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Gaia: the one billion survey

Credit: ESA
● Launched in 2013 
● Most advance astrometric mission to date.
● Micro-arc astrometry for ~1.8 billion sources
● Radial velocities for a subset of bright 

sources (on-board spectrograph RVS).
● Gaia DR3: Stellar Param. & Chemistry 

determined by the GSP-Spec module (Recio-
Blanco et al.+22)



Gaia/RVS: a space spectroscopic survey

 RVS
Resolving 
power: 
    11,500   
    
Wavelength 
domain (nIR 
CaII triplet):
 846 - 870 nm



Gaia/RVS is SPACE spectroscopy ≠ ground based spectroscopy  

● Continuous observations for years (34 months for DR3, ~25 000h 
of continuous observations)

● Stable conditions (no atmosphere)
● Very good control and modeling of systematics
● Extremely homogeneous treatment
● High number statistics providing hundreds of thousands of high 

SNR (>150) data
● Parametrization quality comparable to ground-based surveys of 

higher spectral resolution and wavelength coverage.

Gaia/RVS: a space spectroscopic survey



Gaia/RVS: a space spectroscopic survey

CU8/GSPspec: The chemical composition of 5.6 million stars.

Gaia IoW. Credits:ESA/GAIA/DPAC-CU8-CU6 Recio-Blanco and the GSPspec team



A star's life cyle

Different nucleosynthesis channels

Gaia/RVS: a space spectroscopic survey
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Creevey et al. 
(2022)

General Stellar Parametrizer – spectroscopy (GSPspec)

Apsis DPAC/CU8 pipeline

GSPspec (Recio-Blanco 
et al. 2022) is an up-
stream module of the 
Astrophysical 
parameters inference 
system (Creevey et al. 
2022)

Treats RVS stacked 
spectra produced by 
CU6 (Katz et al. 2022)



Inside the GSPSpec module

GSP-Spec

MatisseGauguin ANN



Inside the GSPSpec module

GSP-Spec

MatisseGauguin ANN
● Stellar Atmospheric 

Parameters: Teff, 
logg, [M/H], [α/Fe]

● Chem. Abundances
● DIB
● Differential CN Eq. 

Width
● Flags (!)

● Stellar Atmospheric 
Parameters

● Flags (!)



Inside the GSPSpec module: 
MatisseGauguin workflow
(parameters)



Gaia/RVS: a model driven success



Inside the GSPSpec module: 
MatisseGauguin workflow
(abundances)

(Gaussian fitting profile)

(Gauss-Newton)



Gaia/RVS: a model driven success

GAUGUIN is 
used both for 
the 
atmospheric 
parameters 
and the 
chemical 
abundances



Inside the GSPSpec module: 
MatisseGauguin workflow
(errors)
Error propagation through 50 random realisations of 
the input spectra using its error→ Loop over 
MatisseGauguin 

When finished, perform statistics, line combination, 
flags...



Inside the GSPSpec module: 
ANN workflow



Synthetic 
spectra 
GRIDS:

MARCS atm. 
models

+
Turbospectrum

Added more 
nodes in the 
metal poor 
regime for Fe, 
Ca and Si



Synthetic spectra GRIDS:
MARCS atm. Models + Turbospectrum



Atomic lines:

33 lines selected after several 
quality evaluation test and 

inspection
See Recio-Blanco et al. 2022

and Contursi et al. 2021
 



Atomic lines:

Each line has its own window for 
an additional normalisation 
(see Santos-Peral et al. 2020)

 



Atomic lines:

Also, each line has a different 
abundance determination window 

depending on the blends, 
presence of other lines...

 



Atomic lines:

Calcium triplet is special: 
abundance measurement 

looking at the “wings”



Atomic lines:

Some doublets/triplets or 
consecutive lines of the same 

element are treated as a 
unique line.

(but the individual line cases 
have also been tested)



Statistics and implementation of GSPSpec module

● DR3 operations at DPCC (CNES-Toulouse)
● 6.9 million spectra treated
● 50 random realisations of each RVS spectrum → AP 

uncertainties
● 110,000h (eq. 12.6 years) spread on 2100 cores
● Execution time of 150h (~one second per spectrum 

realisation)
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GSPSpec in the Gaia Archive



GSPSpec in the Gaia Archive

MatisseGauguin output

ANN 
output

GSP-Spec output has 
already been ingested in the 
Gaia Archive 
(https://gea.esac.esa.int/archive/)

The associated fields (columns) have 
“_gspspec”/ “_gspspec_ann” in their 
names.

Approx. 5.6M sources with 
GSP-Spec data 



GSPSpec in the Gaia Archive

MatisseGauguin output

ANN output

GSP-Spec output has 
already been ingested in the 
Gaia Archive 
(https://gea.esac.esa.int/archive/)

The associated fields (columns) have 
“_gspspec”/ “_gspspec_ann” in their 
names.

