø Formal uncertainties of frame rotation 
estimation to be 0.2 mas but systematics may 
exist considering discrepancies between 
using different PTA data sets

Ø Misalignment of current planetary ephemeris 
celestial reference frames to be smaller than 
0.4 mas, consistent with results based on 
other methods
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Summary

Ø We explored the possibility of using pulsars to tie the planetary ephemeris reference frame 
with the extragalactic frame based on both the archival timing solutions and a reanalysis of 
measurements from PTAs.

Ø Our results showed improvements in the precision for determining the frame rotation; 
however, discrepancies were observed between timing solutions from different PTAs.

Ø The misalignment of current planetary ephemeris celestial reference frames was found to be 
smaller than 0.4 mas, roughly consistent with results based on other methods.

Ø For more details, please look at Liu et al., A&A 670, A173 (2023); A&A 674, A187 (2023).
Ø Future prospects

Ø Future data releases from PTAs should be more consistent.
Ø Absolute VLBI positions should be improved with reduced extrapolated errors of 

calibration or with a large beam.
Ø Deeper and accurate optical observations of the companions in the binary MSP systems 

using Gaia sources as the reference may improve the frame tie.

Thank you for your attention!


