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ABSTRACT

Context. The third Gaia data release (Gaia DR3) contains, beyond the astrometry and photometry, dispersed light for hundreds of millions of
sources from the Gaia prism spectra (BP and RP) and the spectrograph (RVS). This data release opens a new window on the chemo-dynamical
properties of stars in our Galaxy, essential knowledge for understanding the structure, formation, and evolution of the Milky Way.
Aims. To provide insight into the physical properties of Milky Way stars, we used these data to produce a uniformly derived all-sky catalogue

of stellar astrophysical parameters: atmospheric properties (Teff , log g, [M/H], [α/Fe], activity index, emission lines, and rotation), 13 chemical
abundance estimates, evolution characteristics (radius, age, mass, and bolometric luminosity), distance, and dust extinction.
Methods. We developed the astrophysical parameter inference system (Apsis) pipeline to infer astrophysical parameters of Gaia objects by
analysing their astrometry, photometry, BP/RP, and RVS spectra. We validate our results against those from other works in the literature, including
benchmark stars, interferometry, and asteroseismology. Here we assess the stellar analysis performance from Apsis statistically.
Results. We describe the quantities we obtained, including the underlying assumptions and the limitations of our results. We provide guidance

and identify regimes in which our parameters should and should not be used.
Conclusions. Despite some limitations, this is the most extensive catalogue of uniformly inferred stellar parameters to date. They comprise

Teff , log g, and [M/H] (470 million using BP/RP, 6 million using RVS), radius (470 million), mass (140 million), age (120 million), chemical
abundances (5 million), diffuse interstellar band analysis (half a million), activity indices (2 million), Hα equivalent widths (200 million), and
further classifications of spectral types (220 million) and emission-line stars (50 thousand). More precise and detailed astrophysical parameters
based on epoch BP, RP, and RVS spectrophotometry are planned for the next Gaia data release.
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1. Introduction

Studying the present-day structure and substructures of the
Milky Way is one of the most direct ways for understanding
the true nature of the Galaxy formation mechanism and evo-
lutionary history. Gaia is an ambitious space mission of the
European Space Agency (ESA) to primarily provide a three-
dimensional map of the Milky Way with an unprecedented
volume and precision (Gaia Collaboration 2016). It represents
a revolution in galactic archaeology and is a leap forward in
revealing how galaxies take shape and investigating the excit-
? Our catalogue is available from the Gaia Archive and partner data

centres https://gea.esac.esa.int/archive/documentation/
GDR3/.
?? Corresponding author: M. Fouesneau, e-mail:
fouesneau@mpia.de

ing complexities of our own Galaxy. Although it observes only
one percent of the stellar population of our own Galaxy, Gaia
still characterises ∼1.8 billion stars across the Milky Way, mea-
suring their positions, parallaxes, and proper motions. It pro-
vides us not only with their three-dimensional positions, but
also with their two- or three-dimensional velocities through the
proper motion for ∼1.4 billion stars and radial velocity mea-
surements for ∼33 million bright stars (Gaia Collaboration 2021,
Gaia eDR3).

Gaia DR3 (Gaia Collaboration 2023a) improves upon the
previous releases by improving the quality of the previously
released data and by providing entirely new data products: (i)
dispersed light spectra from spectrophotometry (BP blue pho-
tometer [330−680] nm; RP: red photometer [640−1050] nm) for
∼100 million stars, in addition to their integrated photometry
(GBP, GRP) and the white-light G band published in Gaia eDR3

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Open access funding provided by Max Planck Society.

A28, page 1 of 36

https://doi.org/10.1051/0004-6361/202243919
https://www.aanda.org
http://orcid.org/0000-0001-9256-5516
http://orcid.org/0000-0002-4645-6017
http://orcid.org/0000-0001-8006-6365
http://orcid.org/0000-0002-3881-6756
http://orcid.org/0000-0003-3304-8134
http://orcid.org/0000-0002-9035-3920
http://orcid.org/0000-0003-0014-519X
http://orcid.org/0000-0001-6825-1066
http://orcid.org/0000-0003-1853-6631
http://orcid.org/0000-0002-5622-5191
http://orcid.org/0000-0002-2817-4104
http://orcid.org/0000-0002-2697-3607
http://orcid.org/0000-0001-5030-019X
http://orcid.org/0000-0003-4979-0659
http://orcid.org/0000-0002-0993-6089
http://orcid.org/0000-0002-6786-2620
http://orcid.org/0000-0002-1777-5502
http://orcid.org/0000-0002-7133-6623
http://orcid.org/0000-0003-2559-408X
http://orcid.org/0000-0002-5415-0464
http://orcid.org/0000-0002-4834-481X
http://orcid.org/0000-0002-3274-7024
http://orcid.org/0000-0003-2598-6737
http://orcid.org/0000-0001-7412-2498
http://orcid.org/0000-0001-5238-8674
http://orcid.org/0000-0003-3891-7554
http://orcid.org/0000-0001-5370-1511
http://orcid.org/0000-0003-3501-8967
http://orcid.org/0000-0003-4693-7555
http://orcid.org/0000-0002-9583-5216
http://orcid.org/0000-0003-4039-8212
http://orcid.org/0000-0002-6867-7080
http://orcid.org/0000-0002-3796-3690
http://orcid.org/0000-0002-8537-9384
http://orcid.org/0000-0001-8622-212X
http://orcid.org/0000-0001-7177-0158
http://orcid.org/0000-0002-4834-2144
http://orcid.org/0000-0002-5203-0135
http://orcid.org/0000-0003-0628-2347
http://orcid.org/0000-0002-7711-5581
http://orcid.org/0000-0001-7519-1700
http://orcid.org/0000-0003-3956-3524
http://orcid.org/0000-0002-7432-8709
http://orcid.org/0000-0001-9296-3100
http://orcid.org/0000-0003-3793-8505
http://orcid.org/0000-0002-6550-7377
http://orcid.org/0000-0002-9257-2131
http://orcid.org/0000-0002-6590-1657
http://orcid.org/0000-0002-5126-6365
http://orcid.org/0000-0002-4424-4766
http://orcid.org/0000-0003-3017-5322
http://orcid.org/0000-0001-8738-194X
http://orcid.org/0000-0001-6424-5005
http://orcid.org/0000-0003-2645-6869
https://gea.esac.esa.int/archive/documentation/GDR3/
https://gea.esac.esa.int/archive/documentation/GDR3/
mailto: fouesneau@mpia.de
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs


Gaia Collaboration: A&A 674, A28 (2023)

Table 1. Apsis module acronyms.

Acronym Description

Apsis Astrophysical Parameters Inference System
DSC Discrete Source Classifier
GSP Generalized Stellar Parametrizer
GSP-Phot – from Photometry (photometry & BP, RP spectra)
GSP-Spec – from Spectroscopy (RVS spectra)
ESP Extended Stellar Parametrizer
ESP-CS – for Cool Stars
ESP-ELS – for Emission Line Stars
ESP-HS – for Hot Stars
ESP-UCD – for Ultra Cool Dwarfs
FLAME Final Luminosity Age Mass Estimator
OA Outlier Analysis
MSC Multiple Star Classifier
TGE Total Galactic Extinction

Notes. Refer to Sect. 3 for module descriptions.

(De Angeli et al. 2023) and (ii) medium-resolution spectroscopy
(RVS, radial velocity spectrometer [845−872] nm, λ/∆λ ∼

11 500) for ∼1 million stars (Seabroke et al., in prep.).
In the previously released data, Andrae et al. (2018) pub-

lished the first set of stellar parameters from the analysis of
the integrated photometry and parallaxes available in Gaia DR2
(Gaia Collaboration 2018a). In contrast, Gaia DR3 provides a
complex set of astrophysical parameters (APs) obtained from
the analysis of the Gaia astrometry measurements and the BP,
RP, and RVS spectra. This wide variety of information enables
us to conduct a hyper-dimensional analyses of the Milky Way
populations that have never been possible before the Gaia era.

The present work is one of a series of three papers on the
Gaia DR3 astrophysical parameters. Creevey et al. (2023) pre-
sented an overview of the astrophysical parameter inference sys-
tem (Apsis) and its overall contributions to Gaia DR3. This paper
focuses on the stellar content description and quality assessments.
The non-stellar content is presented in Delchambre et al. (2023).
For more technical details of the Apsis modules, we refer to
the online documentation1 (Gaia Collaboration 2022) and spe-
cific publications describing some of the modules (GSP-Phot in
Andrae et al. 2023, GSP-Spec in Recio-Blanco et al. 2023, and
ESP-CS in Lanzafame et al. 2023). We list the relevant module
acronyms in Table 1.

We only processed stellar sources down to G = 19 mag
for which Gaia provides a BP/RP or RVS spectrum, except
for ultra-cool dwarfs (UCDs). We selectively processed 78 739
UCDs fainter than this limit (see Fig. 1). This limiting mag-
nitude choice was driven primarily by the limited processing
time of the BP/RP spectra. The astrophysical parameter dataset
contains stellar spectroscopic and evolutionary parameters for
470 million sources. These comprise Teff , log g, and [M/H]
(470 million using BP/RP, and 6 million using RVS), radius
(470 million), mass (140 million), age (120 million), chemical
abundances (up to 5 million), diffuse interstellar band analysis
(0.5 million), activity indices (2 million), Hα equivalent widths
(200 million), and further classifications of spectral types (220
million) and emission-line stars (50 thousand).

The work described here was carried out within the Gaia
Data Processing and Analysis Consortium (DPAC) within
Coordination Unit 8 (CU8; see Gaia Collaboration 2016 for

1 Gaia DR3 online documentation: https://gea.esac.esa.int/
archive/documentation/GDR3/

an overview of the DPAC). We realise that one can cre-
ate more precise and possibly more accurate estimates of the
stellar parameters by cross-matching Gaia with other survey
data, such as GALEX (Morrissey et al. 2007), Pan-STARRS
(Chambers et al. 2016), or catWISE (Eisenhardt et al. 2020),
and spectroscopic surveys such as LAMOST (Luo et al. 2019),
GALAH (Buder et al. 2021), or APOGEE (Jönsson et al. 2020).
For example, Fouesneau et al. (2022), Anders et al. (2023), and
Huang et al. (2022) combined Gaia data with other photometry
and spectroscopic surveys to derive APs for millions of stars2.
However, the remit of the Gaia-DPAC is to process the Gaia
data. Further exploitation, for instance, including data from other
catalogues, is left to the community at large. These Gaia-only
stellar parameters will assist the exploitation of Gaia DR3 and
the validation of such extended analyses, however.

We continue this article in Sect. 2 with a brief overview
of our assumptions and key processing aspects. In Sect. 3,
we describe the Gaia DR3 AP content, the validation of our
results, and their internal consistenc. We compare them against
other published results (e.g. benchmark stars, interferometry, and
asteroseismology). Finally, we highlight a few applications of
our catalogue in Sect. 4 and its limitations in Sect. 5 before we
summarise in Sect. 6.

2. Overview of stellar APs in GDR3

The goal of Apsis is to classify and estimate astrophysical
parameters for the Gaia sources using (only) the Gaia data
(Bailer-Jones et al. 2013; Creevey et al. 2023). In addition to
assisting the exploitation of Gaia DR3, the DPAC data process-
ing itself uses these APs internally, for example, to help extract
template-based radial velocities from the RVS spectra, identify
quasars that were used to fix the astrometric reference frame, or
the optimisation of the BP/RP calibration.

We designed the Apsis software to provide estimates for
a broad class of objects covering a significant fraction of the
Gaia catalogue, rather than treating specific types of objects.
Apsis consists of several modules with different functions and
source selections. Creevey et al. (2023) presented the architec-
ture and the modules of Apsis separately. We provide in Fig. 2
a schematic overview of the source selection per Apsis module
in the Kiel diagram. Some modules do not appear in this dia-
gram as they have a more complex role (e.g., emission lines or
classification).

2.1. Source processing selection function

This section details the source selection and assumptions we
applied during the processing of stellar objects. First, we pro-
cessed only sources for which one of the BP, RP, or RVS spec-
tra was available with at least ten focal plane transits (repeated
observations). The sources are processed by the specific mod-
ules depending on (1) the availability of the necessary data (2)
the signal-to-noise ratio (S/N) of the data, the brightness to first
order; and (3) potentially the outputs from other modules.

GSP-Phot (Andrae et al. 2023) operates on all sources with
BP/RP spectra down to G = 19 mag. As we expect that more
2 Survey acronyms: GALEX: the Galaxy Evolution Explorer; Pan-
STARRS: the Panoramic Survey Telescope and Rapid Response Sys-
tem; APOGEE: the Apache Point Observatory Galactic Evolution
Experiment; catWISE: the catalogue from the Wide-field Infrared
Survey Explorer; LAMOST: the Large Sky Area Multi-Object Fibre
Spectroscopic Telescope; and GALAH: the Galactic archaeology with
HERMES.
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Fig. 1. Distribution of the sources in colour–magnitude space processed by Apsis according to the available measurements. The top panels show the
observed colour-magnitude diagram. In contrast, the bottom panels show their absolute magnitude computed using the inverse parallax as the dis-
tance and assuming zero extinction for sources with positive parallax measurements. From left to right, the sources with G, BP, and RP photometry
(“all”), those with published BP/RP spectra (gaia_source.has_xp_continuous), and those with RVS spectra (gaia_source.has_rvs). The
gray density in the middle and right panels indicates the entire sample for reference. The peculiar distribution of BP/RP fainter than G = 17.65 mag
in the top middle panel corresponds to selected UCDs (red sources) and extragalactic sources (blue sources). The inverse parallax used in the bot-
tom panels includes low-quality parallaxes that cause the unphysically high brightness of many sources.
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Fig. 2. Stellar parameter space spanned by Apsis modules in the Kiel
diagram. Boxes indicate the modules producing estimates for either
Teff , log g, or both. The density distribution represents the content from
gaiadr3.gaia_source

than 99% of sources down to this brightness are stars, there is a
minor overhead of computation time in applying GSP-Phot to
every source and GSP-Spec (Recio-Blanco et al. 2023) on all
sources with with a S/N > 20 in their RVS spectra, that is,
G . 13−14 mag.

Following these two independent general analyses, Apsis
refines the characterisation of Gaia sources with specific mod-
ules. FLAME operates on a subset of sources with APs of suffi-
cient precision from GSP-Phot (G < 18.25 mag) and GSP-Spec
(G < 14 mag), based on their reported uncertainties. MSC anal-
yses all sources with G < 18.25 mag and treats every source as
though it were a system of two unresolved stars. The remaining
modules, specifically ESP-CS (Lanzafame et al. 2023), ESP-HS,
ESP-ELS, and ESP-UCD only analyse objects of their class, that
is, active cool stars, hot stars, emission-line stars, and ultra-cool
dwarfs. Apart from ESP-UCD, which analyses UCDs fainter
than G = 19 mag, the other specific modules only produce
results for sources with G < 17.65 mag. Finally, GSP-Phot also
provides the A0 estimates used by TGE to produce an all-sky
(two-dimensional) map of the total Galactic extinction, meaning
the cumulative amount of extinction in front of objects beyond
the edge of our Galaxy (see Sect. 3.4 and Delchambre et al.
2023). The various quoted magnitude limits are independent
of the physical properties of the star and of the quality of the
spectra. Instead, these limits came from the Apsis processing
scheme and from processing time limitations3. In addition to and
in contrast with the classifications from some of these analysis

3 We used G to divide the entire Gaia data set into chunks of approx-
imately 150 million sources. Some modules (e.g. GSP-Phot) ran faster
than others (e.g. the ESP modules) and processed fainter chunks of data.
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modules, Apsis comprises two modules dedicated to empirical
classifications of sources. DSC classifies sources probabilisti-
cally into five classes: quasar, galaxy, star, white dwarf, and
physical binary star. It is primarily intended to identify extra-
galactic sources, however, and OA complements this classifica-
tion by clustering the sources with the lowest classification prob-
abilities from DSC. See Sect. 3.6 and details in Creevey et al.
(2023) and Delchambre et al. (2023).

We summarise the target selection of the Apsis modules in
Fig. 3. We used the inverse parallax as a proxy to emphasise the
stellar loci of the targets. Even though we did not explicitly select
for GBP–GRP colours, we note that most of the sources with GBP–
GRP <−0.8 mag in Gaia DR3 are not stellar objects according
to the Apsis processing definitions. This selection means that
stellar evolution models (e.g. PARSEC4) do not predict bluer
stars than GBP–GRP <−0.6 mag in the absence of noise in the
measurements and within the chemical abundance regime of our
analysis.

2.2. Stellar processing modules and stellar definition(s)

A principle of Apsis in Gaia DR3 is to use only Gaia data on
individual sources when inferring the APs. We only used non-
Gaia observations for validation and calibration. We defined
stellar objects as those that remain after removing other types
of objects: for instance, extragalactic sources (i.e. galaxies and
quasars; Gaia Collaboration 2023b) through dedicated modules
such as DSC and with proper motion, Gaia brightness, and
colour selections. Apsis currently ignores morphological infor-
mation (Ducourant et al. 2023) and does not take stellar vari-
ability (Rimoldini et al. 2023) into account. As it works with
combined epoch spectra (BP, RP, and RVS), some time-variable
sources (e.g. Cepheids) received spurious APs from Apsis.
Eyer et al. (2023) summarises the characterisation of variable
sources with dedicated pipelines. In the future, we plan to inves-
tigate using epoch data and determine whether variability infor-
mation could improve the quality of our results.

