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(AF; Sect. 3.3.5); (iv) low-resolution spectro-photometry using
the blue and red photometers (BP and RP; Sect. 3.3.6); and
(v) spectroscopy using the radial-velocity spectrometer (RVS;
Sect. 3.3.7). The focal plane is depicted in Fig. 4 and carries
106 charge-coupled device (CCD) detectors, arranged in a mo-
saic of 7 across-scan rows and 17 along-scan strips, with a total
of 938 million pixels. These detectors come in three di↵erent
types, which are all derived from CCD91-72 from e2v tech-
nologies Ltd: the default, broadband CCD; the blue(-enhanced)
CCD; and the red(-enhanced) CCD. Each of these types has the
same architecture but di↵er in their anti-reflection coating and
applied surface-passivation process, their thickness, and the re-
sistivity of their silicon wafer. The broadband and blue CCDs are
both 16 µm thick and are manufactured from standard-resistivity
silicon (100 ⌦ cm); they di↵er only in their anti-reflection coat-
ing, which is optimised for short wavelengths for the blue CCD
(centred on 360 nm) and optimised to cover a broad bandpass for
the broadband CCD (centred on 650 nm). The red CCD, in con-
trast, is based on high-resistivity silicon (1000 ⌦ cm), is 40 µm
thick, and has an anti-reflection coating optimised for long wave-
lengths (centred on 750 nm). The broadband CCD is used in SM,
AF, and the WFS. The blue CCD is used in BP. The red CCD is
used in BAM, RP, and the RVS.

The detectors (Fig. 5; Crowley et al. 2016b) are back-
illuminated, full-frame devices with an image area of 4500 lines
along-scan and 1966 columns across-scan; each pixel is 10 µm ⇥
30 µm in size (corresponding to 58.9 mas ⇥ 176.8 mas on the
sky), balancing along-scan resolution and pixel full-well capac-
ity (around 190 000 e�). All CCDs are operated in time-delayed
integration (TDI) mode to allow collecting charges as the ob-
ject images move over the CCD and transit the focal plane as
a result of the spacecraft spin. The fundamental line shift pe-
riod of 982.8 µs is derived from the spacecraft atomic master
clock (Sect. 3.3.10); the focus of the telescopes is adjusted to
ensure that the speed of the optical images over the CCD sur-
face matches the fixed speed at which the charges are clocked
inside the CCD. The 10 µm pixel in the along-scan direction is
divided into four clock phases to minimise the blurring e↵ect of
the discrete clocking operation on the along-scan image qual-
ity. The integration time per CCD is 4.42 s, corresponding to
the 4500 TDI lines along-scan; actually, only 4494 of these lines
are light sensitive. The CCD image area is extended along-scan
by a light-shielded summing well with adjacent transfer gate to
the two-phase serial (readout) register, permitting TDI clock-
ing (and along-scan binning) in parallel with register readout.
The serial register ends with a non-illuminated post-scan pixel
and begins with several non-illuminated pre-scan pixels that are
connected to a single, low-noise output-amplifier structure, en-
abling across-scan binning on the high-charge-handling capacity
(⇠240 000 e�) output node. Total noise levels of the full detection
chain vary from 3 to 5 electrons RMS per read sample (except
for SM and AF1, which have values of 11 and 8 electrons RMS,
respectively), depending on the CCD operating mode.

The CCDs are composed of 18 stitch blocks, originat-
ing from the mask employed in the photo-lithographic pro-
duction process with eight across-scan and one along-scan
boundaries (Fig. 5). Each block is composed of 250 columns
(and 2250 lines) except for the termination blocks, which
have 108 columns. Whereas pixels inside a given stitch block
are typically well-aligned, small misalignments between ad-
jacent stitch blocks necessitate discontinuities in the small-
scale geometric calibration of the CCDs (Lindegren et al. 2016).
The mask-positioning accuracy for the individual stitch blocks
also produces discontinuities in several response vectors, such

Fig. 4. Schematic image of the focal plane assembly, superimposed on a
real picture of the CCD support structure (with a human hand to indicate
the scale), with Gaia-specific terminology indicated (e.g. CCD strip and
row, TDI line and pixel column). The RVS spectrometer CCDs are dis-
placed vertically (in the across-scan direction) to correct for a lateral
optical displacement of the light beam caused by the RVS optics such
that the RVS CCD rows are aligned with the astrometric and photomet-
ric CCD rows on the sky; the resulting semi-simultaneity of the astro-
metric, photometric, and spectroscopic transit data is advantageous for
stellar variability, science alerts, spectroscopic binaries, etc. Image from
de Bruijne et al. (2010a), Kohley et al. (2012), courtesy Airbus DS and
Boostec Industries.