“Trick” for selecting stars 
analysed by MatisseGauguin



Behold the chemistry of the MW!



Behold the chemistry of the MW!

Not a real 
stream but
Gaia
Scan.
Law



The chemical composition of 5.6 million stars

More stars 
than the 
combination of 
other large 
surveys.



The chemical composition of 5.6 million stars



The chemical composition of 5.6 million stars



Comparison with Literature: Teff

Literature: APOGEE DR17, 
GALAH-DR3, RAVE-DR6

In grey: Medium quality sample
In Green: Best quality sample 
(Will be explained later)



Comparison with Literature: logg !

Literature: APOGEE DR17, 
GALAH-DR3, RAVE-DR6

In grey: Medium quality sample
In Green: Best quality sample 
(Will be explained later)

Bias detected. Solution: 
calibration



Comparison with Literature: [M/H]

Literature: APOGEE DR17, 
GALAH-DR3, RAVE-DR6

In grey: Medium quality sample
In Green: Best quality sample 
(Will be explained later)

Apparently no bias on average, 
but subestimated 
(overestimated) metallicities are 
found for giants (dwarfs)



CU8/GSPspec: Offset corrections (parameters)

Full table in 
Recio-Blanco 
et al. (2022)



The global alpha-
abundace is 
dominated by Calcium

Comparison with Literature

The calibration 
reduces the bias



Full table in 
Recio-Blanco 
et al. (2022)

CU8/GSPspec: Offset corrections (abundances)



Full table in 
Recio-Blanco 
et al. (2022)

CU8/GSPspec: Offset corrections (abundances)

Out of this 
range, keep 
the edge 
values
(suggestion)



Full table in 
Recio-Blanco 
et al. (2022)

CU8/GSPspec: Offset corrections (abundances)



Full table in 
Recio-Blanco 
et al. (2022)

CU8/GSPspec: Offset corrections (abundances)



● General very  good 
agreement*

● The extreme homogeneity of 
Gaia RVS/GSPspec highlights 
literature inhomogeneity (in 
methods, models, reference 
data, uncertainty definitions, 
selection functions...) 

Teff loggTeff [M/H]
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*GSP-Spec values are calibrated.
Dotted line: inflated errors by a factor of 4
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Full table in Recio-
Blanco et al. (2022)

Family of GSP-Spec Flags

CN/DIB flags

Abundance 
flags

Parameters 
flags

To be used and 
adapted to your 
scientific goal

0 1

2 9



Family of GSP-Spec Flags

KM flag

Problems with the 
molecular lines in the 
cool regime.
Dependence of Fmin

Image: Kiel 
diagram colorcoded 
with density



Full table in Recio-
Blanco et al. (2022)

Family of GSP-Spec Flags

CN/DIB flags

Abundance 
flags

Parameters 
flags

To be used and 
adapted to your 
scientific goal

0 1

2 9



Working with flags in the Gaia Archive

GSP-Spec flags are distributed as 
strings in the Gaia Archive

● Not easy to handle with them, but 
possible.

● The key is the LIKE keyword.
● string1 LIKE string2 performs an 

element-wise comparison of the 
characters in string1 and string2

●  (string1 LIKE string2) is true string1 
has the same form as string2. 
Otherwise it is false.



Working with flags in the Gaia Archive

GSP-Spec flags are distributed as 
strings in the Gaia Archive

● The underscore (_) refers to “any 
single character”.

● The percentage symbol (%) means 
“multiple characters”.

flags_gspspec LIKE “_____0%”

Don’t change this 5 underscores

True if the 6th flag (vradM) is zero



Working with flags in the Gaia Archive

What if we want vradM≤1?

● Just use OR

(flags_gspspec LIKE “_____0%”) 
OR

(flags_gspspec LIKE “_____1%”)

True if the 6th flag (vradM) is zero or one



Working with flags in the Gaia Archive

Recommendation for complex ADQL queries: use parenthesis 

((flags_gspspec LIKE “_____0%”) OR (flags_gspspec LIKE “_____1%”))
AND

((flags_gspspec LIKE “____0%”) OR (flags_gspspec LIKE “____1%”))

True if both 6th and 5th flags (vradM, vradG) are zero or one. It is 
different from

(flags_gspspec LIKE “_____0%”) OR (flags_gspspec LIKE “_____1%”)
AND

(flags_gspspec LIKE “____0%”) OR (flags_gspspec LIKE “____1%”)B
A

D
G

O
O

D



Working with flags in the Gaia Archive Python
Alternatively, you may prefer to download a wider sample an perform the 
flag filtering in Python. Here is an example query*:

*Not 
recommended: 
Gaia archive 
queries should 
be more 
specific!



def getflagn(x,n):
# Get the n-th column of the array of strings "x"
# n>=0
# Note n starts at zero, not at one!
# The output is an array of integers
z = map(lambda y: y[n], x)
z = list(z)
z = np.uint8(z)
return(z)

Working with flags in the Gaia Archive Python
Alternatively, you may prefer to download a wider sample an perform the 
flag filtering in Python. Here is an example code*:

*Depending on the Python version and the input file format, you may have to tune this 
code.