A consequence of our analysis design is that Apsis can assign
multiple sets of APs to any given source. Figure 2 illustrates the
overlap between modules, which for example, leads to four tem-
perature estimates for some main-sequence stars. The values we
derive not only depend on the data we measure, but also on the
stellar models we adopt (as embodied in the training data) and
other assumptions made, see Creevey et al. (2023) for a brief
overview and the online documentation for details. We can never
know the true APs of a star with 100% confidence. Which esti-
mate to use inevitably remains a decision for the user. For those
users who do not wish to make this choice, GSP-Phot estimates
APs for all the stars, so that a homogeneous set of stellar APs is
always available.

The situation is even more complex in the details because
a few of the modules themselves comprise multiple algorithms
or multiple sets of assumptions, each providing separate esti-
mates. One reason for this choice is that we cross-validate
our results: if two or more algorithms give similar results for
the same source (and training data), our confidence in the
results may increase. For example, GSP-Spec provides estimates
from Matisse-Gauguin (Recio-Blanco et al. 2016) and a neural-
network approach (Manteiga et al. 2010) using the same RVS
data. Another reason is that we do not use a common set of stel-

4 PARSEC isochrones available from http://stev.oapd.inaf.
it/cgi-bin/cmd

lar models: GSP-Phot operates with four different atmospheric
libraries with overlapping parameter spaces but significant dif-
ferences (see Sect. 3.2.1).

Finally, while Gaia DR3 reports APs for a wide range of
stellar types, we did not optimise Apsis to derive parameters for
white dwarfs (WDs), horizontal branch (HB), and asymptotic
giant branch (AGBs) stars. We did not attempt to model their
specific physical conditions (e.g. compositional changes due to
dredge-up, atomic diffusion, enriched atmosphere, and circum-
stellar dust).

2.3. Input data of Apsis processing

As Creevey et al. (2023) described the Apsis input data and their
pre-processing exhaustively, here we briefly summarise the most
relevant aspects of stellar APs. In the context of determining
the stellar APs, we used sky positions, parallaxes, integrated
photometry measurements, and BP/RP and RVS spectra. How-
ever, we note that the classifications by DSC also used proper
motions.

Although Apsis mainly processed the sources independently
(apart from TGE and OA), their positions on the sky were infor-
mative to determine their APs. For instance, we may see a source
located near the Galactic center behind a significant amount of
extinction, while it would be less likely towards high Galactic
latitudes. Therefore, we defined sky-position-dependent priors
using Rybizki et al. (2020) as a representative view of the Gaia
sky, for instance. The details varied from one module to the next.

We implemented the parallax zero-points from Lindegren
et al. (2021), which vary with magnitude, colour, eclip-
tic latitude, and astrometric solution type (gaia_source.
astrometric_params_solved). A code is provided with Gaia
DR3 to compute the parallax zero-points5.

We used the integrated photometry in the G, GBP, and
GRP bands, in association with the zero-points provided by
Riello et al. (2021). In addition, we also implemented the
correction to the G-band photometry from Montegriffo et al.
(2023), which depends on G, GBP–GRP colour, and the astro-
metric solution type. We emphasise that the parallax zero-
point remains calibrated on the original G-band photome-
try. However, Gaia DR3 publishes these corrected values in
gaia_source.phot_g_mean_mag.

Apsis derived some of the APs from the analysis of the
RVS spectra. The RVS processing pipeline provided us with
time- or epoch-averaged spectra, also called mean spectra, after
removing potential cosmic rays and the deblending of over-
lapping sources. The pipeline delivers the spectra in their stel-
lar rest-frame, that is corrected for the radial velocity of the
star (gaia_source.radial_velocity), and normalised at the
local (pseudo-)continuum (Teff ≥ 3500 K). Our analysis used
these final spectra resampled from 846 to 870 nm, with a con-
stant spacing of 0.01 nm. Seabroke et al. (in prep.) described the
processing of RVS spectra in detail. However, Apsis modules
rebin the spectra to their optimal use-cases to increase the signal-
to-noise ratio of their relevant spectral features (Creevey et al.
2023, for details).

Most of the Apsis modules produced APs from the analy-
sis of the BP and RP spectra (see examples in Fig. 4). Gaia

5 Gaia eDR3 provides the parallax zero-point code https://www.
cosmos.esa.int/web/gaia/edr3-code
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Fig. 3. Distributions of the sources processed by Apsis in Gaia DR3 in CMD space. Each panel highlights the sources a module processed, in
addition to the sources with G, BP, and RP photometry (grey density).

DR3 provides the (epoch) mean BP and RP spectra in a series
of coefficients associated with Gauss-Hermite polynomials. This
format results from the complexity of the prism observations.
Carrasco et al. (2021) described the processing of the spectra.
These coefficients contain a flux-calibrated (mathematical) con-
tinuous representation of the spectra that the Apsis pipeline inter-
nally samples6 approximately uniformly in pseudo-instrumental
pixel space, but non-uniform in wavelengths (see Fig. 4 from
Creevey et al. 2023).

6 Gaia DR3 provides GaiaXPy, a Python package to sample the BP and
RP spectra; https://www.cosmos.esa.int/web/gaia/gaiaxpy

2.4. Typical examples and challenges of stellar BP/RP
spectra

The BP and RP spectra reside at the boundary between photom-
etry and spectroscopy. Due to the low effective spectral resolu-
tion from the prisms, these data present only a few noticeable
features, as opposed to individual spectral lines in spectroscopy.
On the other hand, where spectroscopy often provides an uncer-
tain determination of a stellar continuum, the BP and RP data
provide robust determinations with high signal-to-noise ratios
similar to photometric measurements. To illustrate this further,
Fig. 4 shows the variation in spectra of dwarf stars with effective
temperature. In this figure, we divided the spectrum fluxes by
the instrument filter responses as provided by the simulation tool
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Fig. 4. Variations in BP and RP spectra of main-sequence stars with
effective temperature. The background colour-coding follows the effec-
tive temperature scale provided by ESP-UCD, GSP-Phot, and ESP-
HS (also indicating their optimal Teff performance regimes from our
validation). We highlighted some spectra for reference and labelled
some spectral features. We normalised the spectra to their integrated
flux after correcting the BP/RP for the instrument response (see
Montegriffo et al. 2023). We further stretched and vertically shifted the
resulting normalised flux (Fnorm.). We restricted our selection to compa-
rable dwarfs: GSP-Phot stars with 4≤ log g,< 4.5 dex, A0 < 0.2 mag and
−0.1≤ [Fe/H]≤+0.1 dex, and ESP-HS stars with 4≤ log g,< 4.5 dex,
A0 < 0.2 mag (see the discussion in Sect. 2.4).

internally available to DPAC (Montegriffo et al. 2023). GaiaXPy
provides the community with a similar tool7. Ultra-cool stars
mainly emit photons in the RP passband, and their spectra depict
strong molecular features. The almost featureless A-, B-, and
O-type stars exhibit the Balmer hydrogen lines and the Balmer
jump. In between, we have the F-, G-, K-, M-type stars char-
acterised by the appearance of TiO bands and metal line blends.
Figure 4 from Creevey et al. (2023) compares the variation in BP
and RP spectra with effective temperature and extinction using
simulations and observational examples. Based on these data,
we also classify emission-line stars (ELS) by their stellar class
by measuring the Hα line strength and identifying significant
emissions in other wavelength domains. In Fig. 5 we plot the
spectral energy distribution (SED) of some of the stellar classes
that the ESP-ELS module estimated. While one can usually find
the strongest features in some planetary nebula and Wolf-Rayet
stars, weaker Hα emission is more challenging to measure due

7 GaiaXPy: https://www.cosmos.esa.int/web/gaia/gaiaxpy

Fig. 5. Emission-line features in the BP/RP spectra of various types
of objects: planetary nebula (PN), Wolf-Rayet Carbon-rich (WC) and
nitrogen-rich (WN) stars, and Be stars. We divided the spectrum flux by
the instrument filter responses. We added offsets between the SEDs to
place them in the same figure (see discussion in Sect. 2.4).

to the low resolving power of BP and RP spectra8. The difficulty
increases further for the cool ELS stars (Teff ≤ 5000 K), whose
spectra mainly show a weak Hα emission blended into the local
pseudo-continuum shaped by the TiO molecular bands. Com-
bining the BP and RP data with higher-resolution spectra (e.g.,
RVS, LAMOST, or APOGEE) will become an obvious path of
choice for the next decades.

2.5. Typical RVS spectra

The RVS spectra share a lot of similarities with those from
RAVE. The RVS spectra have a slightly shorter wavelength win-
dow, but a higher resolution (∼11 500): from 846 to 870 nm, with
a resolution element of 0.001 nm.

Figure 6 presents a selection from Gaia DR3 of typical RVS
spectra in the OBAFGKM sequence, a sequence from the hottest
(O-type) to the coolest (M-type). Each letter class subdivides
itself using numbers where 0 is the hottest and 9 is the coolest
(e.g., A0, A4, A9, and F0 from hotter to cooler). We selected
these spectra based on their spectroscopic temperatures and sur-
face gravities.

The variations in RVS spectra with the effective temperature
are strong, and the spectra of F-, G-, and K-type stars present
many atomic lines, but a reliable measurements depends strongly
on the temperature and gravity of the star. The Gaia Image of
the Week 2021-07-09 presents an animation of several Gaia
RVS stellar spectra and their element abundances. This figure
also illustrates the challenge of characterising O-type stars that
present nearly featureless RVS observations.

3. AP content description and performance

This section describes the AP content of Gaia DR3, their
performance, and limitations. We first discuss the object APs
individually: their distances in Sect. 3.1, their stellar atmo-
spheric parameters in Sect. 3.2 (i.e., Teff , log g, metallicity, indi-
vidual abundances, rotation, and activity), and their evolution

8 The effective resolution of BP and RP spectra decreases towards the
red wavelengths, and the RP response steeply drops at the blue edge at
640 nm.
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Fig. 6. Typical RVS spectra in the OBAFGKM sequence published with
the Gaia DR3 release. The vertical axis is in arbitrary units for the com-
parison. The luminosity class V indicates main-sequence stars, and the
M5Ia source is a supergiant.

parameters in Sect. 3.3 (i.e., absolute and bolometric lumi-
nosities, radius, gravitational redshift, mass, age and evolution
stage). These require us to account for dust effects along the
line of sight summarised in Sect. 3.4 and analysed in depth
in Delchambre et al. (2023) and Gaia Collaboration (2023c). In
Sect. 3.5, we further assess the quality of our APs by focusing on
objects in groups (i.e., clusters and binaries). Finally, we discuss
the detection of peculiar cases and outliers in Sect. 3.6.

We emphasise that to avoid repetitions, we summarise
only the complete description of some internal precisions of
the APs as a function of magnitude, colour, sky position,
and other parameters that appear in other publications (e.g.
Andrae et al. 2023; Creevey et al. 2023; Delchambre et al. 2023;
Recio-Blanco et al. 2023; Lanzafame et al. 2023).

For guidance, Appendix D compiles the various estimates
of stellar parameters from Gaia DR3 cast into the categories
described above (corresponding to the following subsections).
The compilation indicates which Apsis module produces them,
and which table and fields store the values in the Gaia catalogue.
We emphasise that the field names correspond to the catalogue
in the Gaia Archive but names may differ when using partner
data centers.

3.1. Distances

Two Apsis modules provide distance estimates: GSP-Phot for
single stars and MSC for unresolved binary stars. Both mod-
ules analyse the BP and RP spectra with the Gaia parallaxes to
derive distance estimates simultaneously with other astrophysi-
cal parameters. We list the catalogue fields related to the distance
estimates of the two modules in Table D.1.

Fig. 7. Comparison of GSP-Phot distances in star clusters against lit-
erature values. For 2019 star clusters (nearly 200 000 stars) spanning
distances up to 13 kpc, we indicate on the y-axis the median offset
(dot), and the 50% quantile (line) of all member star distances with
respect to cluster distances taken from Cantat-Gaudin et al. (2020).
Above ∼2.5 kpc (∼15% of the cluster members), GSP-Phot systemat-
ically underestimates distances (see the discussion Sect. 3.1).

For GSP-Phot, the distances are reliable out to ∼2 kpc.
Beyond 2 kpc, GSP-Phot systematically underestimates dis-
tance, as is evident from star clusters, for example. Figure 7 com-
pares the median GSP-Phot distances of stellar members for each
cluster with their literature values by Cantat-Gaudin et al. (2020)
derived using Gaia DR2 data through maximum likelihood. We
included the Gaia DR3 variable zero-point on parallaxes men-
tioned in Sect. 2.3. We obtain similar results when comparing
this to the photometric distances by Kharchenko et al. (2013)
and in BOCCE (Bragaglia & Tosi 2006; Cantat-Gaudin et al.
2018) catalogues based on fitting a colour-magnitude dia-
gram. However, when the parallax measurement is good (about
$/σ$ > 10), the GSP-Phot distances remain reliable even
out to 10 kpc, as we show in Fig. 8a. The reason for this sys-
tematic underestimation of distances by GSP-Phot is an overly
harsh distance prior. Andrae et al. (2023) discussed the prior and
showed that we could resolve this issue by updating its defini-
tion. A prior optimisation remains necessary and will be part
of further releases. Figure 8 also compares the distances from
Bailer-Jones et al. (2021) and Anders et al. (2023) to the Gaia
DR3 parallaxes. We note that they perform better than GSP-Phot
distances9. For this reason, various DR3 publications chose to
not use the GSP-Phot distances but rather EDR3 distances from
Bailer-Jones et al. (2021) (e.g., Gaia Collaboration 2023c,d,e).
A further comparison of GSP-Phot distances with those from
asteroseismic analyses confirmed a good agreement to 2 kpc, and
some outliers beyond (see Fig. 9).

MSC provides distance estimates assuming sources are unre-
solved binaries with luminosity ratios ranging from 5 to 1. The
MSC distance estimates would differ from GSP-Phot estimates
(equivalent to an infinite luminosity ratio) by a factor 10 to 50%
at best, respectively. We highlight that distances with luminos-
ity ratios of 5 significantly differ from single-star assumptions.
Figure 10 compares MSC distance estimates and those from
GSP-Phot to the Gaia parallaxes for the spectroscopic binary
samples from Pourbaix et al. (2004) (mostly G < 10 mag) and
Traven et al. (2020) (mostly between G = 10 and 15 mag).

9 GSP-Phot derived distances from parallaxes with the zero-point cor-
rection from Sect. 2.3, but Fig. 8 uses uncorrected values on the x-axis.
The zero-point alone is unlikely to generate these differences, however.

A28, page 7 of 36



Gaia Collaboration: A&A 674, A28 (2023)

Fig. 8. Comparison of distances with parallaxes for a random subset
of one million stars, colour-coded by parallax signal-to-noise ratio. The
dashed black line indicates the expected inverse parallax-distance rela-
tion, $ = 1/d. Black contours indicate densities dropping by fac-
tors of 3. From top to bottom, the panels show the GSP-Phot dis-
tances from gaia_source.distance_gspphot, the geometric dis-
tances from Bailer-Jones et al. (2021), the photogeometric distances
from Bailer-Jones et al. (2021), and the distances from Anders et al.
(2023), respectively.

The distances from the two modules and the measured paral-
laxes agree qualitatively overall. However, GSP-Phot distances
exhibit a significantly tighter agreement with the parallaxes than
those from MSC, despite the single-star assumption: their mean
absolute differences are only half of those for MSC and the rms
differences are more than ten times smaller. However, the rms dif-
ferences are dominated by a handful of outliers, whereas the abso-
lute difference at 90% confidence is more robust, but still much
higher for MSC than for GSP-Phot. One source of this mismatch
likely comes from the differences in exploiting the information
from BP and RP spectra: while MSC and GSP-Phot make use
of the parallax and the apparent G magnitude, MSC normalises
the spectra, whereas GSP-Phot keeps their calibrated amplitudes
in their spectra likelihoods (see Andrae et al. 2023, for further
details).

Furthermore, interpreting the difference between the two sets
of estimates is more complex in practice. Modules adjust their
AP sets altogether to fit the observed BP and RP spectra. We

Fig. 9. Comparison of GSP-Phot distances (gaia_source.
distance_gspphot) with asteroseismic ones for 2236 and 606
stars from Huber et al. (2017) (top) and Anders et al. (2017) (bottom).
The continuous red line indicates the bisector for reference in both
plots. We obtain distances in good agreement up to 2 kpc, and some
outliers beyond.

emphasise that the double-star assumption of MSC allows more
free fit parameters than the single-star assumption of GSP-Phot
(8 and 5, respectively). The increased number of fit parameters
is likely a source of the more significant dispersion in the MSC
estimates. We discuss the other APs from MSC in Sect. 3.5.2.