as charge-injection non-uniformity and column-response non-
uniformity. At distinct positions along the 4500 TDI lines, a set
of 12 special electrodes (TDI gates) are connected to their own
clock driver. In normal operation, these electrodes are clocked
synchronously with the other electrodes. These TDI-gate elec-
trodes can, however, be temporarily (or permanently) held low
such that charge transfer over these lines in the image area is
inhibited and TDI integration time is e↵ectively reduced to the
remaining number of lines between the gate and the readout
register. While the full 4500-lines integration is normally used
for faint objects, TDI gates are activated for bright objects to
limit image-area saturation. Available integration times are 4500,
2900, 2048, 1024, 512, 256, 128, 64, 32, 16, 8, 4, and 2 TDI
lines. The choice of which gate to activate is user-defined, based
on configurable look-up tables depending on the brightness of
the object, the CCD, the field of view, and the across-scan pixel
coordinate. Because the object brightness that is measured on
board in the sky mapper (Sect. 3.3.9) has an error of a few tenths
of a magnitude, a given (photometrically-constant) star, in par-
ticular when close in brightness to a gate-transition magnitude,
is not always observed with the same gate on each transit. This
mixing of gates is beneficial for the astrometric and photometric
calibrations of the gated instruments.

The Gaia CCDs are n-channel devices, i.e. built on p-type
silicon wafers with n-type channel doping. Displacement dam-
age in the silicon lattice, caused by non-ionising irradiation, cre-
ates defect centres (traps) in the channel that act as electron
traps during charge transfer, leading to charge-transfer ine�-
ciency (CTI). Under the influence of radiation, n-channel devices
are susceptible to develop a variety of trap species with release-
time constants varying from micro-seconds to tens of seconds.
Traps, in combination with TDI operation, a↵ect the detailed
shape of the point spread function of all instruments in subtle yet
significant ways through continuous trapping and de-trapping
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BP/RP: low resolution spectra (R = 20-100)
Sky mappers (1 &2):  
onboard detection of  
point-like sources

Astrometric Field: astrometry and  
photometry of point-like sources in  
the G band (white light passband) RVS: spectra R ~ 11700 in calcium  

triplet region (G <17 mag)— proper motions, parallaxes

In routine operations 
Since July 2014 
Nominal mission ends mid-2019 

All sources 3 < G < 20.7 (V ~ 21 mag, and beyond) 
Bright stars covered with special observations 
Crowded regions observed with sky mappers 



Astrometric

Photometric Spectroscopic

Astrophysical information for all objects  
(Bailer-Jones et al. 2013):  
➤ Astrophysical classification (star, quasar, etc.)  
➤ Astrophysical characterisation (interstellar 

reddenings, surface gravities, metallicities,  
and effective temperatures for stars, photometric 
redshifts for quasars, etc.).  

➤ Radial velocities through Doppler-shift 
measurements           stars brighter than GRVS 
≈ 16 mag            required for kinematical and 
dynamical studies of the Galactic populations 
and for deriving good astrometry of nearby, 
fast- moving sources  

➤ Coarse stellar parametrisation for stars 
brighter than GRVS ≈ 14.5 mag  

➤ Astrophysical information, such as interstellar 
reddening, atmospheric parameters, and 
rotational velocities, for stars brighter than 
GRVS ≈ 12.5 mag  

➤ Individual element abundances for some 
elements (e.g. Fe, Ca, Mg, Ti, and Si) for stars 
brighter than GRVS ≈ 11 mag 

Gaia collaboration, 2016a

Unbiased, flux-limited survey of the sky. 
➤ Gaia measures the relative separations of 

the thousands of stars  
 simultaneously present in the combined 
fields of view.  

➤ Proper motions, parallaxes 



End-of-mission performances

https://www.cosmos.esa.int/web/gaia/science-performance

Astrometric

Photometric Spectroscopic

Standard error in parallax (σπ),  
position at mid-epoch (σ0),  
proper motion (σµ),  
for an unreddened G2V star (V-IC 
= 0.75 mag, V-G = 0.16 mag).

https://www.cosmos.esa.int/web/gaia/science-performance


Gaia's next stop: DR2 station 
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1990         2000        2010                             2020

1993
1st concepts

2000
Selected as

ESA cornerstone
mission

2006
DPAC

19 Dec 2013
Launch

14 Sep 2016
1st data release

April 2018
2nd data release



Positions 
Parallaxes 
Proper-motions

G mag 

Variable stars

Positions 
Parallaxes 
Proper-motions 
Solar system objects

G mag 
Bp, Rp mag 
Variable stars 
Astrophysical parameters

Radial velocities

Photometric

Spectroscopic

Astrometric

Arenou et al. (2016),  
Salgado et al. (2016).  

DR1 DR2



HR diagrams with TGAS

Hipparcos and Gaia DR1 parallaxes precise to  20%
43 546 stars, 90% stars inside 280 pc

Gaia DR1 parallaxes precise to  20%
77 771 stars, 90% inside 450 pc

All stars from Hipparcos Catalogue
Leiden - 2016.09.16 - 22/33

Parallaxes with precision better 
than 20% both in Hipparcos  
and TGAS  &  σ(G)<0.05  &   

σ(B-V)<0.05 

DR1 Improved precision: H-R diagram



Photometric

Spectroscopic

Astrometric
Positions 
Parallaxes 

Proper-motions 
Solar system objects 

G mag 
Bp, Rp mag 

Variable stars 
Astrophysical parameters 

Radial velocities 

Data processed 14 months 

DR1 DR2
22 months 

1.1 109 
2 106 
2 106 

- - 

~1.5 109 
~1.1 109 
~1.1 109 
> 10 000 

1.1 109 
- - 

3 103 
- - 

~1.5 109 
~1.5 109 

Much more 
G < 17 

GRVS < 12 - -



And beyond DR2 ... 

