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USNO-B1.0

* Monet et al., 2003, AJ, 125, 984

e http://www.usno.navy.mil/USNO/astrometry/optical-IR-
prod/usno-b1.0

— all-sky catalog that presents positions, proper motions,
magnitudes in various optical passbands, and star/galaxy
estimators for 1,042,618,261 objects derived from
3,643,201,733 separate observations.

— The data were obtained from scans of 7435 Schmidt plates
taken for the various sky surveys during the last 50 years.

— USNO-B1.0 is believed to provide all-sky coverage,
completeness down to V=21, 0.2" astrometric accuracy, 0.3
mag photometric accuracy in up to five colors.



GSC2.3

e Lasker et al., 2008, AJ, 136, 735
* http://archive.stsci.edu/gsc/

— The Guide Star Catalog Il (GSC-Il) is an astronomical
database constructed from the scanned images of 9541
Palomar and UK Schmidt photographic sky survey plates
digitized at Space Telescope Science Institute (STScl).

— contains astrometry, photometry, and classification for
945,592,683 stars.

— absolute error per coordinate ranges from 0.2" to 0.28"
depending on magnitude.

— Stellar photometry is determined to 0.13-0.22 mag as a
function of magnitude and photographic passbands (B,R,l).



PPMXL

Roeser, S. et al., 2010, AJ, 139, 2440
http://vo.uni-hd.de/ppmxl

performed a new determination of mean positions and proper
motions on the ICRS system by combining USNO-B1.0 and
2MASS astrometry.

it aims to be completed from the brightest stars down to about
V = 20 all sky. PPMXL contains about 900 million objects, some
410 million with 2MASS photometry, and is the largest
collection of ICRS proper motions at present.

The resulting typical individual mean errors of the proper
motions range from 4 mas yr* to more than 10 mas yr+
depending on observational history.

The mean errors of positions are 80-120 mas, if 2MASS
astrometry could be used, 150-300 mas else.



UCAC4

e Zachariasetal., 2013, AJ, 145, 44

e http://www.usno.navy.mil/USNQ/astrometry/optical-IR-
prod/ucac

— UCAC4: The fourth United States Naval Observatory (USNO)
CCD Astrograph Catalog

— contains over 113 million objects; over 105 million of them
with proper motions.

— The positional accuracy of stars in UCAC4 is about 15-100
mas per coordinate,

— formal errors in PMs range from about 1 to 10 mas yr*

— Systematic errors in PMs are estimated to be about 1-4 mas
yri.
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http://astro.estec.esa.nl/SA-
general/Projects/Hipparcos/hipparcos.html

* Hipparcos 1s a pioneering space experiment
dedicated to the precise measurement of the
positions, parallaxes and proper motions of
the stars.

* The project was accepted within the ESA
scientific programme in 1980.



» The satellite was launched by Ariane, in
August 1989.

» After collecting more than three years of
extremely high-quality scientific data,
communications were terminated with the
satellite in August 1993.

* All of the mission goals have been
significantly exceeded.






Launch of the
Hipparcos Satellite by
Ariane 4 Flight V33,
8 August 1989, from
Kourou, French
Guiana.
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* Main Experiment:

— Number of stars: 100 000

— Limiting magnitude: V =12.4 mag

— Complete to: V=7.3-9.0 mag

— Positional accuracy: 0.002 arcsec (B=9 mag)
— Parallax accuracy: 0.002 arcsec (B=9 mag)

— Proper motion accuracy: 0.002 arcsec per
year (B=9 mag)
— Systematic errors: <0.001 arcsec




* Tycho Experiment:

— Number of stars: >400 000
— Limiting magnitude: B =10-11 mag
— Positional accuracy: 0.03 arcsec (B=10 mag)

— Photometric accuracy: 0.05 mag in B and V
(per observation)



» The final Hipparcos Catalogue (120 000
stars with 1 milliarcsec level astrometry) .

* The final Tycho Catalogue (more than one
million stars with 20-30 milliarcsec
astrometry and two-colour photometry) .
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HIP 23641 = HD33487

-D=136 Ly
V=926

too faint for the unaided eye to see

*V=54km/s

750,000 years' time 1t will pass at 4
or 5 Ly, which 1s similar to the
distance of the present nearest star
system, Alpha Centauri.

*will then rank among the 40 brightest
stars.



Pleiades (or the Seven Sisters ) 5p A2 4

*D=125pc
eabout 10 per cent closer than previously thought
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Gaia

A Stereoscopic Census of our Galaxy

http://www.cosmos.esa.int/web/gaia
August 2014




Gaia: Design Considerations

Astrometry (G < 20 mag):
— completeness to 20 mag (on-board detection) = 109 stars
— accuracy: 26 parcsec 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
= AT~ 100 K, log g, [Fe/H] to 0.2 dex, extinction (at G=15 mag)

Radial velocity (Ggrys < 16 mag):

— accuracy: 15 km s'at Gg,s=16 mag
— application:
 third component of space motion, perspective acceleration
» dynamics, population studies, binaries
 spectra for Grys < 12 mag: chemistry, rotation
— principle: slitless spectroscopy in Ca triplet (845-872 nm) at R = ~10,800SV1