3.2. Atmospheric APs

The atmospheres of stars produce the photons that Gaia collects.
Through these photons, we can infer the physical conditions of
these layers, which relate to the fundamental stellar parameters.
In this section, we characterise the Gaia DR3 APs that describe
the atmospheric state of the observed stars. We loosely split the
APs into three groups: first, the basic static (equilibrium) state
of an atmosphere defined by Teff , log g, metallicity, [M/H], and
α-abundance, [α/Fe]10; then the dynamic (departure from equi-
librium) state given by the stellar classes, rotation, line emis-
sions, magnetic activity, and mass loss or accretion; and finally,
the chemical abundances.

The Gaia data set is primarily magnitude limited and does
not select objects on any specific colour or class of stars. Con-
sequently, the atmospheric parameters span a great variety of
spectral types, from O to M, and even some L-type stars, some
of which require target-specific treatment (partly handled by
the ESP-modules in Apsis). Depending on the star (spectral
and luminosity) class, we used either empirical or theoretical
atmospheric models to estimate the atmospheric parameters of
the stars, and sometimes both. The theoretical models try to
model the relevant physical processes of the matter-light interac-
tion in stellar atmospheres, while the empirical models capture
some hard-to-model observational effects. The overlap between

10 α-elements with respect to iron ([α/Fe]) refer to O, Ne, Mg, Si, S, Ar,
Ca, and Ti and are considered to vary in lockstep.
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Fig. 10. Comparison of Gaia parallaxes with distance estimates from
MSC (panel a; astrophysical_parameters.distance_msc) and
GSP-Phot (panel b; gaia_source.distance_gspphot) for 2253
known spectroscopic binaries from Pourbaix et al. (2004) (red points)
and 10 407 from Traven et al. (2020) (blue points). We quote the mean
absolute differences (MAD), the absolute difference at 90% confidence
(AD90%) and the rms differences (RMSD) to the measured parallax
for the two samples in both panels. The panels show the same set of
stars with estimates from both modules. The anti-diagonal dashed line
highlights the parallax as inverse distance.

models and application ranges of Apsis modules allows us to
confirm consistency or the lack thereof (see overlaps in Figs. 2
and 11).

3.2.1. Primary atmospheric parameters: Teff, log g, [M/H] and
[α/Fe]

Below we summarised our validation results for the parameters
Teff , log g, [M/H], and [α/Fe] that various modules of Apsis esti-
mate (see Table D.2). We first focus on the FGK-type stars as
these constitute the majority of stars in the Gaia data set. Mainly
GSP-Phot and GSP-Spec overlap on this stellar type interval. We
emphasise that the application range of the Apsis modules varies
significantly. To facilitate, we thus organise the description per
module. One way to validate the Gaia-based APs and simulta-
neously quantify their precision is to compare them with large
stellar surveys in the literature. The numbers below serve as a
guideline for the global precision of the Gaia DR3 results rela-
tive to literature works. Accuracy is harder to quantify globally,
but we can assess it in some specific cases, for instance, relative
to Gaia benchmark stars (e.g. Heiter et al. 2015) and spectro-
scopic solar analogs (e.g. Tucci Maia et al. 2016).

GSP-Phot. Analysing BP/RP spectra, GSP-Phot provides
multiple sets of APs, one for each of the four supporting the-
oretical atmospheric libraries: MARCS (Gustafsson et al. 2008),
PHOENIX (Brott & Hauschildt 2005), A (Shulyak et al. 2004),
and OB (Lanz & Hubeny 2003, 2007). Figure 11 shows their
parameter space. GSP-Phot analyzes the BP/RP spectra with
a Markov chain Monte Carlo approach (MCMC), which also

3.43.63.84.04.24.44.6

log10Teff

0

1

2

3

4

5

lo
g
g

PHOENIX

A

MARCS

OB

100

102

104

106

co
u

n
t

Fig. 11. Parameter space in the Kiel diagram spanned by the stellar
atmosphere libraries used by GSP-Phot. Boxes indicate the spans of
the libraries producing independent estimates. The density distribution
represents the content from gaiadr3.gaia_source, which contains
only one set of APs per source using the (statistically) best library
(libname_gspphot field) for that one source.

characterises the uncertainties (method in Andrae et al. 2023).
The reported estimates and uncertainties correspond to the 50th
(median) and 16th and 84th percentiles of the (marginalised)
MCMC samples. We also publish the MCMC chains with the
catalogue through the DataLink protocol (Dowler et al. 2015)
implemented by the Gaia Archive. We compared our APs
to those reported in the APOGEE (Abdurro’uf et al. 2022),
Gaia-ESO (Gilmore et al. 2012; Blomme et al. 2022), GALAH
(Buder et al. 2021), LAMOST (Wu et al. 2011, 2014), and
RAVE (Steinmetz et al. 2020) catalogues. We characterised the
GSP-Phot results by a median absolute error in Teff of 119 K,
and a mean absolute error of 180 K across the various mentioned
datasets (details in Andrae et al. 2023). The difference between
the two statistics translates into the complexity of the distribu-
tions. The variations in log g and [M/H] affect the BP and RP
spectra only weakly in contrast with the temperature. Although
GSP-Phot analyses the BP/RP spectra with the Gaia par-
allax information and isochrone models, this combination
allows GSP-Phot to determine log g and [M/H] estimates. In
Andrae et al. (2023), we compared our values to seismic log g
values of solar-like oscillators from Serenelli et al. (2017) and
Yu et al. (2018) and we found a median absolute error of
0.2 dex for log g. For [M/H], we find that GSP-Phot esti-
mates are typically too low by 0.2 dex and exhibit additional
systematics. We thus caution against using [M/H] estimates
without further investigation. However, we find that [M/H]
still encodes some useful information about metallicity, for
instance, with empirical calibrations (see Andrae et al. 2023,
Sect. 3.5.3 for details). The comparison of [M/H] to [Fe/H]
from APOGEE DR17 (Abdurro’uf et al. 2022) gives a median
absolute deviation of 0.2 dex, with globally no offset for stars
with log g > 2.5, based on more than 400 000 FGK stars in
common (see Andrae et al. 2023, their Fig. 10). We assessed
the typical precision of [M/H] by measuring the dispersion
among FGK members in 187 open clusters with known metal-
licities, from −0.50 dex to +0.43 dex (see Andrae et al. 2023,
their Fig. 11). The residuals show an explicit dependency
on the parallax S/N (see Fig. 9 of Andrae et al. 2023). The
median absolute deviation is 0.2 dex for G < 16 mag, while for
fainter stars, the GSP-Phot metallicities appear to be underes-
timated by 0.6 dex (median offset) with a dispersion reaching
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Fig. 12. [M/H] abundance distributions of member stars per cluster for the GSP-Spec Matisse-Gauguin algorithm
(astrophysical_parameters.mh_gspspec) before and after recommended adjustements (see Sect. 3.2.1) The clusters are ordered by
ascending [M/H] literature values (the lowest values to the left). These literature values are given by the black triangles. Cantat-Gaudin et al.
(2020) provided the cluster members. Marks indicate the median of the distributions, and shaded regions indicate the 68% and 98% intervals.
Numbers at the bottom indicate how many estimates were available to represent the distribution. Ideally, all predictions are within a small interval,
which agrees with the triangles. We did not filter the estimates using the flags to keep enough stars per cluster, but nevertheless, the agreement is
remarkable.

0.5 dex. As one can expect, the GSP-Phot performance varies
significantly from star to star and depends on the stellar
physical conditions encoded in the spectral type, luminosity
class, and [M/H], for instance (see Fig. 11 from Andrae et al.
2023). For metal-poor stars with [M/H] ≤ −1.5 dex, the
metallicity sensitivity of the BP and RP spectra diminishes
drastically, which causes GSP-Phot to overestimate [M/H].
This loss of sensitivity is typical of optical photometric
metallicity indicators, which is one of the reasons for dedi-
cated passband designs (e.g. Jordi et al. 2010; Starkenburg et al.
2017; López-Sanjuan et al. 2021) and spectral indices (e.g.
Johansson et al. 2010). Andrae et al. (2023) interpret this as a
consequence of [M/H] having the weakest impact on BP and RP
spectra and thus being the parameter that is easiest to compro-
mise.

GSP-Spec. Analysing RVS spectra with primarily S/N > 20
(i.e, G . 16 mag), GSP-Spec estimates the stellar APs using
synthetic spectra based on MARCS models and with two differ-
ent algorithms (Matisse-Gauguin and ANN; see Manteiga et al.
2010; Recio-Blanco et al. 2016, 2023, for details). Unlike GSP-
Phot, GSP-Spec does not exploit additional information such
as parallax or photometric measurements. GSP-Spec estimates
uncertainties per star from the ensemble of APs from 50 Monte
Carlo realisations of the spectra: for each, GSP-Spec draws a spec-
trum from the noise (i.e. spectral flux covariances estimated by
Seabroke et al., in prep.) and derives a set of atmospheric param-
eters and chemical abundances (see Sect. 3.2.3). The reported
lower and upper confidence values correspond to the 16th and
84th percentiles of the MC results per star, respectively. In addi-
tion, we provide quality flags to identify estimates potentially
suffering from bad pixels, a low S/N, significant line broad-
ening due for instance to stellar rotation (v sin i), poor radial
velocity (RV) correction, and grid border effects. We discuss the
results from the Matisse-Gauguin and ANN algorithms below.
They are available in the astrophysical_parameters table
and astrophysical_parameters_supp, respectively.

We validated and quantified the accuracy of the Matisse-
Gauguin parameters for FGK stars against literature data. We
selected results with corresponding AP flags equal to zero and
compared our estimates with APOGEE DR17 (Abdurro’uf et al.
2022), GALAH-DR3 (Buder et al. 2021), and RAVE-DR6
(Steinmetz et al. 2020). We find with a comparison with
APOGEE-DR17 a median offset and MAD of (−32; 58) K,
(−0.32, 0.12) dex, and (+0.04, 0.08) dex for Teff , log g, and
[M/H]. The spectra from RAVE and RVS share very similar

wavelength coverage, which led Recio-Blanco et al. (2023) to
extensively compare the GSP-Spec performance against these
stellar parameters. We find similar statistics when comparing
with the other catalogues (see details in Recio-Blanco et al.
2023, especially their Fig. 11).

However, we found a bias in the log g and smaller biases
in the [M/H] and [α/Fe] values from Matisse-Gauguin for giant
stars. Recio-Blanco et al. (2023) provided corrective prescrip-
tions in the form of a polynomial function of log g and suggested
an analogous (log g-dependent) correction for [M/H] and [α/Fe]
to reduce this issue between dwarfs and giants. We calibrated the
log g and [M/H] corrections on the AP values from APOGEE-
DR17, GALAH-DR3, and RAVE-DR6 simultaneously. These
corrections lead to log g and [M/H] median offsets and MAD
of APOGEE-DR17 to (−0.005; 0.15) dex and (0.06; 0.12) dex,
respectively. However, we calibrated the [α/Fe] correction on a
sample of solar-like stars (in terms of metallicity, galactocen-
tric position, and velocity; see Sect. 3.2.3). This correction rec-
onciles dwarf and giant on the same [α/Fe] scale. We found
[α/Fe] = 0 for all stellar types after calibration in the solar-like
sample on average. We further assessed the typical precision
of the uncorrected [M/H] by measuring the dispersion in stel-
lar clusters of known metallicity, similarly to what we did for
GSP-Phot. Figure 12 compares the dispersion of the [M/H] abun-
dance distributions of member stars per clusters for GSP-Spec
Matisse-Gauguin algorithm before and after the recommended
adjustments. Even though the corrections did not affect the over-
all agreement, we note that we did not apply filters based on
the associated flags. We further restricted ourselves to the FGK
members in 162 open clusters of Cantat-Gaudin et al. (2020),
and we found an average MAD of 0.11 dex per cluster. We noted
a larger dispersion and a negative offset (−0.12 dex) for dwarfs.
For 64 globular clusters ([M/H] ≤ −0.50 dex), the typical disper-
sion per cluster is 0.20 dex with an median offset of +0.12 dex.
However, these statistics describe the data regardless of the qual-
ity flags. If we require unset [M/H] flag bit zero (see details
in Recio-Blanco et al. 2023), the metallicities agree better with
the literature, with absolute offsets values lower than 0.10 dex,
and with typical dispersions of 0.075 dex for open clusters and
0.05 dex for globular clusters. However, the filtering also reduces
the number of stars significantly, leaving us with 40% of the
2271 members of open clusters and only 4% of 1224 members
in globular clusters. These sources are primarily removed for
low-S/N spectra because GCs lie far away. These settings also
remove fast rotators, hot stars, and some K- and M-giants in
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Fig. 13. Comparison of the APs from GSP-Spec-Matisse Gauguin and ANN for the Gaia DR3 sample with the first 13 and 8 values in
astrophysical_parameters.flags_gspspec and astrophysical_parameters_supp.flags_gspspec_ann equal to zero. This represents
1 084 427 stars in the Gaia DR3 catalogue. For reference, we also indicate the distribution without the flag filtering in grey.

OCs. Finally, they also filter out stars nearby the model grid bor-
ders, predominantly hot dwarfs, and cool giants in the case of
the OC and GC, respectively. However, we cannot conclude a
metallicity-dependent performance from this test as metal-poor
stars are rare and predominantly known in GCs.

The artificial neural networks algorithm (ANN) in GSP-Spec
ANN provides a different parametrisation of the RVS spectra,
independent of the Matisse-Gauguin approach. In contrast with
the forward-modelling of Matisse-Gauguin, ANN projects the
RVS spectra onto the AP label space. We trained the network
on the same grid of synthetic spectra as the Matisse-Gauguin
algorithm, in this case, adding noise according to different
S/N scales in the observed spectra (Manteiga et al. 2010). The
internal errors of ANN are about a fraction of the model-
grid resolution and show no significant bias, confirming the
ANN projection consistency of the synthetic spectra grid. In
Recio-Blanco et al. (2023), we compared the ANN results with
the literature values and found similar biases to those of Matisse.
Equivalently, we also provide calibration relations for Teff , log g,
[M/H], and [α/Fe] to correct for these biases.

Figure 13 compares the APs from the two algorithms
of GSP-Spec in a sample of 1 084 427 in Gaia DR3 with
respective estimates. We also restricted this comparison to the
good flag status: the first 13 and 8 values in astrophysical_
parameters.flags_gspspec and astrophysical_para
meters_supp.flags_gspspec_ann equal to zero. Overall,
the algorithms agree with each other. Once we apply the
calibration relations to both algorithm estimates, we found
for spectra with S/N ≥ 150 deviations with median values of
−94 K, −0.05 dex, 0.1 dex, and 0.04 dex for Teff , log g, [M/H],
and [α/Fe], respectively. For the sample, we found MAD values
of 93 K, 0.11 dex, 0.10 dex, and 0.05 dex, respectively.

GSP-Phot and GSP-Spec overlaps. Figure 14 compares
the temperatures and gravity estimates from GSP-Phot and GSP-
Spec. The Teff estimates strongly agree overall, but some out-
liers remain visible in the plot. They most likely originate
from GSP-Phot sensitivity to low-quality parallaxes. In partic-
ular, we traced back the plume at log10teff_gspphot∼ 3.8 to
variable stars (see Andrae et al. 2023 for details). In this sam-
ple, we found a median offset of 98 K, an MAD of 246 K. It
is very apparent that the log g estimates systematically differ
strongly between the modules. The recalibration prescription
from Recio-Blanco et al. (2023) mitigates the differences, but
does not remove them completely. We found a median offset of
0.35 dex, and an MAD of 0.34 dex. Recio-Blanco et al. (2023)
identified a similar trend in the GSP-Spec log g values when they
compared their values to those of the literature (see their Fig. 10).
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Fig. 14. Comparison of the temperatures (top) and surface grav-
ity (bottom) estimates from GSP-Phot and GSP-Spec. The GSP-
Phot and GSP-Spec algorithms are calibrated to the literature val-
ues. We plot in grey the ∼3.2 million sources in Gaia DR3 with
both astrophysical_parameters.teff_gspphot, teff_gspspec
and astrophysical_parameters.logg_gspphot, logg_gspspec.
The highlighted distribution corresponds to those with the first 13 val-
ues in flags_gspspec equal to zero (∼1 million sources). We indicate
the identity lines and the identified divergence in log g between the mod-
ules. We note that the GSP-Spec recommended calibration of log g does
not affect this comparison significantly.

