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Understanding the Milky Way Galaxy

5

Gaia combines three complementary approaches:

- Census of large, representative parts of the Galaxy

- Spatial structure from stellar distances

- Gravitational field from the stellar motions

“Side benefits”:
      Stellar astrophysics, binaries, exoplanets
      Solar system objects (asteroids)
      Reference frame
      Cosmology

Credit: NASA/JPL
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Extreme accuracy required
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Extreme accuracy required
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Credit: NASA/JPL

Sun

Star at 10 kpc
(32,000 light years)

2ϖ

parallax ϖ = 100 µas

σϖ = 10 µas needed
for distance to 10%
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Extreme accuracy required
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Credit: NASA/JPL

Sun

velocity 1 km/s

angular velocity
(proper motion)
20 µas/yr
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Gaia: 
Predicted astrometric performance after 5 years

9

Sky-averaged standard errors for G0V stars

V magnitude 6-13 14 15 16 17 18 19 20 mag

Parallax 8 13 21 34 54 89 152 385 µas

Proper motion 5 7 11 18 29 47 80 203 µas/yr

Position @2016 6 10 16 25 40 66 113 286 µas

Note:  
20 µas = 10-10 rad (the size of a pin-head at 10,000 km)
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Lund Observatory was involved in Gaia 
from the very beginning (1993) 
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... and continues to be a major participant (2016) 
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10 m diameter
deployable 
sunshield

thermal cover (in 
permanent shadow) with 
optical instrument inside 

sunlight

© ESA – C. Carreau

The Gaia satellite



2 off-axis telescopes
1.45 x 0.5 m2 aperture
35 m focal length

common focal 
plane, 106 CCDs
(1 Gigapixel)
0.93 x 0.42 m2

basic angle = 106.5°



Gaia’s focal plane
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Credit: Astrium



Gaia’s focal plane (106 CCDs)
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Gaia detects ALL point objects brighter than 20.7

17
Fabricius et al. (2016)
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Unfortunately also optical artefacts (speckles)

18

Fabricius et al. (2016)



Unexpected problems with Gaia (1/3):
Ice condensation on mirrors

19

Gaia Collaboration et al.: The Gaia mission

5.3.3. Time synchronisation

Time synchronisation denotes the establishment of a relation
between the onboard time (OBT) reading of the free-running,
atomic master clock on board Gaia (Sect. 3.3.10) and a reference
timescale such as Universal Coordinate Time (UTC) or Barycen-
tric Coordinate Time (TCB). Two time-synchronisation chains
are active for Gaia:

1. MOC maintains a low-accuracy, on-the-fly service that is
based on the predicted spacecraft orbit and uses simplified
algorithms. This time synchronisation is used for spacecraft
operations, for instance for the interpretation of housekeep-
ing data or the definition of onboard command-execution
times, and also for initial (first-look) science data process-
ing at the Science Operations Centre. The formal (required)
accuracy of this product is 1 ms, but the typical accuracy in
practice is 50–100 µs.

2. For the science cases of Gaia to be met, the absolute time ac-
curacy requirement at mission level is 2 µs, which means that
the 1-ms MOC service is insu�cient. Therefore, a second
time-synchronisation and onboard clock calibration chain
is operated by DPAC (Sect. 7). This scheme is based on
a time-source, packet-based, one-way clock synchronisa-
tion scheme (Klioner 2015) and achieves the 2 µs require-
ment with significant margin during nominal operations.
This scheme is fully relativistic, includes onboard delays,
propagation delays, and ground-station delays but unavoid-
ably produces results with a delay of several weeks, for in-
stance because the reconstructed spacecraft orbit is one of
the inputs.

To avoid ambiguity in case of clock resets, OBT counts are
first transformed in the initial processing of the data (Fabri-
cius et al. 2016) into the OBMT (onboard mission timeline)
by adding a constant o↵set. The OBMT is conventionally ex-
pressed in units of six-hour (21,600 s) spacecraft revolutions
since launch. For instance for the purpose of interpreting the
timeline of figures (e.g. Fig. 8), OBMT can be converted into
TCB at Gaia (expressed in Julian years) by the approximate re-
lation,

TCB ⇡ J2015.0 + (OBMT � 1717.6256 rev)/(1461 rev). (3)

This relation is valid only for the interval OBMT = 1078.3795–
2751.3518, which covers Gaia Data Release 1.

