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Astrometry: 
The past, present & future

 Precise measurements of the 
positions and movements of 
stars and other celestial bodies. 

  Provides information on the 
kinematics and physical origin of 
the Solar System and our galaxy, 
the Milky Way.



How small?
One second of arc: size of a rupee/euro coin viewed from a distance of 5 km.

One thousandth of one second of arc:  size of an astronaut on the Moon

viewed from Earth, a golf ball in New York viewed from Europe (~6400 km), the diameter of 
human hair seen from 10 km, or the (angular) growth rate of human hair in one second when 
viewed from a distance of 1 m. 

Gaia: few microseconds of arc: corresponding to one Bohr radius viewed from a distance of 1 
m. 

Such accuracies naturally pose extreme engineering challenges for optical quality, 
detector performance, and gravitational and thermal instrumental flexure.



Astrometry



 Space Astrometry 

All-sky coverage

Relatively stable

Temperature and gravity invariant

Precision, accuracy and sample volume several orders 
of magnitude greater than ground-based results. 

                          Absolute astrometry!



Hipparcos (1989-1993)
 High precision parallax collecting satellite

 Accurate determination of proper 
motions and parallaxes of stars,  
radial velocity 

 Hipparcos Catalogue, a high-
precision catalogue of more than 
118,200 stars, was published in 
1997. 

 The lower-precision Tycho 
Catalogue > million stars 

 Tycho-2 Catalogue of 2.5 million 
stars was published in 2000. 



Space Velocity

Radial velocity is 
determined from the 
Doppler effect in the 
spectra of the 
stars. ... Proper 
motion is the rate 
of angular drift across 
the sky (measured in 
arc seconds per year) 
and is found from the 
star's change of 
position on the sky 





GAIA
Why Space?

Bending and twinkling effects of the 
atmosphere, 

 Tiny variations in telescope alignment as 
the mountain-top observatories went 
through their endless day and night cycles 
of warming and cooling. 

The variable flexing of telescopes under 
their own weight as the huge supporting 
structures were steered to observe 
different parts of the sky added other 
unpredictable distortions..

any telescope on Earth can observe only 
part of the sky at any one time:







GAIA: 6D revolution 
RA, Dec, parallax, RV, pmra, pmdec

Galactic Archealogy!!! Imagine!!!

Two identical, three-mirror 
anastigmatic
(TMA) telescopes, with 
apertures of 
1.45 m × 0.50 m pointing in 
directions separated by the 
basic angle 
(Γ = 106 ◦ .5)
Accuracy of 24 
microarcsec= 42 kpc, 
 0.06arcsec pixels



Gaia photometry 
Photometric measurements: 120 billion
• G<20.7 mag
• Spectrophotometry
• 330-680 nm BP
• 640-1050 nm RP
• Astrometric measurements also 
photometric
in G-band
• In crowded regions on-board resource
allocation exhausted
• Bright limit around G=2-3 mag
• Looking into more complete data 
collection for these stars
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 Astrometry (G < 20 mag):
 completeness to 20 mag (on-board detection)  109 stars
 accuracy: 26 μarcsec at G=15 mag (Hipparcos: 1 milliarcsec at 9 mag)
 scanning satellite, two viewing directions

  global accuracy, with optimal use of observing time
 principle: global astrometric reduction (as for Hipparcos)

 Photometry (G < 20 mag):
 astrophysical diagnostics (low-dispersion photometry) + chromaticity

 Teff ~ 100 K, log g, [Fe/H] to 0.2 dex, extinction (at G=15 mag)

 Radial velocity (GRVS < 16 mag):
 accuracy: 15 km s-1 at GRVS=16 mag
 application:

third component of space motion, perspective acceleration
dynamics, population studies, binaries
spectra for GRVS < 12 mag: chemistry, rotation

 principle: slitless spectroscopy in Ca triplet (845-872 nm) at R = ~10,800

Gaia: Design Considerations



Gaia: Complete, Faint, Accurate 
  Hipparcos Gaia

Magnitude limit 12 mag 20 mag

Completeness 7.3 – 9.0 mag 20 mag

Bright limit 0 mag 3 mag (assessment for brighter stars 
ongoing)