Solar analogues are stars that are closest to the Sun in tem-
perature, gravity, and metallicity. We selected more than 200
spectroscopic solar analogues from the literature (mostly from
Datson et al. 2015; Tucci Maia et al. 2016) with relative Teff

within ±100 K, log g, and [Fe/H] within ±0.1 dex to those of
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the solar values. We compared the biases and dispersion of the
GSP-Phot and GSP-Spec Matisse-Gauguin APs in this sample
of stars. We note that solar analogues are dwarf stars, which are
little to not at all affected by the Matisse-Gauguin corrections
mentioned above. We find that GSP-Phot underestimates Teff by
between 30 K (PHOENIX) and 90 K (MARCS), with a standard
deviation σ ∼ 100 K in both cases. In contrast, GSP-Spec esti-
mates have essentially no Teff bias (+10 K), but a slightly higher
dispersion (σ ∼ 130 K). Irrespective of the atmosphere library
(libname_gspphot), GSP-Phot underestimated the log g val-
ues by 0.12 dex, but with a standard deviation of σ ∼ 0.14 dex,
they remain statistically compatible with the solar value. GSP-
Spec results are as accurate as those from GSP-Phot around
the solar locus, but they present a higher dispersion of 0.42 dex
(calibration of log g does not change this value). We recall that
GSP-Spec uses only the RVS spectra as input, while GSP-Phot
also uses parallaxes and constraints from isochrones. [M/H] val-
ues are nearly solar for GSP-Spec with an offset of 0.1 dex and
σ ∼ 0.05 (again, without significant impact of the recommended
corrections), but we found larger offsets when GSP-Phot used
PHOENIX (−0.4±0.2 dex) and MARCS models (−0.2±0.2 dex).
Andrae et al. (2023) discussed the systematic and significant dis-
crepancies between APs based on the PHOENIX and MARCS
libraries. For solar-like stars, they found substantial differences
in the original atmosphere models that are still under investiga-
tion at the time of writing this manuscript.

Ideally, GSP-Phot and GSP-Spec would return results in
perfect agreement with each other. In practice, they do not,
but instead complement each other. The two modules analyse
data with different spectroscopic resolutions and wavelength
ranges. To first order, GSP-Phot relies on the stellar continuum
over the whole optical range from the BP/RP low-resolution
spectra (from 330 to 680 nm). In contrast, GSP-Spec investi-
gates atomic and molecular lines in the continuum-normalised
medium-resolution spectra in the narrow infrared window of
RVS (from 846 to 870 nm). Hence the modules analyse different
aspects of the light emitted from stars. Additionally, interstellar
extinction significantly affects the BP and RP spectra, but RVS
data only in the region of the diffuse interstellar band around
860 nm (e.g. Gaia Collaboration 2023c). Therefore, AP determi-
nation from GSP-Phot significantly depends on a correct deter-
mination of the amount of extinction, while it has little impact
on the AP inference from GSP-Spec (see Sect. 3.4).

ESP-HS. Stars hotter than 7500 K (O-, B-, and A-type
stars) undergo a specific analysis by the ESP-HS module.
It operates in two modes: simultaneous analysis of BP, RP,
and RVS spectra (BP/RP+RVS), or BP and RP alone. ESP-
HS first estimates the stellar spectral type11 from its BP
and RP spectra to further analyse O-, B-, and A-type stars
alone (astrophysical_parameters.spectraltype_esphs:
CSTAR, M, K, G, F, A, B, and O). Hot stars of these spectral
types are inherently massive and short-lived according to stel-
lar evolution, and consequently, they are young stars12. Hence,
ESP-HS assumes a solar chemical composition, and therefore it
does not provide any metallicity estimate. See the module details
in the Gaia DR3 online documentation, Sect. 11.3.8. For stars
hotter than 7500 K, the overlap between GSP-Phot and ESP-
HS allows us to cross-validate our effective temperature esti-

11 Originally produced by ESP-HS, the spectral type classification pro-
cedure moved to the ESP-ELS module for practical reasons.
12 We assume that our data are dominated by disk stars and therefore
ignore horizontal branch stars from the halo. ESP-HS does not include
models for white dwarf atmospheres.

Fig. 15. Effective temperature difference between values obtained by
ESP-HS and those from literature catalogues as a function of the liter-
ature Teff . We indicate the running median with the solid orange lines
and the interquantile dispersions by the shaded orange regions. The blue
numbers in each panel indicate the number of stars that is compared.
We emphasise that the scales on the x- and y-axes are scaled by 1000
and 100 K, respectively. Reference estimates are from the LAMOST
(DR5) A-type stars (LAMOST A (DR5v3), Luo et al. 2019), derived
from Stromgren photometry (Stromgren A and Stromgren B) by adopt-
ing the updated calibration of Napiwotzki et al. (1993), from the Pastel
catalogue (PASTEL; Soubiran et al. 2016), from the LAMOST OBA
(DR6) catalogue (HotPayne LAMOST DR6; Xiang et al. 2022), and
from the Gaia ESO survey (GES; Blomme et al. 2022).

Fig. 16. Surface gravity difference between values obtained by ESP-HS
and those from literature catalogues. Same conventions as Fig. 15.

mates. We find that ESP-HS tends to provide higher Teff than
the GSP-Phot values due to different internal ingredients. We
quantify the potential systematics from ESP-HS further with
respect to catalogues in the literature. Figures 15 and 16 show
the residuals relative to literature compilations for Teff and log g,
respectively. Below 25 000 K, we obtain reasonable agreement
of ESP-HS temperatures with the catalogues estimates. Overall,
the dispersion in Teff increases with temperature from ∼300 K
for the A-type stars to 500−2000 K for B-type stars. Above
25 000 K, we find, relative to the Teff versus spectral type scale
of Weidner & Vink (2010), a systematic underestimation of our
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Fig. 17. Colour-absolute magnitude diagram of the UCD candidates from the ESP-UCD analysis. The y-axis uses the inverse parallax as a distance
estimate, and we assumed negligible extinction. The colour code reflects the ESP-UCD Teff estimate according to the scale on the right side.

temperatures by 1000 K to 5000 K for the Galactic O-type stars,
while this can be up to 10 000 K for their LMC target samples.
However, we also recall that this particular LMC sample is of
subsolar metallicity, that is, beyond the model limits of ESP-HS.
Similarly, the dispersion in log g increases from about 0.2 dex
in the A-type star temperature range to ∼0.4 dex for the O-type
stars. More detailed numbers for the offset and dispersion of
Teff and log g relative to the catalogues considered in Figs. 15
and 16 are available in Gaia Collaboration (2022). We found
that ESP-HS underestimated uncertainties by a factor of 5 to
10 in the BP/RP+RVS mode while reporting the correct order
of magnitude in the BP/RP-only mode. We did not inflate the
reported uncertainties in the Gaia DR3 catalogue accordingly.
The first digit of astrophysical_parameters.flags_esphs
reports which mode the ESP-HS estimates come from (i.e. 0:
BP/RP+RVS, 1: BP/RP-only). We emphasise that we filtered
out a significant number of poor fits of ESP-HS, but known
outliers remain (e.g. Teff > 50 000 K). In addition, ESP-HS pro-
cessed white dwarfs (WD) despite not using a suitable library.
Finally, some classes of stars intrinsically cooler than 7500 K
(e.g. RR Lyrae stars) were misclassified as O, B, or A-type stars
and ESP-HS analysed and reported about them assuming a cor-
rect classification.

ESP-UCD. At the faint end of the luminosity distribu-
tion, we transition between standard hydrogen-burning stars and
brown dwarfs, which are not massive enough to sustain nuclear
fusion. We define ultracool dwarfs (UCDs) as sources of spec-
tral type M7 or later (Kirkpatrick et al. 1997) which corresponds
to Teff ≤ 2656 K according to the calibration by Stephens et al.
(2009). Using a combination of parallaxes, colour indices, and
RP spectra, we identified 94 158 UCD candidates in Gaia DR3
with Teff < 2700 K even though the Gaia instruments are sub-
optimal to observe these intrinsically faint sources. We note
that unsurprisingly the flux in the BP band is negligible (or
even absent) for these very red and faint sources. The adopted
threshold (2700 K) is slightly hotter and more inclusive than
the quoted 2656 K to take the Teff estimate uncertainties into
account. Creevey et al. (2023) detailed our characterisation mod-
ule, the complete UCD selection criteria, our quality filters,
and our training set definition. ESP-UCD produced effective
temperatures for 94 158 UCD candidates in Gaia DR3, the
vast majority of them (78 108) having Teff > 2500 K. How-
ever, Gaia DR3 provides temperature estimates from ESP-UCD
(astrophysical_parameters.teff_espucd), but it does not
include the corresponding log g or [M/H] estimates due to

the poor performance of ESP-UCD on these properties and
a severe lack of literature reference in this regime. We plan
to publish them in Gaia DR4. ESP-UCD provides a flag
(astrophysical_parameters.flags_espucd) to encode the
quality of the data in one of three categories based on the
Euclidean distance between a given RP spectrum and the clos-
est template in the training set and the S/N of the integrated RP
flux. Quality flag 0 corresponds to the best RP spectra distance
below 0.005; quality 1 corresponds to sources with distances
between 0.005 and 0.01 and S/N > 30 relative uncertainties
σRP/ fRP 5 0.03; and finally quality flag 2 corresponds to sources
with distances between 0.005 and 0.01 but S/N < 30 (the Gaia
DR3 online documentation provides a more detailed description
of the quality flags).

Figure 17 shows the colour-absolute magnitude diagram
(CAMD) for all the UCD candidates we detected for the three
ESP-UCD quality categories. We find good consistency in
CAMD positions and the inferred effective temperatures: as
expected for these stars, their temperatures strongly correlate
with MG. We note that Fig. 17 uses the inverse parallax as a good
distance proxy to approximate MG, because 95% of the sources
have S/N $/σ$ > 5 (the median parallax S/N in the three qual-
ity categories 0, 1 and 2 are 25, 11, and 7.5, respectively). Over-
all, as the quality degrades, the vertical sequence spreads and
becomes noisier with respect to the temperature scale.

More quantitatively, we compared our inferred temperatures
with those of the Gaia UltraCool Dwarf Sample (GUCDS;
Smart et al. 2017, 2019). We translated the GUCDS spectral
types using the calibration by Stephens et al. (2009), and we
found an rms of 103 K and a MAD of 88 K for the entire
sample (see Fig. 18). We note that these statistics include
low-metallicity and young sources. Figure 19 compares the
ESP-UCD effective temperatures with SIMBAD spectral types
when available. This sample includes and extends the GUCDS.
We indicate the two spectral type-Teff calibration relations by
Stephens et al. (2009) for optical and infrared spectral types to
provide a comparison reference. We used these two relations
to define the empirical training set of the ESP-UCD module.
We note that the spectral type M6 corresponds to an effec-
tive temperature ∼2800 K. This temperature is hotter than the
ESP-UCD parameter space limit. However, ESP-UCD attributed
cooler Teff values to some of these stars, which we published.
They led to the apparent negative bias for the M6V bin in
Fig. 19, however. Gaia Collaboration (2023f, Sect. 7) further
explored the stellar population of UCDs in the Galaxy and their
properties.
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Fig. 18. Comparison of the effective temperatures (in Kelvin) between
ESP-UCD estimates and those obtained by converting the GUCDS
spectral types using the calibration by Stephens et al. (2009). Black
circles correspond to quality 0, dark grey squares to quality 1, and
light grey triangles to quality 2. Cyan symbols denote low-metallicity
sources, and red symbols denote young sources.

●

●
●
●●
●
●●●
●●●●
●●●
●●

●

●
●
●●
●●
●●●●
●●●
●●●
●●●
●●●●●
●●●●●●●●●
●●●
●●●●●●●

●

●●
●●●
●●●●
●●●●
●●●●●●●●
●●●

●

●

M6V M9V L2V L5V L8V T1V T4V

15
00

20
00

25
00

SIMBAD spectral type

E
S

P
−

U
C

D
 T

ef
f

Fig. 19. Comparison of the SIMBAD spectral types with the ESP-UCD
effective temperatures. The boxplots represent the medians, interquar-
tile ranges, and outliers of each spectral type. The solid red and blue
lines represent the calibrations from Stephens et al. (2009) for the M
and L optical spectral types and the infrared spectral type-T sources,
respectively.

3.2.2. Secondary atmospheric estimates: stellar classes,
rotation, emission, and activity

Classification. There are four main stellar classifications from
Apsis (see fields in Table D.3). First, DSC primarily distin-
guishes between extragalactic sources (quasars and galaxies) and
stars (single stars, physical binaries, and white dwarfs). Users

Table 2. Number of identified candidates per ELS class and per quality
flag (QF) value.

Class classlabel_espels_flag (QF)
0 1 2 3 4 10–14 20–24

Be 3210 3118 2815 2332 1475 122 3879
Ae/Be 35 94 231 519 972 299 1754
T Tauri 914 2052 1594 1083 740 1180 27 594
dMe 0 1 5 54 178 43 380
PN 37 52 83 85 16 0 0
WC 106 13 8 7 2 0 0
WN 173 38 29 142 47 0 0

Notes. QF≤ 2 implies a probability higher than 50%.

can classify sources using the probabilities from DSC of a source
to belong to a given class. However, 99% of Gaia DR3 sources
processed by Apsis are most certainly stars (or binaries). Hence
the classification from DSC is not the most relevant for stellar
objects (see Bailer-Jones et al. 2021; Creevey et al. 2023).

OA measures similarities between observed BP and RP spec-
tra of different sources to produce an unsupervised classification
using self-organising maps (SOMs; Kohonen 2001). One can use
these maps to find similar groups of stars once labelled (details in
Creevey et al. 2023) and peculiar or outlier sources (see Sect. 3.6).
Finally, the user might prefer using the spectral types from ESP-
HS and the classification of ESP-ELS for emission-line star types
of stellar sources. This section focuses on the ESP-HS and ESP-
ELS classification tailored to stellar objects.

ESP-HS estimates the spe ctral type of a source from its BP
and RP spectra. While primarily focused on hot stars, it pro-
vides the following main classes: CSTAR, M, K, G, F, A, B, and
O. We find from a cross-match with the LAMOST OBA cata-
logue of Xiang et al. (2022) that ESP-HS obtained 62% of the
Galactic A- and B-stars (assuming the other catalogue is com-
plete). Conversely, we find only 186 (30%) of the 612 Galactic
O-type stars published in the Galactic O-type Stars catalogue
(GOSC; Maíz Apellániz et al. 2013). This low fraction reflects
the persisting difficulties of deriving reliable hot-star APs from
Gaia BP and RP spectra.

ESP-ELS identifies the BP and RP spectra that present emis-
sion features and classifies the corresponding target into one of
the seven ELS classes listed in Table 2. We recall that ESP-ELS
processed stars brighter than G < 17.65 mag (see Sect. 2). The
ESP-ELS classification as ELS relies on detecting line emission
and primarily on measuring the Hα pseudo-equivalent width (see
below). We tagged particular failure modes with the quality flag
(astrophysical_parameters.classlabel_espels_flag;
see Table 2). Primarily, this flag takes values ranging from 0
(best) to 4 (worst) depending on the relative strength of the
two most probable classes (i.e., ESP-ELS published random
forest classifier class probability estimates in astrophysical_
parameters.classprob_espels_wcstar, classprob_esp
els_wnstar, etc.). In addition, astrophysical_parameters
indicates the GSP-Phot AP values we used to make the clas-
sification was removed by the final Gaia DR3 filtering or
when these APs disagreed with the spectral type estimated
by ESP-ELS. These two modes correspond to classlabel_
espels_flag first bit 1 and 2, respectively (Table 2). We
emphasise that the identification of Wolf-Rayet stars (WC
and WN) and planetary nebula does not depend on any APs.
All but 5 of the 136 detected WC stars have typical spectro-
scopic features. The missed Galactic WC stars taken from
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Rosslowe & Crowther (2015)13 are usually fainter than the
processing limit of G = 17.65 mag or have a low-quality Hα
pEW estimate (e.g. weaker emission lines with type WC8 or
WC9). Half of the 431 WN star candidates do not show any
typical emission line. Most of the known WNs in the literature
are fainter than the processing limit of ESP-ELS.

Stellar rotation. While deriving the astrophysical parame-
ters, ESP-HS also measures the line broadening on the RVS
spectrum by adopting a rotation kernel. This by-product of
the ESP-HS processing corresponds to a projected rotational
velocity (v sin i; astrophysical_parameters.vsini_esphs)
obtained on co-added mean RVS spectra (Seabroke et al.,
in prep.). It therefore differs from gaia_source.vbroad
obtained on epoch data by the radial velocity determination
pipeline (Frémat et al. 2023). The ESP-HS estimate suffers from
the same limitations as vbroad, mostly the limited resolving
power of the RVS. This is increased by the poor v sin i-related
information for OBA stars in this wavelength domain. In addi-
tion, the determination of vsini_esphs is affected by the higher
uncertainty of the epoch RV determination, expected for stars
hotter than 10 000 K (Blomme et al. 2023), and by the use of a
Gaussian mean ALong-scan LSF with a resolving power of
11 500 (Creevey et al. 2023, Sect. 2.2).

In Fig. 20 we present a comparison of the v sin i measure-
ments by ESP-HS with those obtained in the framework of the
LAMOST survey for OBA stars which presents the largest over-
lap with the results of ESP-HS compared to other surveys. The
agreement rapidly decreases with magnitude and effective tem-
perature, while the features that are most sensitive to rotational
broadening disappear from the RVS domain. The half inter-
quantile dispersion (i.e. 14.85%−15.15%) varies from 25 km s−1

to 40 km s−1 in the A-type Teff domain when the magnitude
G ranges from 8 to 12, respectively. At hotter temperatures, it
varies from 60 km s−1 to 75 km s−1 at G = 8 and G = 12,
respectively.