16 

Data Release 3 

•  Targeted mid/late 2020 

Examples of possible new products: 

•  Source classification 

•  Source APs from Bp/Rp/RVS spectra 

•  Bp/Rp/RVS spectra (sources with APs) 

•  Radial velocities: GRVS < 14 

•  Non-single stars 

•  Extended variable stars catalogue 

•  Extended solar system objects 
catalogue 

  2020                            2022

Data Release 4 

•  Targeted end 2022 

Final release for the nominal mission 

 

Foreseen products 

•  Full catalogues: astrometry, photometry, 
radial velocities 

•  All available variable and non-single stars 
solutions 

•  Classification/APs from X-instruments 
information: AF, BP/RP/ RVS 

•  Exo-planet list 

•  All epochs/transit data 



3D distribution in the milky way of the 
  

contents of the gaia catalogue

Credits: X. Luri & the DPAC-CU2. Simulations based on an adaptation for Gaia of the Besançon galaxy model (A. Robin et al.)



14 months of data 

End of nominal mission: 40-250 transits 



456 million new sources in Gaia DR1 
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The special case of the bulge...

● Relatively low number of transits
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The special case of the bulge...

● Crowding (flux contamination, as usual...)

● Highest densities : saturation of the on-board resources

Simulated Gaia astrometric observation of Baade’s Window

20’’ x 40’’

pixel: 59 x 177 mas 

Not taken into account in the nominal performances !

GIBIS  

(Gaia Instrument and 
Basic Image 
Simulator, Babusiaux 
et al., 2011)  
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On-board resources limitations

● Design density : 600,000 stars/deg2 

→ Gaia operates nominally

● Higher densities (up to 3 106 stars/deg2)

→ Lower completeness, even close to the design density for first releases.

→ Degradation of performances for the faint stars 

Simulation of a single observation completeness in Baade's Window (3 106 stars/deg2) 
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Densities in the bulge

● Low extinction: high densities, resource issue 

● High extinction: no crowding but bulge stars too faint

stars/deg2
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Mitigation options

● High Density Mode (random priority instead of magnitude driven) 

+ Modified Scanning Law (to cross several times the bulge area)

not activated

● SIF images (Service Interface Function)
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SIF images

● Specific mode for test purposes.

● Several seconds of full-frame data of the Sky-Mapper CCDs are stored and 

downlinked. 

● These images have fixed exposure time and lower spatial resolution than 

nominal Gaia observations

● Downloaded each time Gaia sweeps across Baade's Window, but not during 

Galactic Plane Scans (telemetry issue)

● Good detection performances, final astrometric ones TBD

~ 5’ x 10’

sample: 0.118'' x 0.354'' 

SIF image

Baade’s Window

( till G = 19)
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The extinction factor

Extinction at 8 kpc

Av

Extinction map from Marshall et al. 2006, A&A 453, 635
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Which tracers for the bulge?

MG corresponding to G=20 at 8 kpc

G2V

Red

Clump

G=20 at 8kpc : sµ = 15 km/s 
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How far can we reach with Red Clump stars?

Distance reached by Red Clump stars at G=20

GC
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The brightest stars

Distance reached by Red Clump stars at G=16

G=16 at 8kpc (RC with A
G
=1) : sp/p = 40%, sµ = 1 km/s, sVr = 15 km/s

Will less suffer from the resource allocation problem 

GC



Credit: P. Di Matteo,  
 F. Fragkoudi  (GEPI)

This N-body simulation 
shows the spon taneous 
formation of a galactic bar in 
a self-gravitating stellar disc 
(where the disc is made up of 
a thin, kinematically cold, a 
thick kinematically hot and an 
intermediate disc). The galaxy 
is rotated so that the bar is 
always aligned along the x-
axis.  

The simulation has 20 million 
particles distributed in the 
disc and the dark matter halo. 
The time at the top is in Gyrs.

Peanut bulge galaxy



Gaia performances in globular clusters
Pancino et al., 2017

➤ extinction assumption:  
reddening = BG field’s highest value

Globular clusters with Gaia 7

Table 2. Simulated clusters properties and crowding evaluation results. Fore each of the 18 simulated GCs we list (see text for more details): (1) the GC
ID number; (2) the GC concentration parameter, c=log(rt/rc); (3) the GC projected distance; (4) the type of simulated background; (5) the total number of
simulated stars (GC and background) above Gaia detection limit; (6) the number of GC members; (7) the number of classic blends; (8) the number of Gaia
blends; (9) the number of contaminated stars; (10) the number of clean stars, i.e., contaminated by less than 0.1% in flux (roughly 1 mmag); (11) the quick GC
designation used in the paper; and (12) some examples of GCs with similar distance, concentration, and background field contamination.