6. Science operations

The science operations of Gaia are conducted by the Science
Operations Centre (SOC) located at the European Space Astron-
omy Centre (ESAC) in Villafranca del Castillo, Spain. The Gaia
SOC is an integral part of the Gaia DPAC (Sect. 7) and there-
fore has, in addition to the classical roles outlined in this section,
a number of other responsibilities towards DPAC. These other
responsibilities are

– forming the main hub among the six data processing centres
(DPCs; Sect. 7.4) of DPAC;

– providing system architecture and support functions for
DPAC and hosting the main database (MDB) of the mission;

– operating the daily pipeline (Sect. 7.1) and disseminating all
data products to other DPCs (hub-and-spokes topology);

– operating and co-developing the astrometric global iterative
solution (AGIS; Sect. 7.2);

– operating and co-developing the mission archive (Sect. 7.3).

Fig. 8. Throughput evolution of the astrometric fields of view (averaged
over all AF CCDs) as a function of time as revealed by the G-band pho-
tometric time-link calibration derived in Riello et al. (2016). The curves
are Chebyshev polynomials of the actual calibrations. Red lines refer
to the preceding field of view; blue lines to the following field of view.
The discontinuities and dotted vertical lines refer to the decontamina-
tions (Sect. 6.4). OBMT stands for onboard mission timeline in units
of six-hour revolutions since launch (Sect. 5.3.3). Gaia Data Release 1
is based on data covering the interval OBMT = 1078.3795–2751.3518,
delimited by the dashed black lines.

6.1. Interface to the Mission Operations Centre

The SOC is the prime interface to the MOC for all payload- and
science-related matters. Normal work includes

– generating the scanning law (Sect. 5.2), including the asso-
ciated calibration of the representation of the azimuth of the
Sun in the scanning reference system in the VPU software;

– generating the science schedule, i.e. the predicted onboard
data rate according to the operational scanning law and a
sky model, to allow for adaptive ground-station scheduling
(Sect. 5.3.1);

– generating the avoidance file containing time periods when
interruptions to science collection would prove particularly
detrimental to the final mission products;

– generating payload operation requests (PORs; Mora et al.
2014a), i.e. VPU-parameter updates (e.g. TDI-gating scheme
or CCD-defect updates);

– tracking the status and history of payload configuration pa-
rameters in the configuration database (CDB) through the
mission timeline and telecommand history;

– hosting the science-telemetry archive;
– generating event anomaly reports (EARs) to inform down-

stream processing systems of bad time intervals, outages in
the science data, or any (onboard) events that may have an
impact on the data processing and/or calibration;

– monitoring (and recalibrating as needed) the star-packet-
compression performance;

– monitoring (and recalibrating as needed) the BAM laser
beam waist location inside the windows;

– reformatting the optical observations of Gaia received from
GBOT for MOC processing in the orbit reconstruction
(Sect. 5.3.2);

– disseminating to DPAC (Sect. 7) meteorological ground-
station data received from MOC and required for de-
lay corrections in the high-accuracy time synchronisation
(Sect. 5.3.3).
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Unexpected problems with Gaia (2/3):
Scattered light

20



Unexpected problems with Gaia (3/3):
“Large” (±1 mas) basic angle variations
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Gaia: ESA and DPAC responsibilities

positions
proper motions
parallaxes
radial velocities
magnitudes
variability
orbits, masses
Teff , log g …
…
catalogue access

Gaia Archive
Data 

acquisition

Mission 
operations 

centre

Telemetry data

    Data processing
centres

Lund Observatory is a major contributor to the development of the core astrometric 
solution (concepts, software, tests), but the data processing is done elsewhere
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Slide: A. Brown
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http://archives.esac.esa.int/gaia/

24

http://archives.wsac.esa.int/gaia/
http://archives.wsac.esa.int/gaia/
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This and future data releases

25

DR1 DR2 DR3 DR4 Final
Positions ⎷ ⎷ ⎷ ⎷ ⎷

White-light (G) magnitudes ⎷ ⎷ ⎷ ⎷ ⎷

Parallaxes (⎷)* ⎷ ⎷ ⎷ ⎷

Proper motions (⎷)* ⎷ ⎷ ⎷ ⎷

Broad-band (BP, RP) magnitudes ⎷ ⎷ ⎷ ⎷

Radial velocities ⎷ ⎷ ⎷ ⎷

Object classification, astrophysical parameters ⎷ ⎷ ⎷

BP, RP, RVS spectra ⎷ ⎷ ⎷

Variable stars ⎷ ⎷

Non-single star solutions ⎷ ⎷

Solar-system objects ⎷ ⎷

Exoplanets ⎷

* Only 2 million objects
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Gaia DR1:  Number of objects (“sources”)
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Source density map (3 arcmin resolution)