Number of objects 120,000     47 million to G = 15 mag

      360 million to G = 18 mag

    1192 million to G = 20 mag

Effective distance limit 1 kpc 50 kpc

Quasars 1 (3C 273) 500,000

Galaxies None 1,000,000

Accuracy 1 milliarcsec 7 µarcsec at G = 10 mag

    26 µarcsec at G = 15 mag

    600 µarcsec at G = 20 mag

Photometry 2-colour (B and V) Low-res. spectra to G = 20 mag

Radial velocity None 15 km s-1 to GRVS = 16 mag

Observing Pre-selected Complete and unbiased
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Stellar Astrophysics 
 Comprehensive luminosity calibration, for example:

 distances to 1% for ~10 million stars to 2.5 kpc
 distances to 10% for ~100 million stars to 25 kpc
 rare stellar types and rapid evolutionary phases in large numbers
 parallax calibration of all distance indicators

e.g., Cepheids and RR Lyrae to LMC/SMC

 Physical properties, for example:
 clean Hertzsprung–Russell diagrams throughout the Galaxy
 Solar-neighbourhood mass and luminosity function

e.g., white dwarfs (~400,000) and brown dwarfs (~500)
 initial mass and luminosity functions in star-forming regions
 luminosity function for pre-main-sequence stars
 detection and dating of all spectral types and Galactic populations
 detection and characterisation of variability for all spectral types
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One Billion Stars in 3D will provide …

 in our Galaxy …
 the distance and velocity distributions of all stellar populations
 the spatial and dynamic structure of the disk and halo
 its formation history
 a detailed mapping of the Galactic dark-matter distribution
 a rigorous framework for stellar-structure and evolution theories
 a large-scale survey of extra-solar planets (~7,000)
 a large-scale survey of Solar-system bodies (~250,000)

 … and beyond
 definitive distance standards out to the LMC/SMC
 rapid reaction alerts for supernovae and burst sources (~6,000)
 quasar detection, redshifts, microlensing structure (~500,000)
 fundamental quantities to unprecedented accuracy:  to 2×10-6   (2×10-5 present)
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Exo-Planets: Expected Discoveries

 Astrometric survey:
 monitoring of ~150,000 FGK stars to ~200 pc
 detection limits: ~1MJ and P < 10 years
 complete census of all stellar types, P ~ 2-9 years
 masses, rather than lower limits (m sin i)
 multiple systems measurable, giving relative inclinations

 Results expected:
 ~2000 exo-planets (single systems)
 ~300 multi-planet systems
 displacement for 47 UMa = 360 μasas
 orbits for ~1000 systems
 masses down to 10 MEarth to 10 pc

 Photometric transits: ~5000

 70,000 planetary systems

Figure courtesy François Mignard
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 Asteroids etc.:
 deep and uniform (G=20 mag) detection of all moving objects
 ~250,000 objects observed, mainly main-belt asteroids
 orbits: 30 times better than present, even after 100 years
 spin-axis direction, rotation period, shape parameters for majority
 taxonomy/mineralogical composition versus heliocentric distance
 diameters for ~1000 to 20%, masses for ~150 to 10%
 Trojan companions of Mars, Earth, and Venus
 Kuiper-Belt objects: ~50 objects to G=20 mag (binarity, Plutinos)
 Centaurs: ~50 objects

 Near-Earth Objects: 
 Amors, Apollos and Atens (4389, 5156, 811 known today) 
 ~1600 Potentially Hazardous Asteroids (PHA) >1 km predicted (1435 currently known)
 detection limit: 260-590 m at 1 AU, depending on albedo

Studies of the Solar System



Gaia spectroscopy

• Spectroscopic measurements: 11 billion
• G RVS <16.2 mag
• 845-872 nm with R about 11,000
• Radial Velocity Spectrometer for >100
million radial velocities
• Spectroscopy till about G RVS =12 mag
• In crowded regions on-board resource
allocation exhausted to some extent,
but crowdedness sets in earlier
• Bright limit around G=2-3 mag





Gaia’s Early Data Release 3:
3 December 2020
1.8 billion sources, 34 months data, 
280 obs per star
50% more than DR2
Improved data modelling (psf)
increase of more than 100 million 
sources over the previous data 
release (Gaia DR2), public in April 
2018. 
Gaia EDR3 colour information for 
around 1.5 billion sources, an 
increase of about 200 million 
sources over Gaia DR2. As well as 
including more sources, the general 
accuracy and precision of the 
measurements has also improved, 
data modelling too.



EDR3:  Stars within 100 pc of our Sun.