Cluster c distance background ntot nGC nclassic nblends ncontam nclean Designation Similar to
(dex) (kpc)

# 1 1.0 5 halo 73385 72510 4621 45101 52142 16093 Easy case M13, M92
# 2 1.0 10 halo 30200 29325 3521 21550 23754 4275 M92
# 3 1.0 15 halo 14027 13152 2203 10312 11203 1495 NGC 5053
# 4 1.0 5 disk 54923 26816 1028 14115 17289 7379 M71
# 5 1.0 10 disk 33435 5328 326 3302 3812 1164 Intermediate case M56, NGC 2298
# 6 1.0 15 disk 29737 1630 123 1048 1208 311 M79
# 7 1.0 5 bulge 1537592 71996 9833 69887 71600 218 M22, NGC 6553
# 8 1.0 10 bulge 1494601 29005 5620 28497 28919 36 M9, NGC 6638
# 9 1.0 15 bulge 1478538 12942 2998 12762 12911 15 Pal 11
# 10 2.5 5 halo 73385 72510 11902 47043 53029 15623 M5
# 11 2.5 10 halo 30200 29325 6914 21977 23944 4117 M3
# 12 2.5 15 halo 14027 13152 3663 10407 11176 1525 NGC 5466
# 13 2.5 5 disk 54923 26816 3236 15372 18085 6946 M92, Pal 10
# 14 2.5 10 disk 33435 5328 906 3491 3968 1055 M79, NGC 1851
# 15 2.5 15 disk 29737 1630 292 1097 1250 300 M15
# 16 2.5 5 bulge 1537592 71996 16564 70125 71648 190 NGC 6540, NGC 6558
# 17 2.5 10 bulge 1494601 29005 8726 28556 28924 40 NGC 6325, NGC 6342
# 18 2.5 15 bulge 1478538 12942 4378 12770 12914 13 Di�cult case M54, NGC 6517

updates). Among the key input stellar population parameters, we
adopted an age of 12 Gyr, a metallicity of Z=0.0003, correspond-
ing to [Fe/H]=–1.79 dex, and a Kroupa (2001) IMF (Initial Mass
Function). The simulations were performed without including bi-
naries, for simplicity, and the resulting clusters are spherical and
non-rotating.

The main implications of our choices of input parameters are:
(i) a blue HB (Horizontal Branch) morphology, which may be use-
ful to test the performance of Gaia on relatively hot stars, and (ii)
a stellar M/LV ratio larger (>3 instead of 62) than what typically
observed in Galactic globular clusters having a present day mass
function compatible with a low-exponent power law (Paust et al.
2010). The high M/LV ratio is also due to a relatively large frac-
tion of dark remnants: '25% of the cluster mass is contributed by
objects with M>M�13. Independently of the recipes giving raise to
such a large fraction of dark remnants and their actual nature, this
is not a concern for our purpose: the only e↵ect is that the potential
well may be slightly deeper than for most real clusters and, con-
sequently, the velocity dispersion is slightly larger, at fixed total
luminosity and scale radius. What is relevant for us is that the cen-
tral velocity dispersion is still in the right range and that the model
is self-consistent.

The resulting simulated clusters have absolute integrated mag-
nitudes of MV=–7.6 mag, i.e., just above the peak of the clusters
luminosity function (MV=–7.4 mag, according to Brodie & Strader
2006). The clusters projected surface density distributions are well
fitted by a King (1966) profile, when obtaining rc (the core radius)
from the fit. Finally, the derived central velocity dispersions agree

13 Dark remnants are white dwarf stars, neutron stars, and black holes. Re-
cently, comparable fractions of dark remnants were obtained with state-of-
the-art cluster modeling by Sollima et al. (2015) and Sollima et al. (2016).

well with the predictions by King (1966), where the total mass is
obtained by summing the masses of all individual stars.

4.2 Simulated field contamination

We simulated the field Galactic population in three directions using
the Besanco̧n models14 (Robin et al. 2003, and references therein),
including kinematics and without observational errors. The models
produced catalogues of magnitudes (in the Johnson-Cousins sys-
tem), 3D positions, and 3D motions. We adopted the “standard”
extinction law o↵ered by the Besanco̧n simulator, a mean and dif-
fused absorption of 0.7 mag/kpc, neglecting small scale variations,
and decreasing away from the Galactic plane with a smooth Einasto
profile (for more details, see Robin et al. 2003). We selected all
available spectral types in a magnitude range of 0<V<25 mag. The
simulations were computed in a 0.7⇥0.7 deg square centred on each
of the following three directions (see also Table 2):

