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Optical astrometry (c. 1990) 
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Global astrometry to ~0.1 arcsec

Carlsberg Automatic Meridian Circle on La Palma (Credit: ROA) 1.55 m Strand Astrometric Reflector (USNO, Flagstaff) 
(Credit: Debra & Peter Ceravolo)

Differential to ~0.001 arcsec



Systematic errors in ground-based proper motions (pre-HIP)
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10 mas/yr

Median difference in proper motion between PPM and Gaia DR3 for 364,000 stars (3.4 deg2 resolution) 
(PPM = The PPM Star Catalogue of Positions and Proper Motions; Röser & Bastian 1988; Bastian & Röser 1995)  



Growth in the knowledge of (accurate) stellar distances
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Number of stars with  
(5% distance uncertainty, 0.1 mag in DM) : 

• GCTSP4 (1995):  414 

• HIP (1997):   6107 

• Gaia DR3 (2022):  48.8 million 

GCTSP4 = 4th General Catalogue  
of Trigonometric Stellar Parallaxes 
(van Altena et al., 1995)

ϖ/σϖ > 20



The HR diagram for stars with ϖ/σϖ > 20
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GCTSP4  (414 stars)
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Hipparcos (6107 stars)
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Examples of modern uses of astrometry

Positions (celestial reference frame): 
- object identification across all wavelengths (gamma to radio) 
- telescope pointing and space navigation 
- occultation prediction 

Stellar parallaxes: 
- geometric stellar distances 
- stellar astrophysics 
- calibration of standard candles, comological distance scale 
- Galactic structure and kinematics, 3D extinction 

Stellar proper motions (including non-linear/orbital): 
- Galactic structure and kinematics 
- phase space structures, including cluster dynamics and membership 
- perturbations (companions, masses, microlensing) 

Solar system: 
- orbits, masses, predictions 
- sizes, shapes 

Fundamental physics: 
- tests of General Relativity 
- gravitational waves 
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Different applications have  
very different requirements  
in terms of 
• accuracy 
• number of objects 
• size of field 
• range of magnitudes 
• wavelength bands 
• completeness 
• ... 

➜ a variety of complementary  
techniques are needed 



Classification of astrometric techniques
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optical (visual/NIR) radio

small-field global

targeted survey

ground-based space

imaging interferometric

pointed scanning

• 
• 
• 
•
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Jodrell Bank Observatory, Univ. of Manchester
(Credit: Mark Williamson | Dreamstime.com) 

The European VLBI Network

The 21 m radio telescope 
in Yonsei (Credit: HyeRyung)

Global positions (ICRF3) to ~100 μas 
Differential (phase referencing) to ~10 μas 

Radio astrometry: Very Long Baseline Interferometry (VLBI)

Reid et al. (2019)



Optical interferometry: GRAVITY at VLTI
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Narrow-field (0.2 arcsec) IR astrometry to ~30 μas 

R0 = 8.178 ± 0.026 kpc (GRAVITY Coll. et al. 2019)

← GR

← Newton

← GR

← Newton

Precession of the orbit of S2 around Sgr A* (GRAVITY Coll. et al. 2022)



Vera C. Rubin Observatory (LSST)

10Astrometry for 21st Century Astronomy, IAUGA 2022 FM7, Busan Ivezic et al. (2015)

Rendering of the Large Synoptic Survey Telescope (LSST Project Office, 2013)



Hubble Space Telecope
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Casertano et al. (2016)

HST FGS (Fine Guidance Sensors) astrometry: 
parallaxes to ~150 μas (Benedict et al. 2011) 

HST WFC3 image centroiding: 
~0.008 pix = 300 μas (Bellini et al. 2011) 

HST WFC3 spatial scanning: 
parallax to ~30 μas (Riess et al. 2018)



Global space astrometry
Gaia (ESA, 2013):  

109 stars       10 - 300 µas
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Hipparcos (1989−1993) 
100k stars, ~1 mas(/yr)

Gaia (2013−2025?) 
2G sources, >10 μas(/yr)~



Advantages of space for astrometry

✓ Absence of atmosphere   

✓ Weightlessness 

✓ Thermo-mechanical stability  

✓ Whole sky accessible from a single observatory 

✓ Continuous observation over several years 

✓ Enhanced science from (required) photometric  
data and (optional) spectra 
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⎫ 
｜ 
｜ 
⎬ 
｜ 
｜ 
⎭

⇒ accurate global astrometry
(celestial reference frame, 
absolute parallaxes, consistent 
proper motions over whole sky)⎫ 

｜ 
｜ 
⎬ 
｜ 
｜ 
⎭

⇒ survey, completeness, 
    good time sampling, 
    astrophysical data

⇒ Gaia



A gap in the lower main sequence (Jao et al. 2018)
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gap regions are ∼24% and 14% less than the Gaussian curves,
respectively, in these two bins. This also shows the gap is very
narrow, with a width of only about 0.05 mag. Furthermore, it is
more pronounced at blue colors than at red. The largest
decrement is 28% in the 2.40–2.45 bin. The details of these
decrements in each bin are summarized in Table 1.