Working with flags in Topcat
Alternatively, you may prefer to download a wider sample an perform the 
flag filtering in Topcat.

Output of the 
previous query 
(~70 Mb)

We can extract the numeric value of the 
n-th flag by concatenating parseInt and 
substring functions:

parseInt( substring( flags_gspspec,0,1 ))

n-th

(n+1)-th
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High quality spectra and fitting
Continuous observations for 3 years, no atmosphere, control of 
systematics, ... Gaia is not a ground-based survey!

Teff 5477K
Logg 1.44
Met. 0.07 dex
Alpha 0.11 dex



Ionized iron line

Recio-Blanco et al. 
(2022)



High quality spectra and fitting
Continuous observations for 3 years, no atmosphere, control of 
systematics, ... Gaia is not a ground-based survey!

[Ce/Fe]= 0.26 dex

See Contursi 
et al. 2022 for 
the scientific 
exploitation of 
Cerium



Recio-Blanco et al. (2022)
DIB correlates with
Teff-color discrepancy

Giant stars

Absorption from interstellar dust molecules (DIB) on an individual spectrum 
basis



SNR>150

High quality parameter flags 



● Sample of stars with more than 68% 
of probability of solar metallicity (-0.05 
dex < [M/H] < 0.05 dex) 

Recio-Blanco et al. (2022)



Thick-thin disc dichotomy

Recio-Blanco et al. (2022)

● RGB+Massive stars
● SNR>150



Observing metal poor stars

Extremely metal-
poor stars can be 
selected in the Gaia 
DR3 GSPspec table 
(special ADQL query 
is required [Section 
10.5 in Recio-Blanco 
et al. 2022])



Observing metal poor stars ([M/H]=-3.52 dex)
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Scientific exploitation examples of GSP-Spec data

Many examples in the Performance Verification Paper Chemical 
Cartography of the Milky Way (Gaia Collaboration, Recio-Blanco et al. 
2022)



Hot Turn Off sample

Hot TO sample

★★

Most of them are within 1 
kpc.



Bright RGB

Bright RGB sample

★★

Innermost spiral arm and bar



★★

Massive sample

The massive sample 
traces the spiral arms.

Young population in the spiral arms



Chemical impoverishment ?

Gaia Collaboration, Recio-Blanco et al. (2022)

Depletion consistent 
with other HR 
surveys (APOGEE)
- Recent gas infall?
- Missing physics?



Signatures of the spiral arms in the 
metallicity distribution

Poggio et al. 2022



Spitoni et al. 2023

(We have more young metal poor stars than these shown above, 
but they are not in common with APOGEE DR17)



Ridges in the Chemodynamical space (vel. profile)

Ridges in metallicity excess suggest a connetion with these in 
azimuthal velocity (moving groups?). Gaia Collab., Recio-Blanco et 
al. 2022

RGB sample.

 Negative azimuth                         Positive azimuth 



Cerium abundances

Contursi et al. 2023
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Lz(Lʘ) Lz (Lʘ)

Ridges in the Chemodynamical space (actions)

JR (radial 
action) is a 
momentum 
variable 
that tunes 
the motion 
in the radial 
direction.

LZ (angular 
mom.) 
determines 
the “guiding 
radii” 
around the 
Galactic 
Center.
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Good practices

Calibration is mandatory: Always start with the calibrated values

Use the flags!
● A good initial flag filtering is to keep the 13th 

first flags equal to zero.
● Depending on the volume, quality and 

application, relax this condition.
● Specific filtering suggestions were provided in 

Recio-Blanco et al. (2022) for the Chem. 
Abundances

You can (reasonably) apply your own bias correction when 
comparing with other surveys.



Good practices

● Best quality sample: the 13th first flags equal to zero.

● Medium quality sample: Like the best quality sample but flags lower or 

equal to one, except KMflag (still 0), fluxnoise flag (<4)

● More specific samples: Appendix B of “Chemical Cartography of the 

Milky Way” (Gaia Collaboration, Recio-Blanco et al. 2022)



Conclusions

● Gaia DR3 GSP-Spec constitutes the largest all-sky chemical survey ever 
(data for 5.6 million sources).

● It is the first based on satellite observations.
● It provides very competitive results compared to other large spectroscopic 

surveys, although calibration and filtering may be required.
● Calibration is mandatory. Flags must be used (Gaia archieve, python or 

topcat, but use them!)
● A wide variety of scientific results has already been discovered using the 

GSP-Spec catalog (Spiral structure, accreted systems, chemical evolution, 
chemodynamic relations...)
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