• a rather empty “halo” field at l=150 and b=80 deg, containing
'2300 stars in total; this is meant to represent the best cases of low
background contamination in Gaia observations;
• an extremely dense “bulge” field at l=5 and b=5 deg, contain-

ing almost 6 millions of stars, which should cover even the most
crowded Gaia observations, when two relatively crowded lines of
sight overlap on the focal plane (see also Section 2);
• a crowded “disk” field in the anticenter direction, at l=180

and b=0, containing roughly 140 000 stars, with a relatively high
extinction of up to '2 mags in V band (even if these values are
only reached in '25% of the known GCs in Harris 1996); while
not as extreme as the bulge line of sight, this direction provides

14 http://model.obs-besancon.fr/js

c� 2013 RAS, MNRAS 000, 1–16

- presently available Gaia deblending pipelines + their results on simulated data 
- Additional crowding errors combined with post-launch science performances 
- set of simulated GCs with different concentration, distance and field population

NB. Precession 
of Gaia: 
different scans 
correspond to  
different 
projected 
distances of 
two stars in the 
SM columns



Gaia performances in globular clusters
Pancino et al., 2017 study based on the current status of deblending and decontamination  

pipelines — pessimistic.

Results: 
➤ astrometry and G magnitude marginally 

affected by crowding even  
in the most contaminated GCs 

➤ The proper motions of individual stars 
within GCs have sufficient quality  
to obtain mass estimates with 10% errors 
for GCs as far as 15 kpc at least  

➤ difficult to simulate the exact completeness 
level of Gaia in GCs but the astrometric 
performances are still exceptional in the 
central arcminute of the simulated GCs: 
most of the stars have errors around a few 
100 µas or µas yr−1  

➤ BP/RP and RVS more affected by crowding 

 

14 Pancino et al.
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Figure 15. RV as a function of magnitude for the easy (top panel), medium
(middle panel), and di�cult (bottom panel) cases. The entire samples of
available RV measurements are plotted in grey. The dotted lines mark zero
and the true systemic velocity of the simulated clusters, 100 km s�1. Only
true cluster members are coloured in green, yellow, and red, respectively.

homogeneous, and and most accurate set of spectro-photometric
standard stars to date (Pancino et al. 2012; Altavilla et al. 2015;
Marinoni et al. 2016), that will grant an accuracy of '1–3% with
respect to Vega (Bohlin & Gilliland 2004).

5.4 Radial velocities

Stars brighter than G'17 mag will have RVs measurements. Gaia
has already produced billions of RVS spectra and by the end of the
mission, each star will be observed on average 40 times. This can be
compared with the extremely successful RAVE survey (Radial VE-
locity Experiment, Kordopatis et al. 2013), which measured RVs
for half a million stars with V<12 mag. The Gaia end-of-mission
errors will vary with the star’s colour and will be of the order of
1 km s�1 for the bright red stars (G<12.5 mag and cooler than F
types) and will be about 15–20 km s�1 or more for fainter and bluer
stars. Crowding will a↵ect RVS more than any of the other instru-
ments on board. Even if the magnitude limit is brighter, the AL size
of the spectra is more than an arcminute on the sky (see Table 1).

Figure 15 shows the simulated RV measurements, as a func-
tion of the G magnitude, for the three example cases. Given the lim-
itations of our simulations, we immediately note that only a handful
of reliable members in the intermediate case have meaningful RV
determinations, because of the combined e↵ect of high reddening –
for a GC – and background contamination. We also note the large
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Figure 16. End-of-mission error distribution for all member stars (defined
as in Figure 15) down to G=20.7 mag, within the central arcminute of the
simulated GCs. The top panel shows proper motion errors, the middle one
parallax errors, and the bottom ones G magnitude errors. The easy cluster
is represented in green in all panels, the intermediate one in yellow, and the
di�cult one in red.

scatter in RV for the faintest stars in the di�cult case, where back-
ground contamination takes its toll. However, for the easy case, we
notice that a sample of more than 100 stars with magnitudes above
'13–14 mag is available, with errors around 1 or few km s�1. This
will happen for the closest 10–20 GCs. The stars with large errors
between 13.5 and 14.5 mag are hotter horizontal branch stars. To
conclude, we note that a mission extension would increase the qual-
ity of the RVS spectra.

5.5 The central arcminute

As discussed in Section 2.2, it is not feasible to simulate the degree
of completeness of Gaia data, because it varies across the sky, based
on the number of di↵erent passages and on their respective orienta-
tion. As discussed in that section, nearby and relatively sparse GCs
like ! Cen should be 100% complete down to V'16 mag, even in
the very core. This might appear surprising, but it is a beneficial
byproduct of the relatively shallow Gaia magnitude limit.