3. The Gap in Different Colors and More Distant Samples

An important consideration is whether or not the gap persists
in colors other than GBP−GRP. To investigate, 70,700 stars
between the two dashed lines in Figure 1 were cross-matched
against the 2MASS catalog. Because many of these nearby red
dwarfs have high proper motions, the J2015.5 coordinates in

DR2 were adjusted to J2000.0 using the DR2 proper motions
so that their coordinates would be close to their positions in
2MASS images, which were taken from 1998 to 2001. A 5″
search radius was then used to find matches of DR2 sources to
2MASS sources. Figure 3 shows two different HRDs,

�G KsBP versus MKs and �J Ks versusMKs, that illustrate
the results. Somewhat surprisingly, the gap is evident in these
two observational HRDs as well. Thus, the gap is not unique to
the Gaia photometry, and is not caused by specific stellar
spectroscopic features in the optical or near-infrared (NIR)
bands alone.
In order to test the persistence of the gap, we extracted two

other samples from DR2 using stars in the 100–130 pc and

Figure 1. Portion of the observational HRD for stars within 100 pc in the Gaia DR2 data set, using MG and GBP−GRP. A thin low-density gap is seen cutting
through the main sequence. Two dashed lines (MG=9 and 11) represent a region selected for further discussion, and plotted in Figure 2.

Figure 2. (left) Sliced strips of the main sequence near the gap are shown, with vertical cuts in GBP−GRP color. (right) Distributions of the number of stars in each
GBP−GRP strip are shown, with Gaussian fits outlined in red. Each vertical strip is 0.05 mag wide in color, and the histogram bin sizes are 0.051 mag in MG to
optimize the gap’s effect.

2

The Astrophysical Journal Letters, 861:L11 (9pp), 2018 July 1 Jao et al.
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Phase-space spirals
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Using Gaia DR2 (Antoja et al. 2018)

The phase spiral in DR3 3

Figure 2. z–vz planes for a sample of stars within dxy < 1 kpc the Sun, split by RG (kpc, di↵erent columns) and ✓� (deg, di↵erent

rows) into dynamically local samples. Note the smooth change in morphology across nearby panels, and the transition from one armed

spirals in the majority of the figure, to two armed spirals in the left two columns.

However, this introduces an implicit selection on other ac-
tions and phase angles, as discussed below. Similarly, the
right column of Figure 1 shows the phase spiral for stars
within dxy 6 1 kpc, now with an explicit radial action se-
lection of JR 6 2 kpc km s�1, which results in a similar
spiral to that in the middle column, as it should, because
stars with low radial action have their guiding centres close
to their physical location.

Along with this refined view of the local z–vz phase
spiral, we can also perform the projection of a local physi-
cal selection into phase spirals separated in orbit space, as
shown previously in (Hunt et al. 2021) for a simulation of a

merger between a dwarf galaxy and a disc galaxy. In Figure 2
we show stars that are physically located within dxy 6 1 kpc
of the Sun, split by guiding radius, RG (from left to right
moves from the inner to outer galaxy) and by azimuthal
phase angle, ✓� (from top to bottom goes in the direction of
Galactic rotation) into many ‘dynamically local’ groups.

This is not entirely equivalent to looking at the z–vz
phase spirals of stars that are physically located in other
parts of the galaxy, but it does allow us to examine the
phase spirals of stellar populations that spend most of their
time away from the Solar neighborhood, whether in the in-

© 2022 RAS, MNRAS 000, 1–5

Using Gaia DR3 (Hunt et al. 2022)



Star formation rate in the solar neighbourhood inferred from Gaia data
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Star formation rate (SFR) derived from 
fitting synthetic CMD to Gaia DR2 data 
for stars within 250 pc of the Sun. 

Narrow episodes of enhanced star 
formation coinciding with proposed 
Sgr pericentre passages. 