At a distance of about 100 
pc, the coolest stars become 
too faint for Gaia’s survey 
limit, so to get a complete 
census of stars (including 
the coolest ones), this 
choice was made.

https://www.youtube.com/wa
tch?v=bzQUNCleS3o

https://www.youtube.com/watch?v=bzQUNCleS3o
https://www.youtube.com/watch?v=bzQUNCleS3o


The 4 panels on the left show, from bottom to top, absolute magnitudes, MK , for 175 classical Cepheids with positive parallaxes from 
Hipparcos, 276 classical Cepheids with positive parallaxes from Gaia DR1 Tycho-Gaia astrometric solution (TGAS), 297 classical Cepheids 
with positive parallaxes from Gaia DR2 and, 300 classical Cepheids with positive parallaxes from Gaia EDR3. 

The 4 panels on the right show, from bottom to top, absolute magnitudes, MK , for 95 RR Lyrae stars with positive parallaxes from Hipparcos, 
194 RR Lyrae stars with positive parallaxes from Gaia DR1 (TGAS), 391 RR Lyrae stars with positive parallaxes from Gaia DR2 and 394 RR 
Lyrae stars with positive parallaxes from Gaia EDR3.



Distances of globular clusters, from Gaia DR2 to EDR3

  The improvements by about a factor 2 in proper motion, and  parallax  by about a factor 1.5. The 
proper motion improvements allow for a better distinction of cluster members, in particular for 
the more distant ones. The sample of globular clusters investigated was increased from 75 in 
Gaia DR2 to 92 in Gaia EDR3. 



  Dark matter-like effect in GC NGC 3201:

Are they born inside very light dark matter halos? 
  The large field-of-view Gaia observations of 

NGC 3201 allows to measure the velocity 
dispersion in the outskirts of the cluster, 
which appears significantly higher than 
what is expected from standard Newtonian 
dynamics. This peculiarity could suggest 
the presense of dark matter, left over from 
the formation in the early universe, or 
unexpectedly strong tidal heating due to the 
Milky Way potential. Image credit: P. 
Bianchini - image on the left: astrosurf.com



HR Diagram with DR2
https://www.youtube.com/wa
tch?v=OodCR9BWqPQ

In the Gaia DR2 video on starts at the 2D projection and then 
sorts by the Gaia colour (BP-RP), then by apparent G 
magnitude and then by absolute G magnitude. In this 
animation 58,000 stars were used.

https://www.youtube.com/watch?v=OodCR9BWqPQ
https://www.youtube.com/watch?v=OodCR9BWqPQ


HR with EDR3

https://www.youtube.com/watch?v=QKXhtzJLZlI
A 3D zoom-out of 5 million stars around the Sun and 
then limits to a sphere of 400 light year radius displaying 
about 135,000 stars. The sample is then first sorted by 
absolute G magnitude and then by colour (GRP). We 
remark the paucity of stars in the red main sequence 
region (known as the Wielen gap).

https://www.youtube.com/watch?v=QKXhtzJLZlI


Following the journey of stars across the sky

https://youtu.be/Jqaa8P2SE7w
Gaia EDR3 has is the precision 
increased by a factor of 2 of  the  
proper motions compared to DR2, 
as it has 34 months of data 
compared to 22 months of data for 
DR2. The image shows for 40 000 
stars within 100 parsec distance 
from the sun how they move across 
the sky over 400 thousand years, 
each trail representing the 
displacement of one star. To make 
this more dynamic the following 
animation shows in short steps the 
displacements of these stars 1.6 
million years into the future.

https://youtu.be/Jqaa8P2SE7w


The motion and acceleration of the Solar system

   The average motion of the stars 
appears to be away from the top left 
quadrant of the video and toward the 
lower right quadrant =  average 
motion of the sun The average 
motion across the sky for stars 
located at 1000 parsecs from the 
Sun. The lines indicate the average 
present-day direction of motion of 
the stars (where the thickness is 
proportional to the magnitude of the 
proper motion), they are thus not the 
same as the trails in the animation.



Acceleration of the Sun  Apparent motion of distant 
quasars caused by the 
acceleration of the sun. Note 
how the motions appear to 
converge on a point just below 
right of the direction to the 
centre of the Milky Way. This 
indicates the direction in which 
the sun is accelerated. Here 
again the streamlines indicate 
the direction of motion, while 
their thickness is proportional 
to the magnitude of the 
(apparent) proper motion. 
Image credit: ESA/Gaia/DPAC, 
CC BY-SA 3.0 IGO.