However, still the question remains: how far into the GC core
can we obtain reliable measurements, at least for the stars that we
will be able to measure? Figure 16 shows the end-of-mission er-
ror distributions for all member stars, down to G=20.7 mag, for
the central arcminute of the simulated clusters. As can be seen,
astrometry is not too badly a↵ected by crowding: the maximum
errors are of 1 mas yr�1 for proper motions and 0.7 mas for paral-
laxes (to compare with Figure 10). The majority of stars have per-
formances of the order of a few hundred µas yr�1 or µas, and this
including also the faintest stars. If this appears surprising, we re-
call that what mostly governs the end-of-mission astrometric errors
caused by crowding in Gaia is the PSF size, which is comparable
to that of HST.

c� 2013 RAS, MNRAS 000, 1–16

PM

PARALLAX

G mag

End-Of-Mission error distribution for 
all member stars down to G = 20.7



PRE-Gaia POST-Gaia

3D mapping of interstellar medium
Capitanio et al., 2017

(Lallement et al. 2014)

- color excess data alone  
- Hipparcos or photometric distances 

- replacement of 80% of the initial  
distances with Gaia-DR1 (TGAS)  
 values 

l = 0, GC

l =
 9

0



DIBs as matter tracers?
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DIBs as matter tracers?



3D mapping of interstellar medium
Capitanio et al., 2017

- of DIB-based color excess estimates  
 for stars with a Gaia-DR1 parallax 

POST-GaiaPOST-Gaia
- additionPan-STARRS based prior 

distribution instead of a homogeneous 
distribution 



3D mapping of interstellar medium
Capitanio et al., 2017

POST-Gaia
- additionPan-STARRS based prior 

distribution instead of a 
homogeneous distribution 

l = 0, GC

l =
 9

0
PRE-Gaia
(Lallement et al. 2014)

L. Capitanio et al.: Three-dimensional mapping of the local interstellar medium with composite data

Fig. 5: Planar cut along the Galactic plane in the inverted 3D distribution D shown in Fig 4, panel d. The color scale is same as in
Fig 3. Top: the entire 4000pc ⇥ 4000pc computed area. Bottom: Zoom in a 1000 pc ⇥ 1000 pc area around the Sun.

mapping, the increased compactness of the foreground structure
shows that the new data do not contradict the old data and instead
help shape the close clouds.

We finally consider the Cepheus region in the second quad-
rant (Fig 11). There are several clouds distributed in the same re-
gion of the sky, which is a very good test for the inversions. Here,
the number of targets in the longitude interval l=(105�;115�) in-
creases from 390 to 664. It can be seen that the large structure
at distances between 200 and 300 pc and at heights above the
Galactic plane between 0 and 150 pc is now more clearly de-
composed into three cores and an additional fourth cloud just
below the Galactic plane at ' 300 pc. This last structure below
the Galactic plane had apparently been erroneously associated
spatially with a more distant and wide structure at 500 pc. As
a result of Gaia distances and additional targets, its location has

now been better defined. Indeed, the final distribution D (bottom
panel of Fig 11 and section 4.3) confirms this new location. Be-
hind those structures a hole as well as two di↵erent more distant
clouds are revealed near the Galactic plane. The large structure
located at about 400 pc in distribution A, which was derived from
only a few targets, is now much better defined and significantly
displaced farther away at about 500 pc. This again shows that us-
ing infrared data enables the mapping of distributed clouds and
holes between them.

4.3. Inversion of merged data using the Pan-STARRS-based

prior 3D distribution

We performed an additional inversion (inversion D) of the set of
LVV+ APOGEE targets, this time replacing the plane-parallel
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Fig. 1: Red Clump sample

3 describes the MCMC method we applied to estimate the
extinction coe�cients. Section 3 presents the results.

km = a1 + a2T̂ + a3T̂2
+ a4T̂3

+ a5A0 + a6A2
0 + a7T̂A0 (1)

2. DATA

For our analysis we crossed matched photometric data from dif-
ferent surveys in order to have for each star the most precise
and complete set of information. More specifically we used the
Tycho-Gaia Astrometric Solution (TGAS, Michalik et al. 2015)
and 2MASS photometric catalogues. While the choice of G-
photometry was done for obvious reasons, for our analysis we
specifically chose the J-K colour index as it is less sensitive to
metallicity and gravity than H-K or J-H colour indexes (Refer-
ence?).
Our analysis was performed on both the Red Clump (RC) sample
and the main sequence (MS) one.

2.1. The Red Clump sample

E↵ective temperature Te↵ , surface gravity log(g) and metallicity
[Fe/H] were retrieved from the spectroscopic survey APO Galac-
tic Evolution Experiment (APOGEE), DR13 (Albareti et al.
2016), while the colour excess information is provided by XXX
(comes from the 3D local extinction map by Lallement et al.
2014? , Rosine’s paragraph? Schlegel map? TBD).

To avoid a degenerate solution and for convergence reasons
we performed our analysis using sub-sample of objects. In par-
ticular we selected those stars with no binary companion, a

metallicity [Fe/H] > -1.5, an error on the G-photometry errG
lower than 0.05 and an high infrared photometric quality (i.e.
2MASS "AAA" quality flag in both J and K bands). Following,
we selected stars with a temperature 4000 K < Te↵ < 5215 K
to work within the same temperature limits used during the Te↵
vs (G � K)0 and (G � K)0 vs (J � K)0 calibration performed by
Ruiz-Dern et al. 2017 in prep.. Finally we filtered out possible
sub-dwarfs by putting an upper limit on surface gravity (log(g)
< 3.2) and we selected only high extinction stars (Av > 0.05).
Fig. 1a

2.1.1. Outliers

By performing a first visual check of our sample we identified
the presence of outliers due to a problem of cross-match between
2MASS and TGAS resolution. We hence discharged them, to-
gether with those stars that were not fully characterised (i.e.
missing some parameter). Our final Red Clump sample consists
of 70062 stars (Fig. ??).