Hα emission. The ESP-ELS classification of a star as ELS
primarily relies on measuring the Hα pseudo-equivalent width
(pEW; astrophysical_parameters.ew_espels_halpha).
However, measuring the Hα emission line is challenging due to
the low resolving power of BP and RP spectra and the steep loss
of transmission at this wavelength (blue side). Figure 21 com-
pares our Hα pEW estimates to the values provided by various
authors (Raddi et al. 2015; Dahm & Simon 2005; Vioque et al.
2018; Newton et al. 2017; Silaj et al. 2010; Manoj et al. 2006).
We found a general consistency between the estimates, except
for stars cooler than 4000 K, for which overlapping spectral
molecular bands significantly alter the local continuum. We mit-
igated this effect using synthetic spectra and the GSP-Phot APs.
However, the mismatches between the observed and theoretical
spectra and some systematics in the APs we used to select the
synthetic spectra caused us to misclassify active M dwarf and
T Tauri stars. For the hotter targets, we attempted to link the
ESP-ELS estimate, pEW(Hα), and the published measurements
presented in Fig. 21 with the following linear relation:

EWref.(Hα) = α + β × pEW(Hα), (1)

where Table 3 provides the coefficients, α and β, with their
uncertainty. We indicate with the orange lines the fitted relations
in Fig. 21.

13 http://pacrowther.staff.shef.ac.uk/WRcat/

Fig. 20. Distribution with G magnitude of the differences between the
LAMOST OBA results (v sin iref.) and ESP-HS v sin i measurement.
Stars cooler and hotter than 10 000 K are plotted in the left and right
panels, respectively. A distinction is also made between slow (upper
panel) and rapid (lower panel) rotators. The running median is shown
in orange, while the interquartile dispersion (at 14.85% and 85.15%) is
represented by the orange shades.

Chromospheric activity index. The ESP-CS module com-
puted an activity index activityindex_espcs from the anal-
ysis of the Ca II IRT (calcium infrared triplet) in the RVS spec-
tra for 2 141 640 stars in Gaia DR3. ESP-CS defines cool stars
as stars with G . 15 mag, Teff ∈ [3000, 7000] K, log g ∈
[3.0, 5.5] dex, and [M/H] ∈ [−0.5, 1.0] dex. Stars with APs
from GSP-Spec within these intervals undergo the analysis by
ESP-CS. The activity index is the excess of the Ca II IRT lines
from comparing the observed RVS spectrum with a purely
photospheric model (assuming radiative equilibrium). The lat-
ter depends on a set of Teff , log g, and [M/H] from either
GSP-Spec or GSP-Phot (activityindex_espcs_input set
to M1 or M2, respectively), and a line broadening estimate
gaia_source.vbroadwhen available. We measured the excess
equivalent width in the core of the Ca II IRT lines by com-
puting the observed-to-template ratio spectrum in a ±∆λ =
0.15 nm interval around the core of each of the triplet lines.
This measurement translates the stellar chromospheric activity
and, in more extreme cases, the mass accretion rate in pre-main-
sequence stars. Lanzafame et al. (2023) detail the ESP-CS mod-
ule, method, and scientific validation.

3.2.3. Chemical abundances

In Gaia DR3, GSP-Spec, most specifically, the Matisse-Gauguin
algorithm, provides 13 chemical abundance ratios from 12 indi-
vidual elements (N, Mg, Si, S, Ca, Ti, Cr, Fe, Ni, Zr, Ce, and
Nd; with the FeI and FeII species) as well as equivalent-width
estimates of the CN line at 862.9 nm. These chemical indexes
rely on the line list and models from Contursi et al. (2021)
and Recio-Blanco et al. (2023), respectively. For each of the 13
abundance estimates, GSP-Spec reports two quality flag bits, a
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Fig. 21. Comparison of the Hα pseudo-equivalent width measured by
ESP-ELS to the equivalent width published for different types of ELS
classes. Each panel compares our estimates with the reference indicated
in blue assuming their stellar class. The identity relation is given by the
broken blue line and compared to a linear fit (orange line) through the
data (Eq. (1) and Table 3).

Table 3. Coefficients of the line fitted (Eq. (1)) through the data points
presented in Fig. 21.

Ref. for EWref.(Hα) α β

Manoj et al. (2006) −0.811± 0.165 +2.464± 0.198
Dahm & Simon (2005) +0.407± 0.075 +2.835± 0.087
Vioque et al. (2018) −1.196± 0.133 +2.266± 0.141
Raddi et al. (2015) −0.886± 0.085 +2.454± 0.117
Silaj et al. (2010) −0.380± 0.241 +2.480± 0.371

confidence interval, the number of used spectral lines, and the
line-to-line scatter (when there is more than one line). We note
that the Gaia DR3 catalogue contains the [FeI/M] and [FeII/M]
as all the other ratios, dictated by the parametrisation of the syn-
thetic model grids in GSP-Spec. To obtain [FeI/H] and [FeII/H],
one has to add the [M/H] of the star. Recio-Blanco et al. (2023)
describe the definition and measurements of these chemical
abundances and their quality flags in detail. Figure 22 shows the
spatial extent of the abundance estimates in a top-down Galactic
view. The coverage indicates that Gaia DR3 provides abundance
estimates for a significant fraction of the stars observed by Gaia
within 4 kpc as indicated by the 99% quantile contour. Figure 23
decompose the Gaia DR3 catalogue content into the individual
abundance ratios for the best quality and whole sample. We note
that Recio-Blanco et al. (2023) also provided intermediate selec-
tions. Gaia Collaboration (2023e) analysed the chemical abun-
dance estimates in the context of the chemistry and Milky Way
structure, stellar kinematics, and orbital parameters.

The validation of individual abundances is challenging as no
fundamental standards exist for stars other than the Sun. A com-
parison with literature data requires particular care because of
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Fig. 22. Galactic top-down view of the processing coverage of GSP-
Spec. The top and bottom panels show the entire and best quality sam-
ples, respectively. We projected the sources for which GSP-Spec pro-
vides any abundance estimates using the distances from GSP-Phot. The
distribution centers around the Sun and the Galactic center is at (0,
8 kpc). The contours indicate the 50, 90, and 99% quantiles of the dis-
tribution, corresponding to ∼1, 3, and 6 kpc, respectively.

different zero-points and underlying assumptions (e.g., assumed
solar-scaled composition).

We expect our derived abundances to have the usual limita-
tions discussed in the literature stemming from model assump-
tions (e.g., 1- or 3-dimensional model atmospheres, hydrostatic,
local thermodynamic equilibrium, the atomic line list) to obser-
vational effects (e.g. possible line blends, limited resolution of
the RVS, and instrumental noise). These effects can lead to sys-
tematic offsets in the abundance determinations that depend on
the atmospheric parameters. However, we were able to esti-
mate (and correct) these systematic offsets using the GSP-Spec
outputs alone and specific samples of stars. For instance, we
selected stars from the immediate solar neighborhood (±250 pc
from the Sun), with metallicities close to solar (±0.25) and
velocities close to the local standard of rest (±25 km s−1). In
this sample, any ratio of abundances (i.e.[X1/X2] for two ele-
ments X1 and X2) deviating from zero (i.e. solar value) indi-
cates systematics independent of the atmospheric parameters.
In Recio-Blanco et al. (2023), we detail our samples and anal-
ysis, and we provide log g-dependent calibration relations for
10 of the 13 chemical abundances in the form of polynomi-
als (of the third or fourth order). In particular, Table 3 of
Recio-Blanco et al. (2023) lists the coefficient values as well
as the log g intervals over which the calibration is applicable
(and comparison statistics with the literature). For instance, we
selected sample stars from APOGEE DR17 (Abdurro’uf et al.
2022) and GALAH-DR3 (Buder et al. 2021) with GSP-Spec
quality flags all equal to zero and literature uncertainties smaller
than 500 K, 0.5 dex and 0.2 dex for Teff , log g and [Mg/Fe]
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Fig. 23. Number of stars with individual abundance ratio estimates from
GSP-Spec. The two sets represent the whole sample and the best qual-
ity sample (quality flags equal to zero) in grey and blue, respectively.
We indicate at the top [M/H] and [α/Fe] for reference (discussed in
Sect. 3.2.1). The percentages correspond to the fraction of estimates
with respect to the 5 594 205 stars processed by GSP-Spec. On this
scale, 1% corresponds to 40 000 stars.

or [FeI/H], respectively. This sample contains 1100 stars with
[Mg/Fe] and 92 000 with [FeI/H] estimates. When comparing
these with GSP-Spec abundances, we found a median abundance
offset of −0.15 that dropped to 0.0 dex for [Mg/Fe] and −0.15 to
0.05 dex for [FeI/H] before and after applying those calibration
relations, respectively (see Recio-Blanco et al. 2023, for further
details).

3.3. Evolutionary APs

Gaia DR3 provides several parameters describing the evolution
of a star. We grouped them into two sets. GSP-Phot and FLAME

Fig. 24. Using GSP-Phot radius and distance estimates to predict
measurements of angular diameters from ground-based interferome-
try by Boyajian et al. (2012a,b, 2013) (blue points), Duvert (2016) (red
points), and van Belle et al. (2021) (black points). Panel a: comparison
of 2R/d to estimates assuming a uniform disk. Panel b: comparison of
2R/d to estimates accounting for limb-darkened angular diameter.

produce these parameters (see Table D.4). We emphasise that
FLAME produces two sets of estimates: one using GSP-Phot
APs and one using GSP-Spec obtained from the BP and RP, and
RVS analysis, respectively, in addition to using photometry and
distance (or parallax).

We first discuss in Sect. 3.3.1 the observed parameters:
luminosity L, absolute magnitude MG, radius R, and gravita-
tional redshift rvGR. These are relatively model independent,
in contrast to the mass M, age τ, and evolutionary stage ε,
which strongly depend on evolution models. We discuss them in
Sect. 3.3.2.

3.3.1. Radius, luminosity, absolute magnitude, and
gravitational redshift

Stellar radius. From the analysis of the BP and RP spec-
tra, GSP-Phot estimates the stellar radii astrophysical_para
meters.radius_gspphot and the distances astrophysical_
parameters.distance_gspphot. We validate the ratio of
twice the estimated radius to the estimated distance, 2R/d, by
comparing them with interferometric measurements of angular
diameters. Figure 24 presents the excellent agreement with the
samples from Boyajian et al. (2012a,b, 2013), Duvert (2016),
and van Belle et al. (2021). We note that all of these targets are
brighter than G < 9.6, and more than 90% of them have high-
quality parallaxes with $

σ$
> 20. This means that the GSP-Phot

results are very reliable (Andrae et al. 2023).
FLAME also provides radii estimates with a different

approach based on the APs from either GSP-Phot or GSP-
Spec combined with the Gaia photometry and parallaxes.
The top panels in Fig. 25 compare astrophysical_para
meters.radius_flame and astrophysical_parameters.
radius_flame_spec with asteroseismic radii for giants from
Pinsonneault et al. (2018). The agreement is at the 1% level with
a scatter of 4%. Comparisons with other similar catalogues show
agreement at the 1−2% level see further comparisons in the
online documentation.

Bolometric luminosity. FLAME estimates the bolometric
luminosities, L, using bolometric corrections based on GSP-
Phot and GSP-Spec APs. We compared the L estimates with
bolometric fluxes from Stevens et al. (2017). We selected a
random subset of 90 000 main-sequence sources with Gaia
DR3 parallaxes (panels from the second row in Fig. 25).
We found that astrophysical_parameters.lum_flame and
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Fig. 25. Comparison of R, L, M, and age from FLAME to literature values. The left and right panels compares the estimates based on GSP-
Phot and GSP-Spec from the astrophysical_parameters and astrophysical_parameters_supp, respectively. The top panel compares
radius_flame and radius_flame_spec for giants with asteroseismic radii from Pinsonneault et al. (2018). The second panel compares main-
sequence luminosities lum_flame and lum_flame_spec with those from Stevens et al. (2017) using a random selection of 90 000 stars. The third
panel compares mass_flame and mass_flame_spec with masses from Casagrande et al. (2011), and the bottom panel compares age_flame and
age_flame_spec from the same catalogue.

astrophysical_parameters.lum_flame_spec agree well
with the literature with a median offset of 2−3% and a disper-
sion of about 5−6%. We also compared our estimates with other
catalogues, such as Casagrande et al. (2011), with a median off-
set of +0.01 L� and similar dispersion.

Absolute magnitude MG. Apsis provides two sets of abso-
lute magnitudes: one from GSP-Phot obtained from the direct
analysis of the BP and RP spectra and G magnitude (and
parallax), and the other from FLAME if we use its lumi-
nosity L and the bolometric correction as follows: MG =
4.74−2.5 log10(L/L�) − BCG. Figure 26 compares these two
magnitude estimates. We find that most of the stars follow
the bisector, indicating consistent results. However, we find
a median absolute deviation of about 0.1 mag, and some
artefacts. For instance, several vertical stripes appear (e.g.
mg_gspphot= 3 mag), which might indicate anomalies due to

GSP-Phot’s models. In general, we find that FLAME tends
to overestimate luminosity, leading to an underestimated MG,
when using parallaxes when the fractional uncertainties are
about 15−20%. In contrast, we find a stronger agreement when
FLAME uses distance_gspphot than when it uses parallax
as a distance proxy, which is somewhat expected. flags_flame
indicates the distances proxy that led to the luminosity
estimates.

Gravitational redshift. FLAME produces another model-
independent parameter, which is the gravitational redshift rvGR
(astrophysical_parameters.gravredshift_flame and
astrophysical_parameters_supp.gravredshift_flame_
spec). Typical values range from 0.05 to 0.8 km s−1. Figure 27
compares gravredshift_flame and gravredshift_flame_
spec We found a good consistency between the two flavors,
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Fig. 26. Comparison of luminosities (left) and absolute magnitudes (right) from GSP-Phot and FLAME for all Gaia DR3 sources with estimates
from both modules. Numbers quote the median absolute difference (MAD) and the root mean squared error (rms). We indicated the equations
we used to construct the luminosities from GSP-Phot from the radius and temperatures, and the absolute magnitudes from FLAME from the
luminosities and bolometric corrections.

Fig. 27. Comparison between gravredshift_flame and
gravredshift_flame_spec expressed in km s−1. The bisector
is indicated by the solid grey line. We indicate the mean offsets (MD)
and absolute deviations (MAD) between the two clusters of values
above and below 0.35 km s−1. The differences reflect the different log g
values from GSP-Spec and GSP-Phot along with the different radii
derived by FLAME.

with median offset values of −0.05 km s−1. This disagreement is
a direct reflection of the different input data used to produce the
value: log g and Teff from GSP-Spec and GSP-Phot, and R from
FLAME. Additionally, we selected solar-analogue stars from
a random subset of 2 million stars from Gaia DR3, those for
which GSP-Phot gave Teff within 100 K, and log gwithin 0.2 dex
of the solar values. This selection contained 46 667 stars, with
a mean rvGR of 588 ± 15 m s−1, in agreement with the expected
value of 600.4 ± 0.8 m s−1 for the Sun (Roca Cortés & Pallé
2014). We repeated this test for the GSP-Spec-based result,
and we obtained a mean rvGR of 590 ± 8 m s−1. Although the
second sample contained only 386 sources, we also found a
good agreement with the known solar value.

3.3.2. Mass, age, and evolution stage

This section focuses on the most intrinsic evolution parameters:
the mass M, age τ, and evolution stage ε. These are unique

products of FLAME (with both GSP-Phot- and GSP-Spec-based
flavors). These parameters are strongly model dependent as
they directly relate to the stellar evolution models, here the
BASTI models (Hidalgo et al. 2018). In addition, we emphasise
that FLAME assumes solar metallicity when it estimates these
parameters. Hence, we recommend using these estimates cau-
tiously for stars with [M/H] < −0.5 dex.

Stellar masses. We compared the masses from FLAME
with those from Casagrande et al. (2011) for main-sequence
stars (see third panel in Fig. 25). Although we do not expect
a significant influence, we note that Casagrande et al. (2011)
also used the BASTI models in their analysis, but they used
an older version from Pietrinferni et al. (2004). We find excel-
lent agreement between the two estimates with an MAD of
0.002 M� with a scatter of 0.042 M�. Overall, FLAME pro-
duces results that are comparable to literature results, with some
outliers or disagreement with other catalogues that we traced
back to the different input Teff or log g estimates. In particu-
lar, one can reduce for giants these outliers when restricting
the M estimates (mass_flame, mass_flame_spec) to only (i)
1.0 < M < 2.0 M� and (ii) τ > 1.5 Gyr.

Stellar ages. Overall, we find an agreement between
the ages from FLAME and the literature for non-evolved
stars (i.e. main-sequence stars). The bottom panel of Fig. 25
compares the astrophysical_parameters.age_flame and
astrophysical_parameters_supp.age_flame_spec with
ages from Casagrande et al. (2011). In this comparison, we
found a mean offset of about 0.1 to 0.3 Gyr with a dispersion
about 0.25 Gyr. However, estimating ages for the giant stars reli-
ably is more difficult because their ages strongly depend on their
fitted mass. In addition, FLAME only relies on L and Teff to
obtain ages and masses, which has significant degeneracies. In
addition, ages rely heavily on the solar abundance assumption in
the FLAME processing.