27ESA/Gaia/DPAC/André Moitinho & Márcia Barros (CENTRA - University of Lisbon)
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Source density map (3 arcmin resolution)
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LMC

SMC

ESA/Gaia/DPAC/André Moitinho & Márcia Barros (CENTRA - University of Lisbon)
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ESA/Gaia/DPAC/André Moitinho & Márcia Barros (CENTRA - University of Lisbon)
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NGC 6752

ESA/Gaia/DPAC/André Moitinho & Márcia Barros (CENTRA - University of Lisbon)
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M33

M31

ESA/Gaia/DPAC/André Moitinho & Márcia Barros (CENTRA - University of Lisbon)
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Gaia DR1:  Number of objects (“sources”)
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Lindegren & Hernández: TGAS - present results and status  -  GST48  -  ESTEC 8-9 June 2015

Astrometric parameters for a single star
(uniform space motion)
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Lindegren & Hernández: TGAS - present results and status  -  GST48  -  ESTEC 8-9 June 2015

Astrometric parameters for a single star
(uniform space motion)
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Lindegren & Hernández: TGAS - present results and status  -  GST48  -  ESTEC 8-9 June 2015

µ–ϖ degeneracy for < 1 yr of observations

32
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Lindegren & Hernández: TGAS - present results and status  -  GST48  -  ESTEC 8-9 June 2015

Lifting the degeneracy:
TGAS - Tycho-Gaia Astrometric Solution
(Michalik et al. 2015)

33
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Gaia DR1:  Magnitude distribution of sources

34
Mean G [mag]



ATP talk 2016 September 14                             L. Lindegren: Gaia DR1                                 

TGAS: Standard uncertainty in parallax
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Median uncertainty per pixel (~1 deg2)
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Improved distances to nearby stars

36
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More stars within parallax horizon (ϖ/σϖ > 5)
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Known problems (1): Where is Proxima?

A number of (bright) sources are missing in Gaia DR1:

• Stars brighter than magnitude 6 are generally missing 
because of CCD saturation

- This problem will remain in future releases

• Stars with proper motion > 3.5 arcsec/yr are missing
because of a problem with the cross-matching

- E.g. Proxima Cen and Barnard’s Star are missing

- This problem will be remedied in Gaia DR2   

38
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Known problems (2): Systematic errors

The instrument and attitude models used in Gaia DR1 are very primitive.
For example, colour-dependent image displacements are not calibrated.
Cross-validation solutions indicate systematic errors of ±0.3 mas.

39
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Known problems (2): Systematic errors

The instrument and attitude models used in Gaia DR1 are very primitive.
For example, colour-dependent image displacements are not calibrated.
Cross-validation solutions indicate systematic errors of ±0.3 mas.

40

“Late” minus 
“early” data



ATP talk 2016 September 14                             L. Lindegren: Gaia DR1                                 

Systematics in Gaia DR1 parallaxes

Due to known limitations in the astrometric processing
- a global offset of ±0.1 mas may be present
- there are colour dependent, spatially correlated errors of ±0.2 mas
- over large spatial scales, parallax zero point errors reach ±0.3 mas
- in a few small areas even ±1 mas

Parallax uncertainties should be quoted as 
                              ϖ ± σϖ (random) ± 0.3 mas (syst.)

Averaging parallaxes e.g. in a cluster does not reduce the systematics! 

41
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HR diagram for 1 million stars with ϖ/σϖ > 5
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Distance to the Pleiades

43

Melis et al.
Science 345, 1029 (2014)
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Distance to the Pleiades in Gaia DR1
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Distance to the Pleiades in Gaia DR1
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Distance to the Pleiades in Gaia DR1
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HII 174 (TYC 1803-0008-1):

Gaia DR1   ϖ = 7.394 ± 0.301 mas
VLBI           ϖ = 7.418 ± 0.025 mas
----------------------------------------------
difference        −0.024 ± 0.302 mas 
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Reference frame from observations of quasars

Gaia DR1 is aligned with the 
International Celestial 
Reference Frame through 
Gaia’s observations of ~2000 
faint (17-20 mag) quasars with 
accurate VLBI positions.

Gaia’s observations show:

(1) excellent agreement 
between radio and optical 
positions (RMS < 1 mas)

(2) that the Hipparcos 
reference frame rotates wrt 
QSOs by 0.24 mas/yr

46
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Slide: A. Brown
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