2.2. The Main Sequence sample

For the dwarfs sample we cross-matched our photometric sam-
ples with the Gaia-ESO spectroscopic survey (GES, Gilmore
et al. 2012), DR3 (Reference : cannot find DR3 reference), from
which we retrieved e↵ective temperature Te↵ , surface gravity
log(g) and metallicity [Fe/H]. The choice of GES was done
based on the high number of dwarfs present in the catalogue,
beyond quality and relative wavelength calibration of the data
itself. We then selected those dwarfs with metallicity [Fe/H]
> -1.5, extinction Av > 0.05 and with a temperature 4409 K
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ABSTRACT

Context. The first Gaia data release unlocked the access to the photometric information of 2 billion sources in the G band. Yet, in
order to exploit these data, a correction for the interstellar reddening is needed.
Aims. As the exact Gaia filter response curve will be available only with the second data release, the purpose of this manuscript is
to provide the empirical estimation of the Gaia G band extinction coe�cient kG for both the Red clump and Main Sequence stars, in
order to be able to exploit the first data release.
Methods. We selected two samples of single stars: one for the Red Clump and one for the Main Sequence. Both samples are the result
of a cross-match between Gaia and 2MASS catalogues; they consist of high extinction stars of high quality photometry in the G, J
and K bands. These samples were complemented by temperature and metallicity information retrieved from, respectively, the APO
Galactic Evolution Experiment catalogue and the Gaia-ESO spectroscopic surveys. We implemented a Markov Chain Monte Carlo
method where we used the (G � K)0 � Te↵ and (J � K)0 � (G � K)0 calibration relations to estimate the extinction coe�cient kG.
Results. We present here an accurate determination of Gaia extinction coe�cient as a function of both the stellar e↵ective temperature
and the intrinsic colour (G � K)0 for both Red Clump and dwarfs stars through a completely empirical method. Results part to be
refined

Key words. dust, extinction, techniques: photometric; methods: data analysis, statistical; stars: activity; satellites:Gaia

(G � KS)0 = c1 + c2 T̂ + c3 T̂2
+ c4 [Fe/H] + ...

+c5 [Fe/H]2 + c6 T̂ [Fe/H]2

(J � KS)0 = c7 + c8 (G � KS)0 + c9 (G � KS)2
0 + ...

+ c10 [Fe/H] + c11 [Fe/H]2 + c12 T̂ [Fe/H]
(1)

1. Introduction

When it comes to understanding the physics of disk galaxies, our
location within the Milky Way plays an important role. By ob-
serving our visible sky and studying the astrophysical processes
of its individual components, we can learn about the structure
and dynamics of the galaxy, and hence infer its formation and
evolution. This prospect would not be possible only by examin-
ing other galaxies.
Accordingly, numerous spectro/photometric surveys have been
conducted over the last decade, altogether spanning di↵erent
spectral ranges to cover a wide variety of galactic astrophysical
processes. To mention some: the Fermi Gamma-ray space Tele-
scope (GLAST, Atwood et al. 2009) in the gamma-ray range,
XMM-Newton (Mason et al. 2001, Rosen et al. 2016) in the X-
ray, the Galaxy Evolution Explorer (GALEX, Martin et al. 2005)
in the ultraviolet (UV), the Sloan Digital Sky Survey (SDSS,
York et al. 2000) in the optical, the 2-micron All-Sky Survey
(2MASS, Skrutskie et al. 2006) in the near infrared (NIR) and
Planck (?) in the far infrared-microwave range.

Yet among all, the mapping process of the Milky Way is cul-
minating with Gaia, the ESA space mission that has just started

providing data to study formation, dynamical, chemical and star-
formation evolution (Perryman et al. 2001; Gaia Collaboration
et al. 2016). Nonetheless, despite the unrivalled completeness of
its information, Gaia, like the other surveys, does not rule out
astrophysical selection e↵ects such as the interstellar extinction
(Rix & Bovy 2013).

Extinction is caused by the presence of dust on the galactic
plane and it has the main e↵ect of dimming sources and
reddening them. In particular, around 30% of light in the UV,
optical and NIR is scattered and absorbed due to the interstellar
medium (Draine 2003). In broad-band photometry, additionally,
a major hurdle to face is the substantial degeneracy between
extinction, e↵ective temperature Te↵ and spectral energy distri-
bution (SED). This degeneracy limits the accuracy with which
any of the parameters can be estimated (Bailer-Jones 2010).
Important to mention that extinction coe�cients are a function
of wavelength and get greater towards shorter wavelengths.
Consequently, for a wide band such as the one of Gaia, a bluer
star, which has a greater fraction of its radiation in the blue-end
of the spectrum, has a larger extinction coe�cient than a redder
star.
It is hence necessary to have exact knowledge of the passband to
correctly estimate the reddening factor. Reddening of an object
in a given colour can be described by the colour excess which
is the di↵erence between its observed colour and its intrinsic
value. For instance the colour excess between the G-band and
K-band is given by E(G-K) = (G � K)obs- (G � K)0 where
(G � K)obs is the observed colour and (G � K)0 is the intrinsic
one.
At present the Gaia G-passband has been modelled with the
most up-to date pre-launch information (Jordi et al. 2010),
but the exact filter response curve will be available only with
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No Gaia filter response  till DR2 => need to estimate it empirically