30
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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 parcsec at G = 10 mag
26 parcsec at G = 15 mag
600 parcsec at G = 20 mag
Photometry 2-colour (B and V) Low-res. spectrato G = 20 mag
Radial velocity None 15 km s°' to Ggrys = 16 mag
Observing Pre-selected Complete and unbiased

31



Stellar Astrophysics

» Comprehensive luminosity calibration, for example:

distances to 1% for ~11 million stars to 2.5 kpc
distances to 10% for ~150 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

32



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: y to 2X10% (2X10-°
present)

33



Exo-Planets: Expected Discoveries

« Astrometric survey:
— monitoring of ~150,000 FGK stars to ~200 pc
— detection limits: ~1M; 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 pas
— orbits for ~1000 systems
— masses down to 10 Mg, to 10 pc

1/07/00

1/01/00 5
I

Photometric transits: ~5000

i i | i i | ; i

Figure courtesy Frangois Mignard 34



Studies of the Solar System

 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

35



Satellite and System

« ESA-only mission
« Launch: 19 December 2013
» Launcher: Soyuz—Fregat from French Guiana
. Faiing e Qrbit: L2 Lissajous orbit
o « Ground stations: Cebreros, New Norcia + Malargue
,"';D { » Lifetime: 5 years (1 year potential extension)
N "*\Fregatupper stage * Downlink rate: 4 - 8 Mbps

\ s

ul\%‘ \:-‘ Stage Il

Stage |l

Stage | - Boosters

o

Figure Soyuz: Arianespace; figure Gaia: ESA - C. Carreau



Payload and Telescope

o . Rotation axis (6h) Basic-Angle-Monitoring (BAM)
Two Sic primary mirrors A system

1.45 x 0.50 m? at 106.5°

&
Y

B I T TR T SiC torus

Combined
Focal-Plane
Assembly
(FPA) with
106 CCD
detectors

Superposition of two

Fields of View (FoV) Radial-Velocity

Spectrometer (RVS) 37

Figure courtesy EADS-Astrium
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Figure courtesy Alex Short
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CCDs

Sky Mapper Astrometric Field
CCDs CCDs
Total field: Sky mapper: Photometry:
- active area: 0.75 deg? - detects all objects to G=20 mag - spectro-photometer
-CCDs: 14 +62 + 14 + 12 (+ 4) - rejects cosmic-ray events - blue and red CCDs
- 4500 x 1966 pixels (TDI) - field-of-view discrimination Spectroscopy:
- pixel size = 10 ym x 30 uym Astrometry: - high-resolution spectra
=59 mas x 177 mas - total detection noise ~ 4 e - red CCDs



On-Board Object Detection

Requirements:
— unbiased sky sampling (magnitude, colour, resolution)
— all-sky catalogue at Gaia resolution (0.1 arcsec) to G~20 mag does not

exist

Solution is on-board detection:
— no input catalogue or observing programme
— good detection efficiency to G~21 mag

low false-detection rate, even at high star densities

Gaia will therefore detect:

variable stars (eclipsing binaries, Cepheids, etc.)
supernovae: ~6,000
gravitational-lensing events: ~1000 photometric and ~100 astrometric

Solar-system objects, including near-Earth asteroids and Kuiper-Belt

objects
39



Sky-Scanning Principle

Satellite spin axis

2

Line of sight 1

Spin axis

Precession of the

7
spin axis in 63 days\‘wx Scan rate:
/

Spin period:

45° to Sun
60 arcsec s!
6 hours

Consecutive
great circles

Line of sight 2

Figure ESA




Photometry Measurement Concept (1/2)

Astrometric
field

Red & blue
photometer

detectors Sky mapper

M4/M’4
/ beam combiner

RVS
detectors

Blue photometer: ]
330 - 680 nm

Photometer « s

risms
Red photometer: &
640 - 1050 nm
RVS grating
and afocal
field corrector
M5 & M6

fold mirrors

41

Figure courtesy EADS-Astrium



Photometry Measurement Concept (2/2)
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Red box: data sent to ground

White contour: sky-background level
Colour coding: signal intensity
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Radial-Velocity Measurement Concept (1/2)

Astrometric
field

Red & blue
photometer

detectors Sky mapper

M4/M’4
/ beam combiner

RVS
detectors

Photometer <—/

prisms

Spectroscopy: RVS grating /
845 - 872 nm and afocal
(resolution field corrector
~10,8005V2 M5 & M6

fold mirrors

43

Figure courtesy EADS-Astrium
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Radial-Velocity Measurement Concept (2/2)
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Figures courtesy David Katz

*

CCD detectors

RVS spectra of F3 giant (V = 16 mag)
S/N =7 (single measurement)
S/N = 130 (summed over mission)
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Data-Reduction Principles

* *

*

f Scan width = 0.7
*
Vol

x

1. Object matching in successive scans

Sky scans 2. Attitude and calibrations are updated
hlghest accuracy 3. Opjects positions etc. are solved
4. Higher-order terms are solved
along Scan 5. More scans are added 45

Figure courtesy Michael Perryman 6. System is iterated



Scientific Organisation

Gaia Science Team (GST):
7 members + ESA Project Scientist + DPAC Executive Chair

Scientific community:
— organised in Data Processing and Analysis Consortium (DPAC)
— 450+ scientists in 20+ countries active at some level
— GREAT network for post-mission science exploitation

Community is active and productive:
— regular Science Team / DPAC meetings
— growing archive of scientific and processing-software reports
— advance of algorithms, calibration models, accuracy models, etc.