 



The Galactic anticentre

   When looking at the edge of the disk, Gaia 
EDR3 shows stars that belong to structures 
such as the Sagittarius stream or the 
Anticentre Stream that can be remnants of 
disrupted galaxies or streams or disk stars 
with highly perturbed orbits. 

Towards the anticentre direction, the line of 
sight is less hindered by extinction, 
allowing us to reach the outer region of our 
Galaxy, and study not only the disk but 
also the halo. 



Some GAIA numbers
Once at the observation point, Gaia will start oscillating around L2 for 5 years, travelling 
for about 16 million kilometres. It is like going around the world each year 80 times for 5 
years (instead of once in 80 days…).

Over its entire lifetime, Gaia will download around 100 TeraBytes of data (1 TeraByte = 1 
000 000 000 000 bytes). If the data were copied onto CD-ROMs of 737 MB capacity, a 
total amount of 135 685 disks would be needed, enough to cover a surface of 7 
basketball fields. Running out of CD-ROMs and using DVD writable discs instead, with a 
capacity of 4.7 GigaByte per DVD we would have 32 000 hours’ worth of movies, that is, 
over 3 and half years of galactic entertainment.

And at the end, how much does a star cost? Gaia will measure an astounding 1 billion 
stars in its lifetime. If the overall cost of the Gaia mission is €950 000 000, (including the 
scientific consortium)  that means that one star costs less than €1, overall a good deal!



Plan your projects!!



The big picture



Stellar/Galactic archaeology

The 3-component view of the Galaxy – disk, bulge, halo – is more complex. 

All three stellar population components have at least two contributions. The galactic 
disk is made up of (at least) a young thin disk and an older thick disk, with local stellar 
dynamics also showing evidence of a massive central bar in the disk. The inner bulge 
contains both a very old population, and a dynamically-generated X-shape structure 
of inner disk stars. The halo contains (at least) both a substantial old population 
apparently formed in situ, and the later accreted population. 





The goal of galactic archaeology is to reconstruct the lost stellar substructures of the 
early Milky Way, thereby obtaining a detailed physical picture of its formation and 
evolution. 

The stellar abundance pattern over many elements reflects the chemical state of the 
gas from which stars form and is like a stellar DNA profile. By exploring stellar 
chemistry, we can identify stars that are part of the debris of common yet now-
dispersed stellar building blocks, and also those stars which came in from externally 
accreted satellite galaxies, a technique known as chemical tagging. 

The GALactic Archaeology with HERMES (GALAH) survey is a Large Observing 
Program using the HERMES instrument with the Anglo-Australian Telescope of the 
Australian Astronomical Observatory. HERMES provides simultaneous spectra for 
400 objects in four wavelength bands tailored to obtain a range of chemical element 
lines, from light elements up to heavy neutron-capture elements. Using this 
instrument, GALAH will obtain precise radial velocities and abundances of over 15 
different chemical elements per star for approximately one million stars.

http://www.aao.gov.au/science/instrumentation/hermes
http://www.aao.gov.au/about-us/AAT
http://www.aao.gov.au/about-us


The HERMES instrument is built upon the 
Anglo-Australian Telescope's, existing 
two-degree field (2dF) optical fibre 
positioner, 400 stars at a time.  GALAH 
utilizes the Anglo-Australian Telescope. 
Dec<  10°,  450 stellar targets in a given 
π square degree field, b > 30° the stellar 
density is too low for our instrument
GALAH second public data release 
(GALAH DR2) containing 342,682 stars.



Apache Point Observatory Galactic Evolution Experiment 
(SDSS)

DR12 includes spectra, derived stellar parameters, as well 
as elemental abundances for more than 100,000 stars 
sampling all major components of the Milky Way. By 
operating in the infrared (H-band) portion of the 
electromagnetic spectrum, APOGEE is better able to 
detect light from stars lying in dusty regions of the Milky 
Way than surveys conducted in the optical, which makes 
this survey particularly well-suited for exploring the 
Galactic disk and bulge.
~163,000 APOGEE targets. This includes 146,000 science 
targets, located in distinct types of survey fields:
~15,000 stars in Bulge fields
~28,000 stars in Halo fields
~55,000 stars in Disk fields
~14,000 stars in Kepler/CoRoT fields
~8,000 objects in Ancillary Science fields
~1,800 stars in Halo Stream fields
~1,200 stars in Sagittarius dSph fields
~8,000 stars in Star Cluster fields
~900 bright stars observed with the NMSU 1m telescope + 
APOGEE, including bright standards



Find metallicity and possibly detailed chemical abundances. Also find radial velocities and 
chemical abundances determined from high-resolution spectroscopy using publicly available 
catalogues of surveys in combination with Gaia data.