One can trace most differences compared with the litera-
ture to the different input Teff and L estimates. To support this
statement, we compared FLAME ages to those we obtained
with the SPinS public code (Lebreton & Reese 2020). We gen-
erated random sets of 600 stars with the SPinS code using the
same Gaia DR3 APs that FLAME uses and compared the output
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Fig. 28. Difference between astrophysical_parameters.age_flame
with the age derived using the SPinS code normalised by their joint
uncertainties. The Gaussian represents the ideal case but centred on
the peak difference (−0.4σ) of the results using all stars irrespective of
their evolutionary status. The input data are identical, and we assumed
a solar-metallicity prior for both codes. We highlight the sample of MS
stars discussed in Sect. 3.3.2.

ages in four different magnitude intervals. Figure 28 compares
the estimates with astrophysical_parameters.age_flame.
The agreement for the main-sequence stars is always at 1σ. The
agreement is poorer for the evolved stars, but it remains within
3σ (see Creevey & Lebreton in prep., for more details).

Section 3.5 presents a further analysis of the masses and
ages using clusters and further comparisons of mass and age
with external data. We also present the analysis of the turn-off
ages of some clusters in the online documentation; see online
documentation.

Evolution stage. The ε parameter is an integer that takes val-
ues between 100 and 1300, representing the time step along a
stellar evolutionary sequence. To first order, we tagged main-
sequence stars with values between 100 and 420, subgiant stars
with values between 420 and 490, and the giants above as
defined in the BASTI models (Hidalgo et al. 2018). Figure 29
represents the evolution stage for members of four open star
clusters (top panels; roughly solar metallicity) and four metal-
poor globular clusters (bottom panels). We took the system
members from Gaia Collaboration (2018b). These clusters were
selected to contain a statistically significant number of stars in
the three evolution phases estimated from FLAME. Overall, the
main-sequence and giant evolution stages cover the expected
colour-magnitude space. Although less numerous, the sub-
giant evolution stages are consistent with the expected colour-
magnitude space. However, we also find discrepancies with
expectations because the stellar models only cover the zero-age
main sequence (ZAMS) to the tip of the red giant branch. The
bottom panels in Fig. 29 clearly show horizontal giant branch
stars that incorrectly labelled as main-sequence stars. Outside
the ZAMS to the tip of the red giant branch phases, FLAME
labels any star incorrectly. Again, the assumption of solar abun-
dance in FLAME is challenged in these metal-poorer globular
clusters.

As no other module produces M, age, or ε parameters, the
only other method to assess their quality is to determine their
consistency within other open clusters or wide binaries. We dis-
cuss this in Sect. 3.5.

3.4. Extinction, dust, and the ISM

When estimating the intrinsic stellar APs, it is also necessary
to consider the effect of interstellar extinction on the observed
SED, resulting in an estimation of the line-of-sight extinction
for each star. We thus have extinction estimates from GSP-Phot,
ESP-HS (for hot stars), and MSC (for double stars) as one of the
spectroscopic parameters estimated from BP and RP spectra (A0,
AG, ABP, ARP, and E(GBP−GRP)). We also have an independent
extinction estimate by GSP-Spec based on the analysis of the
diffuse interstellar bands (DIB; see field details in Table D.6).

GSP-Phot. For all processed sources, GSP-Phot primar-
ily estimates the monochromatic extinction A0 at 541.4 nm
(astrophysical_parameters.azero_gspphot) by fitting
the observed BP and RP spectra, parallax, and apparent G
magnitude. However, GSP-Phot also estimates the broadband
extinctions AG, ABP, and ARP, as well as E(GBP−GRP) obtained
from the models (astrophysical_parameters.ag_gspphot,
abp_gspphot, arp_gspphot, and ebpminrp_gspphot respec-
tively). Extinction is a positive quantity, thus GSP-Phot imposes
a non-negativity constraint on all estimates. Consequently, this
can lead to a small systematic overestimation of extinction in
truly low-extinction regions (A0 < 0.1 mag)14. Andrae et al.
(2023) demonstrated this effect for the Local Bubble where GSP-
Phot estimates a mean extinction of A0 = 0.07 mag instead
of zero. A decreasing exponential approximates the distribu-
tion of GSP-Phot A0 in the Local Bubble reasonably well, how-
ever, and it is also the maximum-entropy distribution of a non-
negative random variate with a true value of zero. In other
words, the exponential is equivalent to a Gaussian noise in more
common contexts. Consequently, the standard deviation of this
exponential distribution (identical to the mean value) provides
an error estimate for A0 of 0.07 mag. Similarly, Andrae et al.
(2023) reported similar values of 0.07 mag for ABP, 0.06 mag for
AG, and 0.05 mag for ARP within the Local Bubble. These val-
ues are in agreement with Leike & Enßlin (2019), who reported
0.02 mag. While one could allow small values of negative extinc-
tions such that results for low-extinction stars may scatter sym-
metrically around zero, Andrae et al. (2023) showed that this is
not sufficient in the case of StarHorse2021 (Anders et al. 2023),
whose av50 in the Local Bubble peaks around 0.2 mag twice
as much as GSP-Phot. We found that StarHorse2021 extinction
av50 estimates appear globally higher than A0 from GSP-Phot
by 0.1 mag, which is likely a bias in the StarHorse2021 catalogue
(see Anders et al. 2023, their Fig. 15). Andrae et al. (2023) also
observed that in high-extinction regions av50 can become sig-
nificantly higher than A0. It is currently unclear whether this is
an overestimation by StarHorse2021 or an underestimation by
GSP-Phot (or both).

Using solar-like stars, Gaia Collaboration (2023f) investi-
gated the GBP−W2 colour, which uses the Gaia and AllWise
passbands for two reasons: (i) a colour is a quantity independent
of distance, and (ii) as the extinction in the AllWISE W2 band is
negligible, we can safely associate any correlation with GBP (i.e.,
a proxy for ABP). We find that the GBP−W2 colour closely agrees
with a linear trend with the GSP-Phot ABP estimate to within
0.087 mag rms scatter, which is consistent with the 0.07 mag
obtained for ABP in the Local Bubble. We also found that the
linear relation holds from the low-extinction to high-extinctions
regimes. Additionally, Fig. 30 also shows good agreement of our
A0 estimates with our expectations in open clusters with only a
mild overestimation of ∼0.1 mag (see Sect. 3.5.1).

14 The mean or median of a positive distribution is always strictly posi-
tive, but never null.
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Fig. 29. Evolution stage distribution from FLAME in the CMDs of some selected clusters. The top panels represent the CMDs of four open clusters
near solar metallicity, and the bottom panels are those of four low-metallicity globular clusters. Gaia Collaboration (2018b) provided the cluster
members. We parsed the values of astrophysical_parameters.evolstage_flame into the three stages: main-sequence, subgiant, and giant
colour-coded according to the scale on the right-hand side. We also indicate other members without phase estimates in grey.

Fig. 30. Comparison of ESP-HS (top) and GSP-Phot (bottom) extinc-
tion estimates A0 for hot stars in star clusters. We used the cluster
members and mean extinctions from Cantat-Gaudin et al. (2020). We
computed the GSP-Phot and ESP-HS median estimates using only stars
with Teff > 7500 K. We colour-coded the data by the number of hot
star members with estimates we found in the cluster (with respect to
the colour bar at the top). In both panels, the grey lines represent the
identity relation, and the blue lines a linear regression through the data
points. The insets show the normalised distribution of the differences,
A0(GSP-Phot or ESP-HS)–A0(literature).

TGE. GSP-Phot also provides the A0 estimates used by TGE
to produce an all-sky (two-dimensional) map of the total Galac-
tic extinction, meaning the cumulative amount of extinction in
front of objects beyond the edge of our Galaxy. TGE selects giant
star tracers at the edge of the Milky Way, more specifically, stars

with gaia_source.classprob_dsc_combmod_star> 0.5,
gaia_source.teff_gspphot between 3000 and 5700 K,
gaia_source.ag_gspphot between −10 and 4 mag, and
distances from the Galactic plane beyond 300 pc using
the gaia_source.distance_gspphot. When they are
selected, TGE groups the tracers per HEALpix with lev-
els adapted from 6 (∼0.08 deg2) to 9 (∼0.01 deg2) to have
at least three stars per group. Finally, TGE estimates A0
from the median and standard deviation of the ensem-
ble of gaia_source.azero_gspphot values per defined
HEALpix. We emphasise that TGE provides two tables:
total_galactic_extinction_map, which contains the
map with a variable HEALpix resolution (healpix_level)
and total_galactic_extinction_map_opt, which con-
tains the resampled information at HEALpix level 9. It is
important to remark that TGE primarily uses gaia_source.
azero_gspphot, which contains estimates with a mixture of
atmosphere libraries, so-called best-fit estimates. Figure 31
compares the TGE estimates to those of GSP-Phot for the
MARCS and PHOENIX atmosphere libraries providing APs for
the giant stars. Although one could expect some AP variations
from a set of atmosphere models to another, we find statistically
no significant differences between the two libraries and TGE
estimates. The high dispersion along the y-axis mostly reflects
the low number of stars beyond 16 kpc from the Galactic
center, especially with high extinction values. Delchambre et al.
(2023) provided a more detailed description of the method and
performance assessment of the TGE maps, especially compar-
isons with non-stellar tracers (e.g. Planck).

ESP-HS. For hot stars with G < 17.65 mag, ESP-HS
also estimates A0 by fitting the observed BP and RP spectra
(azero_esphs). Like GSP-Phot, ESP-HS also provides AG, and
E(GBP−GRP). We compared the extinction A0 from GSP-Phot
and ESP-HS using star clusters for the hotter stars (Fig. 30).
Both modules find consistent A0 estimates when deriving extinc-
tions higher than 0.3 mag. However, over this hot star sample, we
find that GSP-Phot tend to constantly overestimate extinction by
about 0.1 mag, and ESP-HS overestimate by a factor 1.2. Overall,
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Fig. 31. Comparison of TGE and GSP-Phot extinction estimates A0 limited to giant stars. We calculated the mean
extinction astrophysical_parameters.azero_gspphot per healpix level 9 to compare to the TGE optimised map
total_galactic_extinction_map.a0. We partially included the TGE tracer selection: 3000< teff_gspphot< 5700 K and
−10< mg_gspphot< 4 mag (we did not filter out based on distances). This represents 21 244 458 and 9 271 775 stars for the MARCS and
PHOENIX library, respectively.

for all stars with GSP-Phot and ESP-HS estimates, we found a
MAD of 0.120 mag, and rms of 0.380 mag. However, we empha-
sise that these differences, especially the rms statistics, also vary
with the spectral libraries (gaia_source.libname_gspphot
or astrophysical_parameters.libname_gspphot). When
we restrict the comparison to the OB star library that best
describes this temperature regime, we find an improved rms
of 0.170 mag. This illustrates the importance of choosing or
exploring which spectral library is appropriate for the sources of
interest.

MSC. MSC also estimates the A0 parameter by assuming
that the BP and RP spectra represent a composite of an unre-
solved binary: two blended coeval stars at the same distance
(azero_msc). The performance of MSC is similar to that of
GSP-Phot (see Sect. 3.5.2).

GSP-Spec-DIBs. In addition to the stellar APs, GSP-Spec
estimated the equivalent width of diffuse interstellar bands
(DIBs) in the RVS spectra for 476 117 stars in Gaia DR3. The
DIB spectral feature arises from largely unidentified molecules
that are ubiquitously present in the interstellar medium (ISM).
GSP-Spec measures the DIB profile parameters: the equiva-
lent width (astrophysical_parameters.dibew_gspspec)
and characteristic central wavelength (astrophysical_
parameters.dib_gspspec_lambda) using a Gaussian
profile fit for cool stars and a Gaussian process for hot
stars. We described in detail the DIB measurements pro-
cedure in Recio-Blanco et al. (2023, Sect. 6.5) and fur-
ther assessed their performance in Gaia Collaboration
(2023c). We emphasise that one should restrict them-
selves to using the DIB estimates with quality flags
astrophysical_parameters.dibqf_gspspec≤ 2 (defi-
nition in Table 2 of Gaia Collaboration 2023c). Although one
can question the standard analysis in this field, we applied
the approach to compare our results with the literature. We
estimated a linear relation between dibew_gspspec and
ebpminrp_gspphot as

E(GBP−GRP) = 4.508(±0.137) × EW862 − 0.027(±0.047). (2)

We identified the strong outliers to this relation as having an
overestimated E(GBP−GRP) from GSP-Phot (linked to an incor-
rect temperature estimate; see Gaia Collaboration 2023c). GSP-
Spec also measured DIBs for hot stars (Teff > 7500 K), pro-
viding us with a total of 1142 high-quality DIB measurements.
We compared them with the extinction estimates from ESP-HS
(astrophysical_parameters.ebpminrp_esphs) and found
an excellent agreement with the relation we obtained above
(see Fig. 9 of Gaia Collaboration 2023c). We further compared
the DIB EW with the A0 values of the TGE HEALPix level 5
map (total_galactic_extinction_map), where we found a
strong linear correlation given by EW = 0.07 × A0 + 0.03 up
to A0 ∼ 1.5 mag, after which we found a shallower trend. We
suspect that the slope change originates from TGE providing a
total extinction far beyond the distance of stars with DIB λ862
measurements.

Finally, we estimated the standard quantity E(B−V)/EW of
3.105 ± 0.048. This lies in the range of the derived ratios in the
literature (compilation in Table 3 in Gaia Collaboration 2023c).

3.5. Groups of stars

3.5.1. Clusters

Star clusters are very effective in assessing the qualities of stellar
parameters, as proven in previous Gaia data releases. Open star
clusters are coeval populations: they have the same age, same
metallicity, about the same extinction, and distance.

Apsis processed all the stars independently, and, in particu-
lar, did not exploit the coevolution of stars. This section presents
some key results concerning the global quality of the APs in
star clusters. We provide additional validation, known issues,
some calibration relations, and the optimal use of the qual-
ity flags in Andrae et al. (2023), Recio-Blanco et al. (2023) and
Babusiaux et al. (2023).

We selected a sample of star clusters from the Cantat-Gaudin
et al. (2020) catalogue. Gaia Collaboration (2023d) refined the
cluster memberships using Gaia eDR3 astrometry. Our selection
corresponds to about 230 000 stars: the number of stars per clus-
ter varies significantly from 40 to more than 700, with an average
of ∼60 stars. Open clusters mostly contain main-sequence stars
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with a median G = 15.6 mag, but their populations vary signifi-
cantly with the ages of the systems. We approximated the stellar
population of each cluster by an isochrone to obtain reference
estimates for Teff , log g, mass, age, and distance. Additionally,
we assumed homogeneity throughout the colour-magnitude dia-
gram of A0 and [M/H]. For the former, we avoided regions in
which differential extinction is more likely to be present by
excluding clusters younger than 100 Myr from our samples. We
used the PARSEC isochrones15 for this purpose, associated with
the age, distance, extinction, and metallicity of the clusters from
our literature catalogue. We summarise the statistical analysis of
the accuracy of the relevant APs over the cluster members below.

We compare the atmospheric and evolution APs from
GSP-Phot, GSP-Spec, and FLAME to the cluster isochrones.
We emphasise that when analysing the GSP-Spec results,
we selected stars with astrophysical_parameters.flags_
gspspec with f1,f2,f4,f5,f8= 0. Table 4 presents the
median and MAD of the residuals to the isochrones for Teff ,
log g, AG, M, and τ derived by GSP-Phot, GSP-Spec, and
FLAME. We note that we compared AG and τ with the litera-
ture values independently of the isochrones.

GSP-Phot. We found that Teff , log g, AG from GSP-Phot
are in general agreement with expectations, but sometimes
show high dispersions. It is important to note that we analysed
the best library estimates (e.g. astrophysical_parameters.
teff_gspphot), but the results may vary with different
choices of library (e.g. astrophysical_parameters_supp.
teff_gspphot_marcs). GSP-Phot performs better for G <
16 mag, where the S/N of the BP and RP spectra remains high
(S/N > 100). Figure 32 illustrates our analysis with the exam-
ple of Messier 67 (also known as NGC 2682). In this cluster,
we found 4% of outliers defined as ∆Teff/Teff > 0.5. But this
fraction varies across the entire Gaia DR3 sample. Overall, we
identified that GSP-Phot overestimated Teff values for giants and
underestimated them for supergiants (see Fig. 33). In detail, we
find that the distribution of the GSP-Phot log g values has a long
tail towards overestimating values on the main sequence. Still,
in contrast, GSP-Phot underestimates gravity for hot stars and
giants. We also note the issue with metallicity and the extinc-
tion estimates reported in Sect. 3.2.1. Messier 67 is at ∼850 pc
from us, a close distance that GSP-Phot a priori assumes to
be mostly free of extinction. This prior leads to an underesti-
mation of the reddening of these stars. As a result of preserv-
ing the observed stellar SEDs, GSP-Phot underestimate [M/H].
Andrae et al. (2023) discussed this extinction-distance prior and
related issues in detail.