A star which has the greater fraction 
of its radiation in the blue-end of the 
spectrum (a bluer star), has a larger 
extinction coefficient than a redder 
star.

Substantial degeneracy between 
extinction, effective temperature and 
spectral energy distribution (SED).
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Fig. 1: Red Clump sample

3 describes the MCMC method we applied to estimate the
extinction coe�cients. Section 3 presents the results.

km = a1 + a2T̂ + a3T̂2
+ a4T̂3

+ a5A0 + a6A2
0 + a7T̂A0 (1)

2. DATA

For our analysis we crossed matched photometric data from dif-
ferent surveys in order to have for each star the most precise
and complete set of information. More specifically we used the
Tycho-Gaia Astrometric Solution (TGAS, Michalik et al. 2015)
and 2MASS photometric catalogues. While the choice of G-
photometry was done for obvious reasons, for our analysis we
specifically chose the J-K colour index as it is less sensitive to
metallicity and gravity than H-K or J-H colour indexes (Refer-
ence?).
Our analysis was performed on both the Red Clump (RC) sample
and the main sequence (MS) one.

2.1. The Red Clump sample

E↵ective temperature Te↵ , surface gravity log(g) and metallicity
[Fe/H] were retrieved from the spectroscopic survey APO Galac-
tic Evolution Experiment (APOGEE), DR13 (Albareti et al.
2016), while the colour excess information is provided by XXX
(comes from the 3D local extinction map by Lallement et al.
2014? , Rosine’s paragraph? Schlegel map? TBD).

To avoid a degenerate solution and for convergence reasons
we performed our analysis using sub-sample of objects. In par-
ticular we selected those stars with no binary companion, a

metallicity [Fe/H] > -1.5, an error on the G-photometry errG
lower than 0.05 and an high infrared photometric quality (i.e.
2MASS "AAA" quality flag in both J and K bands). Following,
we selected stars with a temperature 4000 K < Te↵ < 5215 K
to work within the same temperature limits used during the Te↵
vs (G � K)0 and (G � K)0 vs (J � K)0 calibration performed by
Ruiz-Dern et al. 2017 in prep.. Finally we filtered out possible
sub-dwarfs by putting an upper limit on surface gravity (log(g)
< 3.2) and we selected only high extinction stars (Av > 0.05).
Fig. 1a

2.1.1. Outliers

By performing a first visual check of our sample we identified
the presence of outliers due to a problem of cross-match between
2MASS and TGAS resolution. We hence discharged them, to-
gether with those stars that were not fully characterised (i.e.
missing some parameter). Our final Red Clump sample consists
of 70062 stars (Fig. ??).

2.2. The Main Sequence sample

For the dwarfs sample we cross-matched our photometric sam-
ples with the Gaia-ESO spectroscopic survey (GES, Gilmore
et al. 2012), DR3 (Reference : cannot find DR3 reference), from
which we retrieved e↵ective temperature Te↵ , surface gravity
log(g) and metallicity [Fe/H]. The choice of GES was done
based on the high number of dwarfs present in the catalogue,
beyond quality and relative wavelength calibration of the data
itself. We then selected those dwarfs with metallicity [Fe/H]
> -1.5, extinction Av > 0.05 and with a temperature 4409 K
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Distances G < 16

→ 3D structures studies of the bulge/bar(s)/spiral arms/thin disc  interface

→ bulge / thick disc / halo interface

Proper motions G < 20

   → large clean bulge sample

→ dynamical studies

Spectrophotometry G < 20

→ homogeneous photometry 

→ atmospheric parameters

Radial velocities GRVS < 16

→ 6D dynamical studies for the brightest bulge stars

Classification, Variability, Binarity

 (position and velocity vectors)



Conclusions

➤ Proper motions are determined with the AF, hence impact of  
crowding is less severe than BR/RP or RVS  

➤ new 3D extinction map, larger and more precise  
Tool ONLINE for measuring E(B-V):  stilism.obspm.fr  

➤ Empirical Gaia G-band extinction coefficient (DR1)  
important to model it as a function of temperature and absorption in large passbands

Meanwhile, when using DR1 ...
Please acknowledge the work of DPAC and ESA in your papers 

help us argue the case for continued funding of the data processing
strengthens the mission extension case
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14 months data only 
How to decouple parallaxes from proper motions ? 

Prior: Hipparcos & Tycho-2 positions  
2 million sources up to G ~ 11.5 