(Ruiz-Lara et al. 2020)



Acceleration of the Solar System Barycentre (Gaia Collaboreation et al. 2021)

17Astrometry for 21st Century Astronomy, IAUGA 2022 FM7, Busan Background image credit: ESA/Gaia/DPAC (A. Moitinho and M. Barros)

Plot shows the fitted proper motion model (amplitude a/c = 5.05 ± 0.35 μas/yr) for a random 0.1% subset of the Gaia EDR3 quasars



Astrometric precision of Gaia DR3 / DR4 / DR5
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Coloured distribution:  actual uncertainties in EDR3 and DR3 (white line = median) 
Black curves:     extrapolated median uncertainties for DR4 and DR5

Precision in proper motion

22Mötesplats Rydberg 2021 March 16 Lindegren:  The Gaia mission

Coloured distribution: actual uncertainties in EDR3 (white line = median)

Black curves:  extrapolated median uncertainties for DR4 and DR5

EDR3 (~3 years of data)
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Coloured distribution: actual uncertainties in EDR3 (white line = median)

Black curves:  extrapolated median uncertainties for DR4 and DR5

EDR3 (~3 years of data)
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Gaia cannot do everything (alone)
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Gaia extension/synergy

sensitivity G < 21
large ground-based telescopes 

space telescopes (HST, JWST, ...)

precision 10−1000 μas
optical/IR interferometers 

space telescopes

resolution 0.1 arcsec
adaptive optics, optical/IR interferometers 

space telescopes

time baseline ≤10 years
archival data, HST, Hipparcos 

GaiaNIR

wavelength 0.4−1.0 μm
IR interferometers, radio arrays (VLB, SKA), VLBI 

GaiaNIR, JWST



An example of synergies: Gaia + archival HST data
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and Lynga 7; we manually selected the approximate area in the
PMs vector-point diagram (VPD) where the member stars are
located prior to the automatic membership selection.13 Finally,
in the case of NGC 2419, we decided not to use images in the
F555W filter, as they produced results that were not compatible
with those obtained with the rest of the filters.

GAIAHUB provided clearly better results than Gaia alone in
all clusters except for AM4, where the scarce number of
member stars in common between HST and Gaia (11 stars),
together with the relatively short increment in the time baseline
(5.8 yr compared to 2.8 yr for EDR3 alone), did not yield a
visibly lower dispersion of the PMs in the VPD. The clusters
NGC 6624 and NGC 6401 did not converge to a solution. The
HST fields for both clusters have an extremely high density of
stars, both members and MW contaminants, and we believe
this causes GAIAHUB to incorrectly pair stars, producing
spurious results. Hence, we decided to remove these three
clusters from our final list, which ended up containing 37
clusters.

3.1.1. Individual Examples

Here, we present four examples of the quality of the results
obtained with GAIAHUB in comparison with those of Gaia
EDR3 alone. In Figure 3, we show the impact that the precision
with which PMs are measured has on the study of the internal
kinematics of a stellar system, by comparing Gaiaʼs VPD and
the vectorial representation of its PMs in the observed field
versus those obtained using GAIAHUB in GC Palomar 4. Larger
uncertainties in Gaiaʼs PMs are reflected in the perceived
motion of the stars, and could lead to artificially large velocity
dispersion measurements in stellar systems. Below, we show a

more detailed comparison for three GCs ordered by their
heliocentric distance.
NGC 6535–Located at de= 6.8 kpc, NGC 6535 provides a

good example of the improvements in the PMs of faint stars in
relatively nearby systems. The first HST epoch was taken in
late March 2006, providing a total time baseline of 11.2 yr. A
comparison between the results from Gaia and GAIAHUB is
shown in Figure 4. GAIAHUB clearly outperforms Gaia for
magnitudes G 17.25, which in NGC 6535 includes almost all
the observed stars below the horizontal branch (HB). The
uncertainties are much smaller than those of Gaia alone,
keeping values under the central line-of-sight velocity disper-
sion, T � o �( )v 2.4 0.4 km sLOS