Methods. Open cluster stars have been identified in the APOGEE and GALAH spectroscopic 
surveys by cross-matching their latest data releases with stars for which high-probability 
astrometric membership has been derived in many clusters on the basis of the Gaia second 
data release.

Results. Radial velocities for 131 and 14 clusters from APOGEE and GALAH data, 
respectively. Iron abundances were obtained for 90 and 14 systems from APOGEE and 
GALAH samples, respectively. Also determined average abundances for Na, Mg, Al, Si, Ca, 
Cr, Mn, and Ni.



The Formation and Evolution of Galactic Disks with APOGEE 
and the Gaia Survey  Li et al

 APOGEE DR13 + and Gaia Tycho-Gaia Astrometric Solution data. 
We use the [α/M] ratio to allocate stars into particular Galactic components to elucidate 
the chemical and dynamical properties of the thin and thick disks. The spatial motions 
of the sample stars are obtained in Galactic Cartesian and cylindrical coordinates. We 
analyze the abundance trends and metallicity and [α/M] gradients of the thick and thin 
disks. We confirm the existence of metal-weak thick-disk stars in Galactic disks. A 
kinematical method is used to select the thin- and thick-disk stars for comparison. We 
calculate the scale length and scale height of the kinematically and chemically selected 
thick and thin disks based on the axisymmetric Jeans equation. We conclude that the 
scale length of the thick disk is approximately equal to that of the thin disk via a 
kinematical approach. For the chemical selection, this disparity is about 1 kpc. Finally, 
we get the stellar orbital parameters and try to unveil the formation scenario of the thick 
disk. We conclude that the gas-rich merger and radial migration are more reasonable 
formation scenarios for the thick disk.  



Gaia-ESO targets _x0015_≥ 10^5 stars, halo to star 
forming region,....
 With well-defined samples, we will survey the 
bulge, thick and thin discs and halo components, 
and open star clusters of all ages and masses. The 
Fibre Large Array Multi Element Spectrograph 
(_x0001_) spectra will  quantify individual elemental 
abundances in each star; yield precise radial 
velocities for a 4-D kinematic phase-space; map 
kinematic gradients and abundance - phase-space 
structure throughout the Galaxy; follow the 
formation, evolution and dissolution of open clusters 
as they populate the disc



GES spectroscopy and Gaia astrometry from its second data release are used here to 
assign membership probabilities to targets towards 32 open clusters with ages from 1 to 
3800 Myr, based on maximum likelihood modelling of the 3D kinematics of the cluster 
and field populations. From a parent catalogue of 14 398 individual targets, 5032 stars 
with uniformly determined 3D velocities, Teff, log g, and chemistry are assigned cluster 
membership with probability >0.9, and with an average probability of 0.991.



The Radial Velocity Experiment 
(RAVE) is a magnitude-limited (9 
< I < 12) spectroscopic survey of 
Galactic stars randomly selected 
in the southern hemisphere.



New determination of the atmospheric parameters for 23 dwarf stars observed by the Gaia-ESO 
survey in five young open clusters (τ < 150 Myr) and one star-forming region (NGC 2264). We 
exploit a new method based on titanium (Ti) lines to derive the spectroscopic surface gravity, and 
most importantly, the microturbulence parameter. A combination of Ti and Fe lines is used to obtain 
effective temperatures. We also infer the abundances of Fe I, Fe II, Ti I, Ti II, Na I, Mg I, Al I, Si I, 
Ca I, Cr I, and Ni I.
Results. Our findings are in fair agreement with Gaia-ESO iDR5 results for effective temperatures 
and surface gravities, but suggest that for very young stars, the microturbulence parameter is over-
estimated when Fe lines are employed. This affects the derived chemical composition and causes 
the metal content of very young clusters to be under-estimated.
Conclusions. Our clusters display a metallicity [Fe/H] between +0.04 ± 0.01 and +0.12 ± 0.02; they 
are not more metal poor than the Sun. Although based on a relatively small sample size, our 
explorative study suggests that we may not need to call for ad hoc explanations to reconcile the 
chemical composition of young open clusters with Galactic chemical evolution models.



https://github.com/JosephKarpinski/Gaia-EDR3
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