GSP-Spec. We also analysed the GSP-Spec APs and found
that log g from GSP-Spec could show biases up to −0.3 dex
compared to isochrone predictions (similarly to Sect. 3.2.1). In
particular, we found a significant underestimation for hot stars,
and we caution the user against using the GSP-Spec log g val-
ues for AGBs as we find them of poorer quality. We refer to
Recio-Blanco et al. (2023) for the details and especially empha-
sise that these comparison results depend strongly on the qual-
ity flag selection. Recio-Blanco et al. (2023) also encouraged the
user to define calibration relations for their specific uses.

FLAME. We also found that the FLAME APs are in
good agreement when we restricted our analysis to the best-
measured stars, those with astrophysical_parameters.
flags_flame= 00,01. The fact that FLAME assumes solar
metal metallicity produced poor τ and M estimates in low-

15 PARSEC isochrones are available from http://stev.oapd.inaf.
it/cgi-bin/cmd

Table 4. Parameter residuals to reference values in star clusters.

Parameter Module M (1) MAD (2) Units

Teff GSP-Phot 34 400 K
Teff GSP-Spec 6 160 K
log g GSP-Phot 0.01 0.22 dex
log g GSP-Spec −0.30 0.44 dex
AG GSP-Phot 0.12 0.10 mag
M (spec) FLAME −0.02 0.10 M�
M (phot) FLAME −0.11 0.14 M�
τ,(spec) FLAME −0.40 0.60 Gyr
τ,(phot) FLAME 0.30 0.40 Gyr

Notes. (1)Median estimates of the residuals. (2)Mean absolute deviation
(MAD) of the residuals. flags_gspspec with f1,f2,f4,f5,f8= 0.

metallicity clusters, unsurprisingly. However, in the solar metal-
licity regime, M is in good agreement with expectations (see
Table 4). It also seems that FLAME overestimated τ for young
stars and underestimated it for old stars, with the most signifi-
cant discrepancies with the literature appearing for cool main-
sequence stars.

Using star clusters also has the advantage of assessing
whether the reported uncertainties are of the correct order over-
all. FLAME reported underestimated uncertainties on M and
τ derived either from GSP-Spec or GSP-Phot APs. Figure 34
demonstrates that the M residuals between GSP-Phot, and the
isochrones disperse significantly more than the uncertainties (of
the size of the symbols on average).

ESP-HS. A fraction of the OBA stellar population in open
clusters went through the analysis by the ESP-HS module.
Figure 35 illustrates a selection of cluster Kiel diagrams at differ-
ent ages. By comparison to the PARSEC isochrones, we found
estimates commonly to the right of the isochrones in the Kiel dia-
grams, suggesting somewhat older cluster ages than the literature
references. These findings may relate to a systematic underesti-
mation of Teff and log g. Although unlikely, the literature may
underestimate the cluster ages. Still, more likely, our results may
be affected by gravitational darkening due to axial rotation on
the spectral energy distribution of OBA stars.

ESP-UCD. As we detailed in the online documentation,
ESP-UCD detects significant overdensities at the positions of
several clusters and star-forming regions. We used the BANYAN
Σ (Gagné et al. 2018) to identify UCD members of nearby young
associations within 150 pc from the Sun. Table C.1 contains
the number of sources with a membership probability higher
than 0.5 in each association and the effective temperature of the
coolest UCD. We also include entries for associations beyond
150 pc derived from our clustering analysis using the OPTICS
algorithm (Ankerst et al. 1999) in the space of Galactic coordi-
nates, proper motions, and parallax. We did not use these stars
to assess the performance of ESP-UCD, but we report our strong
UCD candidates.

3.5.2. Unresolved binaries

In Apsis, the MSC module aims to distinguish between the two
components of binaries by analysing their composite BP/RP
spectra. It assumes that these sources are blended coeval stars
(same distance, extinction, and metallicity). We were unable
to create sufficiently high-quality synthetic models of BP and
RP spectra of unresolved binaries; they did not fully model
the instrumental (and data reduction) effects for these sources.
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Fig. 32. Illustration of the performances of GSP-Phot in cluster Messier 67. The PARSEC isochrone (indicated by the red dots in the panels)
indicates the reference of log10(Age/yr) = 9.5, A0 = 0.11 mag, and solar metallicity. We also indicate with the vertical dashed blue lines the
reference A0, distance modulus, and [M/H]. Top left panel: Gaia CMD of M 67. Top right panel: G vs. gaia_source.teff_gspphot. The colours
indicate the different best libraries (gaia_source.libname_gspphot). Middle left panel: G vs. gaia_source.azero_gspphot. Middle right
panel: G vs. distance modulus derived from gaia_source.distance_gspphot. Bottom left panel: gaia_source.logg_gspphot vs. GBP–GRP
(yellow dots). Bottom right panel: G vs. gaia_source.mh_gspphot.

Instead, MSC implements an empirical set of models constructed
from observed BP and RP spectra of spectroscopic binary stars
(see Creevey et al. 2023, for details). As a result of the limited
number of unresolved binaries for reference with APs, MSC
adopted a strong [M/H] prior centred on solar values.

MSC analysed all sources with G < 18.25 mag and there-
fore inherently analyses single stars as well (assuming a binary
source). Similarly, GSP-Phot takes all sources to be single stars.
As internally MSC operates very similarly to GSP-Phot, we
can compare their overlapping results more robustly than any
other Apsis module. Figure 36 compares APs from MSC and
GSP-Phot parameters with those from the binary sample of
El-Badry et al. (2018). We find an expected negative bias in

temperature and log g from GSP-Phot because it assumed that
these sources are single stars. They correspond to a luminosity-
weighted average between the primary and the secondary. Com-
monly, this leads to a lower Teff and log g to reach the observed
brightness of the binary system with a single star. We find that
despite its strong solar metallicity prior, the posterior of [M/H]
from MSC are broad. Overall MSC performs better than GSP-
Phot on this particular sample of binaries.

The GALAH survey (Martell et al. 2017) provides another
set of 11 263 spectroscopic binaries (Traven et al. 2020)
with a component flux ratio lower than 5 (i.e. within the
MSC parameter ranges). As above, we compared MSC
with GSP-Phot on this sample, and we find that their APs
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Fig. 33. Residuals of Teff and log g estimates from GSP-Phot to isochrones of star clusters for the sample described in Sect. 3.5.1. We show the
mean residuals of the members as a function of position in the MG vs. (GBP–GRP) diagram. The y-axis is corrected for extinction and distance
modulus using literature values. The colour indicates ∆(Teff) and ∆(log g) on the left and right panels, respectively.

Fig. 34. Residuals, Delta(Mass) in M�, between mass_flame and the
isochrone predictions for star clusters taken from Cantat-Gaudin et al.
(2020). We selected estimates with flags_flame= 00. Error bars indi-
cate the uncertainties from FLAME.

have comparable accuracies. Figure 37 compares the seven
APs from MSC with those from GALAH. We note that
the colour-coding in the plots indicates the goodness-of-
fit (using astrophysical_parameters.logposterior_msc)
rather than a source density. Except for A0, the goodness-of-fit is
best around the identity line. This behaviour confirms that MSC
fits the composite spectra of binaries well when the MCMC pro-
cedure converges. The goodness-of-fit also indicates that MSC
did not converge properly for many sources.

We can flag poor convergence as sources with low
logposterior_msc values. Finding a unique threshold for
all science applications is challenging. However, Table 5 pro-
vides the evolution of the residual statistics with the GALAH
sample when changing the goodness-of-fit threshold. By con-
struction, the residuals and the overall biases improve as the
threshold increases, but we remove a significant number of
sources from the sample. Regardless of this filtering, MSC tends
to overestimate log g1, log g2, and [M/H] for the GALAH sam-
ple. We suspect that the prior of MSC favors solar metallicity
leads to overestimating [M/H]. As a result, to match the BP and
RP spectra, MSC compensates the high [M/H] by decreasing the
intrinsic luminosity, requiring higher log g values. However, we
cannot exclude a biases in the GALAH data, as suggested by

Fig. 35. Cluster Kiel diagrams of ESP-HS astrophysical parameters.
The PARSEC isochrones (blue) correspond to the cluster age provided
by Cantat-Gaudin et al. (2020) assuming solar metallicity. Estimates
obtained in both ESP-HS processing modes are shown by black and
orange disks with their corresponding uncertainties.

the fact that the GALAH catalogue provides significantly lower
[M/H] for the binaries than for their single stars (Traven et al.
2020, Sect. 8.3). This open issue is also supported by the dis-
crepancies with APs reported by the APOGEE binary sample
(El-Badry et al. 2018), with 26 sources in common.

We also found chemically homogeneous spectroscopic
parameters from Gaia for the components of wide binaries
when compared with high-resolution data from Hawkins et al.
(2020). In their sample of 25 wide binaries, 20 had a metal-
licity difference lower than 0.05 dex, while the remaining 5
showed deviations of ∼0.1 dex. From Table 3 of Hawkins et al.
(2020), we selected the 20 homogeneous binaries (exclud-
ing WB02, WB05, WB09, WB16, and WB21) and com-
pared the metallicities from Apsis for each of the two com-
ponents16. We did not apply any calibration to the data.
These are dwarf stars with Teff between 5000 and 6400 K and

16 The Gaia DR2 source IDs listed in Table 3 of Hawkins et al. (2020)
are the same as the Gaia DR3 source IDs, except for WB13B, which
has DR3 source ID 3230677874682668672.
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Fig. 36. MSC and GSP-Phot inferred values on the y-axis vs. APOGEE
(El-Badry et al. 2018) literature values on the x-axis for sources with
a common parameter range (including a flux ratio lower than 5).
The three parameters Teff , log g, and [M/H] with their respective 1:1
line are shown in orange. We applied the GSP-Phot postprocess-
ing, a cut on fidelity_v2> 0.5 (Rybizki et al. 2022), and a cut on
logposterior_msc>−1000.

metallicities above −0.8 dex. For 16 out of the 20 homogeneous
binaries according to Hawkins et al. (2020), the metallicities
from GSP-Phot (astrophysical_parameters.mh_gspphot)
agree within 0.15 dex. For the remaining 4 binaries, they devi-
ate by 0.2 to 0.3 dex (WB08, WB13, WB18, and WB22).
Eighteen of the 20 binaries have metallicity determinations
from GSP-Spec (astrophysical_parameters.mh_gspspec)
for both components, and all except 2 agree within 0.15 dex.
The exceptions are WB14 with a difference of 0.16 dex, and
WB15 with a difference of 0.5 dex. WB15 also has a differ-
ence in log g (astrophysical_parameters.logg_gspspec)
of 1.1 dex, whereas the two components should have equal
surface gravity according to Hawkins et al. (2020). This indi-
cates that the Gaia metallicities are reliable (at least in a sta-
tistical sense) in the parameter space covered by the binary
sample.

We further explored the possibility of cleaning the MSC
results by excluding sources with possible spurious astrometric
solutions. It is expected that Gaia astrometry may be affected by
binarity. We applied the method from Rybizki et al. (2022), and
we kept sources with fidelity_v2> 0.5. After this selection,
the GALAH sample shrank from 11 263 to 9836 sources. The
rms for the distance comparison improved from 617 to 429 pc,
and its bias from −184 to −157 pc (when we assumed the inverse
parallax as the true distance). It also improved the statistics of the
other parameters and overall the agreement with GSP-Phot APs.
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Fig. 37. Comparison of MSC APs with the GALAH catalogue for
11 263 binary stars. From top to bottom, we compare the seven
parameters inferred by MSC on the y-axes with the GALAH liter-
ature values on the x-axes: Teff and log g for the two components
of the system, [M/H], distance, and A0 (Table D.2 lists the cor-
responding catalogue field names). In each panel, we indicate the
1:1 line for reference, and the colour corresponds to the average
astrophysical_parameters.logposterior_msc of all stars per
bin. We provide associated statistics in Table 5.

Overall, the performance of MSC remains challenging to
estimate. Only a few reference catalogues exist, and they rarely
provide statistically significant samples (many thousands) with
APs. In addition, one needs to use the astrometric measurements
of binary systems with caution. We expect Gaia DR4 to provide
a significant improvement in the future.
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Table 5. MSC versus GALAH sample bias and rms comparison for
different logposterior_msc percentile cut-offs.

Percentiles 0 5 16 50 84 95
count 11 263 10 699 9461 537 1814 567

Parameters ↓ Sample rms
Teff,1 [K] 387 348 273 192 144 135
Teff,2 [K] 632 592 536 417 310 258
log g1 [dex] 0.40 0.35 0.33 0.29 0.25 0.24
log g2 [dex] 0.58 0.54 0.50 0.45 0.38 0.36
[M/H] [dex] 0.30 0.29 0.27 0.24 0.22 0.21
Distance [pc] 617 553 277 152 47 25
A0 [mag] 0.27 0.24 0.21 0.19 0.15 0.13

Sample bias
Teff,1 [K] –139 –118 –72 –6 21 10
Teff,2 [K] –418 –392 –350 –245 –144 –60
log g1 [dex] 0.24 0.22 0.20 0.17 0.13 0.12
log g2 [dex] 0.35 0.33 0.30 0.24 0.17 0.15
[M/H] [dex] 0.21 0.20 0.19 0.19 0.19 0.18
Distance [pc] –184 –148 –95 –49 –16 –9
A0 [mag] –0.01 0.00 0.01 0.02 0.01 0.01

3.6. Identification and analysis of peculiar cases (outliers)

Galactic sources dominate the content of Gaia DR3. Sources
with BP and RP spectra are essentially intermediate-mass stars
of FGK spectral types with G < 17.65 mag, with the addition of
a set of UCDs and extragalactic objects (see Fig. 1). Outliers in
this context mean objects that are not similarly consistent with
the rest of the sample. The similarity in this context relates to the
distance metric implemented in the clustering algorithm in the
OA module summarised below.

On the one hand, Apsis provides multiple classifications and
flags that one can use to identify outliers (see Table D.3). For
instance, one can remove stars with emission lines using ESP-
ELS parameters, or one can generate a pure sample of solar ana-
logues by combining APs and flags from GSP-Phot and GSP-
Spec (see Gaia Collaboration 2023f, and other examples herein).
However, these derive from supervised classifications and com-
parisons against models, which limits discoveries of peculiar
objects.

On the other hand, the OA (outlier analysis) software is an
Apsis module that aims at identifying groups of similar objects
in the Gaia DR3 sample exclusively according to their BP
and RP spectra. The approach of OA to unsupervised cluster-
ing is entirely empirical by implementing self-organising maps
(Kohonen 2001). One can further explore the resulting clusters,
label them, and identify new classes of objects. However, OA
analyses only 10% of the sources that DSC processed, those with
the lowest DSC combined probabilities of membership to astro-
nomical classes. They represent about 56 million sources in Gaia
DR3. We note that the analysis scope will expand in Gaia DR4.

To compare the results from OA to those of DSC, we
identified OA clusters associated with the DSC classes (see
Sect. 11.3.12 in the online documentation for further details).
Table 6 presents the resulting confusion matrix between DSC
and OA. We find an agreement of 83% between the two classifi-
cations for galaxies, but an agreement of only 35% for quasars,
where OA confused them with stars and white dwarfs. We
assume that the extragalactic classification from DSC is accu-
rate, as shown in Delchambre et al. (2023). We note that DSC
includes astrometric information in its analysis which OA does

not. It is thus not surprising to find significant differences. These
results show that the two classifications are complementary.

One way to analyse OA neurons (or clusters) is to compare
their prototype spectra with templates. We constructed our tem-
plates from averaged spectra with reliable spectral classifications
in the literature, mainly from APOGEE-DR17 and GALAH-
DR3. The online documentation (Sect. 11.3.12) details our pro-
cedure. Based on these stellar templates, OA attributed spec-
tral labels (A-, F-, G-, K-, and M-type stars) to its relevant
clusters. We compared these labels to the GSP-Phot tempera-
tures (teff_gspphot). We cast the Teff scale of GSP-Phot stars
into O (Teff ≥ 30 000 K), B (10 000 ≤ Teff < 30 000 K), A
(7300 ≤ Teff < 10 000 K), stars), F (5950 ≤ Teff < 7300 K),
G (5200 ≤ Teff < 5950 K), K (3760 ≤ Teff < 5200 K), and
M (Teff < 3760 K), and we constructed the confusion matrix
shown in Table 7, which shows the agreement between the
two modules.

Overall, the agreement between both classifications is very
high. However, we found 51 O-type stars, 6 B-type stars, and
10 A-type stars from GSP-Phot that OA classified as late-type
stars. Figure 38 shows 18 BP/RP spectra from stars labelled M-
type by OA but with GSP-Phot Teff > 30 000 K. The SEDs of all
these objects peak around 850 nm, as is typically expected for
cool stars. As a result of visual inspection, OA identified erro-
neous Teff labels from GSP-Phot.

On the one hand, Gaia DR3 shows a richness and variety of
information about Milky Way stars. On the other hand, the differ-
ent interpretations and inconsistencies in the analysis we provide
in the catalogue mean that we are to proceed with caution.

4. Candidates for deeper science analyses

We provide a list of six example use cases for deeper scientific
analysis.