1 , up to G∼ 20.5, well
below the main sequence turn-off (MSTo). For comparison,
the mean PM uncertainty for Gaia at G∼ 20.5 is∼ 40 km s−1 .
The improved precision can be appreciated in the VPD, with
GAIAHUBʼs PMs being much more concentrated. GAIAHUB
also derived PMs for 338 stars that have no PMs in the Gaia
catalog. Despite having on average larger uncertainties than the
rest of the GAIAHUBʼs measurements (5 km s−1 
Δ(v) 15 km s−1 ), these newly measured PMs still have
smaller uncertainties than most Gaia stars fainter than
G∼ 19.5.
NGC 5053–In Figure 5, we show a summary of the results

obtained for NGC 5053. This is a relatively metal-poor cluster
([Fe/H]=−2.27) with very low velocity dispersion,
T � o( )v 1.4 0.2LOS . Because of this and the relatively large
distance to the cluster, only one star has PM uncertainties
below the T ( )vLOS value. However, GAIAHUB provides results
far better than those of Gaia alone, and these allow to derive
new PMs for 425 stars.
Pal 2–Pal 2 is located at 27.2 kpc from the Sun, which makes

it a good target for GAIAHUB. Figure 6 summarizes the results
for GAIAHUB. Despite the relatively large distance, GAIAHUB
allows us to derive PMs with uncertainties below T ( )vLOS
values for many of its stars, as well as to derive new PMs for
239 stars.
NGC 2419–The results for NGC 2419 are shown in Figure 7.

Despite the large distance to NGC 2419, de= 82.6 kpc,
GAIAHUB reaches accuracies at the level of its line-of-sight
velocity dispersion, T � o �( )v 4.0 0.6 km sLOS

1 , for some of
its stars, while showing average accuracies of∼ 11 km s−1 at
G= 20. At the same magnitude, Gaia alone shows uncertain-
ties ofΔ(v)∼ 180 km s−1 . The smallest uncertainty reached by
Gaia EDR3, Δ(v)∼ 20 km s−1 , is for the brightest stars at the
tip of the red giant branch (TRGB) at G∼ 16.75. Future Gaia
data releases will allow GAIAHUB to measure hundreds of
NGC 2419 stars below T ( )vLOS levels.

3.1.2. Dispersion, Anisotropy, and Ellipticity

For the 37 clusters in our final list, we used the PMs derived
with GAIAHUB to calculate the mean internal velocity
dispersion along the radial, T N( )R , and tangential, T N( )T ,
directions with respect to the clusterʼs center. To do so, we use
a maximum likelihood approach (as described in Section 3.1 of
Watkins et al. 2015) that properly accounts for inflation of the
observed PM dispersions by observational error. We then
computed the velocity dispersion values in each direction as
σ(v)= 4.7404× de× σ(μ) and the sky-projected anisotropy,
C T T� � ( ) ( )v v1sky T

2
R

2. All sources of random errors were
propagated following a Monte Carlo scheme in the case of the
velocity dispersion, and analytically for the later computation

Figure 3. Comparison between the results obtained using Gaia and GaiaHub
for Palomar 4 (de = 108.7 kpc,ΔT = 11.2 yr). The VPDs are shown in the left
column and the PMs projected on the sky in the right column. Results from
Gaia are represented in the top row by red symbols, new results from GAIAHUB
are shown by blue symbols in the bottom row. New PMs, not present in the
Gaia EDR3 catalog, are shown by open blue squares. Member stars,
automatically selected by GAIAHUB based on position in the VPD, are
represented by large, darker markers. The larger dispersion observed in the
Gaia VPD and PMs is a consequence of its larger uncertainties.

13 Using -preselect_pm flag.
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The Astrophysical Journal, 933:76 (18pp), 2022 July 1 del Pino et al.

Improved proper motions for faint 
stars in globular cluster Palomar 4  
(at 109 kpc), obtained by combining 
Gaia DR3 data with archival HST data: 

Gaia only:   

Gaia + HST:  

(del Pino et al. 2022)

σμ ≃ 0.6 mas yr−1

σμ ≃ 0.08 mas yr−1



Summary

✓ Global astrometry (large-angle measurements) is essential for providing a celestial reference 
frame, undistorted proper motions over the whole sky, and absolute parallaxes 

✓ In the radio domain, ground-based VLBI achieves sub-mas global astrometry and differential 
measurements at the 10 μas level 

✓ In the optical domain, the Earth's atmosphere and gravity impose insurmountable problems 
for global astrometry, and high-precision differential measurements are only possible under 
special circumstances 

✓ Gaia uniquely combines the advantages of space in a global optical scanning survey mission 

✓ Gaia provides a framework for combining and unifying the astrometric capabilities of various 
ground-based and space facilities 

✓ To maintain and extend this framework, another global mission will be needed in the future
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