Data-distribution policy:
— final catalogue ~2022
— intermediate catalogues defined

 intermediate releases starting 2016 with positions; parallaxes and
proper motions will be added in 2017

— science-alerts data released immediately
— no proprietary data rights

46



Data Processing Concept

Upstream Downstream

CU5 CU4
Photometric Complex object
processing processing
\ Cambridge CNES
Cu3 Cu3 — Ccu7
Initial I_)ata Treatment Astrometrx_c core | o 5 MDB <«——> | Variability analysis
First Look ? processing ERAC Geneva/ISDC
ESAC ESAC/Torino '

I

CUl

Cu3
;g}s);:’ggrre Ccu6 Intermediate Data Update cuUs
- Spectroscopic Barcelona Astrophysical
processing characterization

CNES
Cu2

Simulations
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Ccu9
Archive and

Catalogue access
ESAC
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Figure courtesy Michael Perryman and Frangois Mignard
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Date: 19 December 2013
Location: Kourou, French Guiana




GAIA data release 1

14 September 2016




GAIA DR 1

 Contents

— Positions and Gaia 'G' magnitudes for 1.1 billion stars using only
Gaia data;

— Positions, parallaxes (distances) and proper motions for more

than 2 million stars using the Tycho-Gaia Astrometric Solution
(TGAS);

— Light curves and characteristics for about 3000 variable stars;

— Positions and G magnitudes for more than 2000 quasars -
extragalactic sources used to define the celestial reference frame.

e Access
— All the data are available from the ESA Gaia Archive:
http://archives.esac.esa.int/gaia
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e The Gaia mission

— Gaia Collaboration
— arX1v: 1609.04153.pdf

* Gaia Data Release 1. Summary of the
astrometric, photometric, and survey properties

— Gaia Collaboration
— arX1v: 1609.04172.pdf

* Gaia Data Release 1: Astrometry: one billion
positions, two million proper motions and
parallaxes

— Lindegren et al.
— arX1v: 1609.04303.pdf



Unraveling the chemical and dynamical
history of our Galaxy
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Astrometric surveys
in the Gaia era

Norbert Zacharias

U.S. Naval Observatory

2017 Apr 24 IAU S 330, Nice, astrom.surveys



2017 Apr 24

GAIA
DR2 = big step for astrometry

accurate proper motions and parallaxes for
over 1 billion objects (sub-mas level)

superior astrometry to ground-based surveys,
most between about G = 4 to 20.7 “done” for
mean position + simple motion

era of traditional astrometric sky surveys will
be over very soon (position and proper motion
catalogs like GSC, PPM, PPMXL, NPM, SPM,
UCAC, URAT, USNO-B ..))

IAU S 330, Nice, astrom.surveys



summary

(1) Gaia DRI1: TGAS (2 million stars) = new optical reference frame

(2) short-term ground-based astrometric surveys use Gaia DR1:
(a) reduce earlier epoch data
(b) combine with 1.14 billion Gaia positions only = new proper motions
(c) use several years of ground-based observ.: new trigon. parallaxes

(3) Gaia DR2 will “put an end to this” : positions, proper motions and
parallaxes for stars in about 4 to 20.7 mag: all done

(4) current and future ground-based surveys for astrometry:

(a) very bright star observations (URAT-south).
(b) go deeper than Gaia limit (LSST, ...)
(c) many epochs, long-term programs for complex motions

(d) other than optical bandpass (VISTA), positions depending on color

2017 Apr 24 IAU S 330, Nice, astrom.surveys 28



astrometric research not fully

covered by Gaia
(1) very bright stars (G <= 3.x), until near final Gala DR, likely after 2020

(2) faint objects (G >= 20.7) = main open area
(3) other than optical bandpass (like near-IR)

(4) complex motion or variable centroid objects, i.e. “time domain
astronomy” require observations at multiple, specific epochs or long
time-line observations:

(a) orbital motions of natural satellites (USNO + Paris Observatory)

(b) asteroid mass determination (close encounters)

(d) some AGN, extragalactic reference frame objects (variability induced
center motion)

ANT™T A N A TATT © 99N ANHAan Aactwars crsseroars 2



Astrometric Accuracy during 2000 Years

Hipparchus/l’tolgh‘ny -1028 stars | | | I 1
0 .. _al-Sufi: ~964AD
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Fig. 1a. Astrometric accuracy during 2000 years: Hog-2016. The accuracy was greatly improved shortly before
1600 AD by the Landgrave in Kassel and by Tycho Brahe in Denmark. The following 400 years brought even larger
but much more gradual improvement before space techniques with the Hipparcos satellite started a new era of
astrometry.
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