The first case is the identification of sources within some
AP ranges. One should use the confidence intervals to find all
sources of interest. For instance, Gaia Collaboration (2023d)
select upper main-sequence stars based on their apparent
colours. Gaia Collaboration (2023f) defined various golden sam-
ples of stars using our APs, stars with the most accurate and
precise astrophysical parameters: for example FGK star sam-
ples supporting many Galactic surveys, solar analogs, ultra-cool
dwarfs, carbon stars, and OBA stars challenging our stellar evo-
lution and atmosphere models.

The second case is constructing the chemodynamical dis-
tribution of stars in some region of space. For instance,
Gaia Collaboration (2023e) analysed the chemical patterns in the
positions and orbital motions of stars to reveal the flared struc-
ture of the Milky Way disk and the various orbital substructures
associated with chemical patterns.

The third case is constructing the three-dimensional spa-
tial properties of the ISM. Using published extinctions and
distances, Dharmawardena et al. (2022) inferred the individual
structure of the Orion, Taurus, Perseus, and Cygnus X star-
forming regions and found coherent ISM filaments that may link
the Taurus and Perseus regions. One could easily replace those
estimates with those (or a subset of those) we presented. Sim-
ilarly, Gaia Collaboration (2023c) explores the ISM kinematics
using our DIB measurements.

A fourth case is the age dating of wide binaries in the field. If
an MS star has a white dwarf (WD) companion and a known dis-
tance, the age of this binary system can be determined precisely
from the WD cooling sequence as long as the MS companion
gives the chemical composition, which much harder to obtain
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Table 6. DSC versus OA class label confusion matrix for the sample in common.

DSC OA
STAR WD QSO GAL UNK Total

STAR 21 073 253 (40%) 1 735 025 (3%) 11 834 708 (22%) 12 709 682 (24%) 5 942 859 (11%) 53 295 527
WD 38 651 (42%) 47 418 (51%) 2881 (3%) 0 (0%) 3236 (4%) 92 186
QSO 617 511 (29%) 453 890 (21%) 763 200 (35%) 48 658 (2%) 275 657 (13%) 2 158 916
GAL 30 351 (4%) 2542 (0%) 73 493 (9%) 708 253 (83%) 36 488 (4%) 851 127
UNK 4110 (22%) 1320 (7%) 6481 (35%) 4183 (22%) 2510 (13%) 18 604

Table 7. GSP-Phot versus OA stellar type confusion matrix for the sample in common.

GSP-Phot OA
STAR-A STAR-F STAR-G STAR-K STAR-M Total

STAR-O 146 (56%) 61 (24%) 1 (0%) 1 (0%) 50 (19%) 259
STAR-B 4082 (92%) 339 (8%) 6 (0%) 3 (0%) 3 (0%) 4433
STAR-A 23 836 (99%) 250 (1%) 22 (0%) 10 (0%) 0 (0%) 24 118
STAR-F 4868 (4%) 126 786 (95%) 1719 (1%) 215 (0%) 34 (0%) 133 622
STAR-G 0 (0%) 5955 (13%) 37 699 (83%) 1697 (4%) 172 (0%) 45 523
STAR-K 0 (0%) 0 (0%) 5694 (2%) 241 823 (64%) 131 517 (35%) 379 034
STAR-M 0 (0%) 0 (0%) 0 (0%) 11 613 (2%) 624 845 (98%) 636 458

Fig. 38. BP and RP spectra of 18 stars labelled as M-type by OA, but
with Teff > 30 000 K from GSP-Phot. The dashed line indicates the best
stellar template for this cluster, corresponding to a M-type star.

from the WD directly (e.g. Fouesneau et al. 2019; Qiu et al.
2021).

A fifth case is providing the largest uniformly derived set of
APs that one could use to calibrate theoretical or data-driven stel-
lar models. For instance, Green et al. (2021) developed a data-
driven modelling technique to map stellar parameters (e.g. Teff ,
log g, [M/H]) accurately to spectrophotometric space, supporting
more accurate 3D mapping of the Milky Way.

A sixth application could be understanding the details of
star formation and the dynamical evolution of star clusters. For
instance, Fig. 39 compares the FLAME (current) mass esti-
mates with a simulation of stars drawn for a universal initial
mass function (IMF; assumed here to be one following Kroupa
2001). This simulation is created by sampling the mass function
(over the given mass range) for each cluster with their respective
given number of Gaia-identified members with mass estimates.
Although we make a comparison of current with initial stel-
lar masses, the agreement is very good overall. The lower-mass

Fig. 39. Mass distribution from FLAME compared with a Kroupa
(2001) IMF. For each of the 44 open clusters from Gaia Collaboration
(2018b), we plot (grey) the recovered mass distributions from FLAME
estimates. We highlight the overall median and [16, 84th] percentile
interval in black. For reference, we plot in red the expected shape of
masses drawn from a Kroupa IMF accounting for the limited number of
identified members. Because of the noise of low number-statistics, we
expect significant scatter from cluster to cluster. The low-mass end is
affected by the Gaia selection function.

end is affected by how many low-mass stars Gaia can extract
from these clusters and thus cannot be well reproduced without
a selection function. The upper-mass end agrees perfectly with
our predictions from a single IMF. We note that FLAME can-
not predict masses above 10 M� with its current models. This
analysis could support the study of cluster evaporation and mass
segregation when also accounting for stellar mass loss.

This list is not exhaustive. The previous Gaia data releases
led to thousands of studies ranging from Solar System objects
to discovering new streams and merger episodes that shaped our
Galaxy.
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5. Limitations

We recall the following assumptions and limitations of our
Gaia DR3 catalogue. We produced APs that summarised many-
dimensional posterior distributions using only quantile numbers
such as mean, median, and percentile values (computed on one-
dimensionalmarginaldistributions). It is rarelypossible to recover
the complexity of the posterior distributions per object. One can
query the MCMC chains published by GSP-Phot and MSC. These
summary statistics cannot capture the full complexity of these dis-
tributions. One should not ignore the confidence intervals.

Most sources in Gaia DR3 have substantial fractional paral-
lax uncertainties. Hence, the spectro-photometric data (BP/RP)
often dominate the inference of our distances and APs. However,
the parallax remains generally sufficient to limit the degeneracies
of dwarfs versus giants.

The poorer the data, the more strongly our prior dominates
our estimates. Our priors vary significantly from one Apsis
module to the next. None of the modules included a three-
dimensional extinction map or a detailed Milky Way model. One
should expect significant differences with other AP catalogues
when the prior dominates. However, in reality, if the actual stel-
lar population, extinction, or reddening distributions are very dif-
ferent from those of Galactic models, these differences may par-
tially indicate these deviations.

To derive stellar APs, we implicitly assumed that all Gaia
sources are single stars in the Galaxy (apart from MSC). These
estimates are most likely incorrect for any non-single star (bina-
ries, extended sources, or extragalactic sources).

Furthermore, our stellar models also had intrinsic limitations
in the range of parameters they covered. For instance, our models
did not include specific physics inherent to WDs, AGBs, and HB
stars.

Finally, by design, we inferred properties for each source inde-
pendently. If a set of stars is known to be in a cluster, they have a
similar distance, extinction, chemical patterns, and age. It consti-
tutes a prior that one should exploit to infer the properties of the
individual stars more accurately than what we have done here.

6. Summary

We have produced a catalogue of distances, astrophysical, and
dust extinction parameters using the Gaia BP, RP, RVS spec-
tra, integrated G photometry, and parallaxes available with Gaia
DR3. More specifically, we provide:

– 470 million distances, Teff , log g, and [M/H] estimates using
BP/RP;

– 6 million using RVS Teff , log g, [M/H], and [α/Fe] estimates;
– 470 million radius estimates;
– 140 million mass, and 120 million age estimates;
– 5 million chemical abundance ratios;
– half a million diffuse interstellar band analysis parameters;
– 2 million stellar activity indices;
– 200 million Hα equivalent widths;
– and further stellar classification with 220 million spectral

types and 50 thousand emission-line stars.
We only presented a high-level overview of the validation and
performance of these data products. We detail some of these
tests and results in Creevey et al. (2023), Delchambre et al.
(2023), Andrae et al. (2023), Recio-Blanco et al. (2023),
Lanzafame et al. (2023), Babusiaux et al. (2023), and in the
online documentation. Our tests comprised confirming the astro-
physical consistency of our data through HR or Kiel diagrams,
for example, which help to point out weaknesses in our analyses
or failure in specific regions of the stellar parameter spaces.
In addition, we compared our estimates with literature data to

assess the performance of Apsis. The complexity and spread of
our products often caused us to restrict our tests to subsamples
and extrapolate our conclusions.

We emphasise that we did not calibrate Apsis APs to mimic
external catalogues. Many of these external catalogues are not
consistent with each other. As we do not know the true abso-
lute scale of each AP dimension, we sometimes used external
catalogues to obtain statistical relations to anchor our APs in a
common ground. We recommend using these relations, but we
did not apply them before the publication and instead provide
the community with internally consistent APs.

First and foremost, our models have limitations in the range
of parameters they can handle. We made assumptions that we
discussed in Sect. 5.

Our data necessarily demanded several extreme simplifica-
tions and assumptions. Therefore, one should use the data with
great care. We recommend always using the flags and filters,
defined in Appendix A.

Our catalogue increases the availability of APs in the litera-
ture while offering results based on assumptions that differ from
previous works. These works helped to validate our results. In
addition, it provides the community with values of reference to
explore and understand the content of Gaia DR3 better.

Gaia DR3 is not an incremental improvement of the Gaia
data. It multiplies the quantities of multi-messenger information
of Gaia with new data products (e.g. BP, RP, RVS, and APs).
We increased the volume of sources with APs by a factor of 5,
but we also increased the number of APs from 2 to ∼40. Gaia
DR3 represents a significant step forward to anchor all current
and future spectroscopic surveys in a common ground, and it
provides the most comprehensive view of our Galaxy.
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Appendix A: Recommended caution and
corrections

We recommend the following corrections for the Gaia DR3 AP
products:

- GSP-Phot provides a Python tool that implements empiri-
cal calibration models of its stellar parameters. It currently pro-
vides a metallicity, [M/H], and an effective temperature, Teff ,
model. We trained these calibration models on literature cata-
logues (e.g LAMOST DR6) based upon machine-learning algo-
rithms. These models are not simple equations, and therefore,
we provide a wrapper for the users so any update in the models
will be transparently propagated (see Andrae et al. 2023).

- We recommend checking for potential outliers in GSP-Phot
APs by using the fractional parallax uncertainties (σ$/$). This
also helps identify inference priors and assumptions about the
Milky Way structure that matter.

- GSP-Spec provides an extensive flag definition detailed in
Recio-Blanco et al. (2023).

- GSP-Spec also recommend polynomial functions of log g
to rescale the various abundance ratios ([M/H], [α/Fe], [Mg/H],
etc.). These relations are polynomial equations with coefficients
given in Table 3 of Recio-Blanco et al. (2023).

Appendix B: Example queries

In this section, we list query examples that we used to produce
various figures in the manuscript.
• Data for Figs. 1 and 3. The following query took about 9 hours
to run. Selecting random subsets could extract statistically equiv-
alent smaller datasets and run faster.

1 select
2 round((gaia.phot_g_mean_mag + 5 *

log10(parallax/100)) * 10) / 10 as gmag,
3 round(gaia.bp_rp * 10) / 10 as bp_rp,
4 count(*) as n,
5 sum(IF_THEN_ELSE(gaia.has_xp_continuous =

’true’, 1, 0)) as has_xp,
6 sum(IF_THEN_ELSE(gaia.has_rvs = ’true’, 1, 0))

as has_rvs,
7 count(aps.classprob_dsc_combmod_star) as dsc,
8 count(aps.teff_gspphot) as gspphot,
9 count(aps.teff_gspspec) as gspspec,

10 count(aps.classlabel_espels) as espels,
11 count(aps.teff_esphs) as esphs,
12 count(aps.teff_espucd) as espucd,
13 count(aps.activityindex_espcs) as espcs,
14 count(aps.radius_flame) as flame,
15 count(aps.teff_msc1) as msc,
16 count(aps.neuron_oa_id) as oa
17 from gaiadr3.gaia_source as gaia
18 inner join gaiadr3.astrophysical_parameters as aps
19 on aps.source_id = gaia.source_id
20 group by bp_rp, gmag
21 order by bp_rp, gmag

• The Kiel diagram from GSP-Phot used in Fig.2 and Fig. 11.

1 select
2 floor(log10(teff_gspphot) / 0.05) * 0.05 as

logT,
3 floor(logg_gspphot / 0.05) * 0.05 as logg,
4 count(*) as n
5 from gaiadr3.gaia_source
6 group by logT, logg

• Data for Fig. 7. The following query took about 20 minutes to
run. We note that Cantat-Gaudin et al. (2020) shared their cluster
catalogue through the Archive

1 select
2 cl_members.source_id, cl_members.cluster,
3 cl_prop.agenn as logage, cl_prop.avnn as av,
4 cl_prop.dmnn, cl_prop.distpc,
5 gaia.distance_gspphot, gaia.azero_gspphot
6 from user_tcantatg.members_2681_ocs as cl_members
7 inner join user_tcantatg.clusters_dr3_astrometry

as cl_prop
8 on cl_members.cluster = cl_prop.oc
9 inner join gaiadr3.gaia_source as gaia

10 on gaia.source_id = cl_members.source_id

• The queries for Fig. 14. As one cannot use the string compari-
son in the selection clause, we needed to run two queries.

1 select round(log10(teff_gspphot) * 100) * 0.01 as
logteff_gspphot,

2 round(log10(teff_gspspec) * 100) * 0.01 as
logteff_gspspec,

3 count(*) as n
4 from gaiadr3.astrophysical_parameters
5 group by logteff_gspphot, logteff_gspspec

1 select round(log10(teff_gspphot) * 100) * 0.01 as
logteff_gspphot,

2 round(log10(teff_gspspec) * 100) * 0.01 as
logteff_gspspec,

3 count(*) as n
4 from gaiadr3.astrophysical_parameters
5 where flags_gspspec is not NULL
6 and flags_gspspec like ’0000000000000%’
7 group by logteff_gspphot, logteff_gspspec

• The queries for Fig. 26. We generated the quantities directly
during the query.

1 select
2 round((2 * log10(aps.radius_gspphot) + 4 *

log10(aps.teff_gspphot / 5778.)) * 100.) /
100. as loglum_gspphot,

3 round(log10(aps.lum_flame) * 100) / 100. as
loglum_flame,

4 count(*) as n
5 from gaiadr3.astrophysical_parameters as aps
6 group by loglum_gspphot, loglum_flame
7 order by loglum_gspphot, loglum_flame

1 select
2 round(aps.mg_gspphot * 100.) / 100. as

mg_gspphot,
3 round((4.74 - 2.5 * log10(aps.lum_flame) -

aps.bc_flame) * 100) / 100. as mg_flame,
4 count(*) as n
5 from gaiadr3.astrophysical_parameters as aps
6 group by mg_gspphot, mg_flame
7 order by mg_gspphot, mg_flame

• The queries for Fig. 31, in which we used the tracer selection
from TGE to select the giant stars from GSP-Phot.

1 select
2 count(*) as n, GAIA_HEALPIX_INDEX(9,

aps.source_id) as hpx9,
3 avg(aps.azero_gspphot) as azero_mean_gspphot,

stddev(aps.azero_gspphot) as
azero_std_gspphot,

4 aps.libname_gspphot,
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5 num_tracers_used as n_tge, a0 as
azero_mean_tge, a0_uncertainty as
azero_std_tge

6 from gaiadr3.astrophysical_parameters as aps
7 inner join

gaiadr3.total_galactic_extinction_map_opt
8 on healpix_id = GAIA_HEALPIX_INDEX(9,

aps.source_id)
9 where aps.azero_gspphot is not NULL

10 and teff_gspphot between 3000 and 5700 and
mg_gspphot between -10 and 4

11 group by hpx9, libname_gspphot

Appendix C: Candidate UCDs in young
associations

Table C.1 lists the young associations for which we identified
candidate UCD members using BANYAN Σ (Gagné et al. 2018)
or the OPTICS clustering algorithm (Ankerst et al. 1999).

Table C.1. Number of UCD candidates in nearby young associations
according to BANYAN Σ and our clustering analysis using the OPTICS
algorithm.

Association # UCDs Min Teff (K) Method

CARN 61 1250 BANYAN Σ

ARG 424 1494 BANYAN Σ

ABDMG 155 1557 BANYAN Σ

BPMG 47 1874 BANYAN Σ

THA 42 1882 BANYAN Σ

UCL 575 1991 BANYAN Σ

COL 39 2006 BANYAN Σ

HYA 52 2070 BANYAN Σ

CAR 20 2105 BANYAN Σ

OCT 153 2110 BANYAN Σ

LCC 241 2166 BANYAN Σ

ROPH 63 2168 BANYAN Σ

USCO 508 2176 BANYAN Σ

TWA 11 2189 BANYAN Σ

TAU 214 2190 BANYAN Σ

THOR 11 2233 BANYAN Σ

CRA 7 2262 BANYAN Σ

PL8 20 2279 BANYAN Σ

IC2391 20 2321 BANYAN Σ

PLE 97 2331 BANYAN Σ

IC2602 12 2360 BANYAN Σ

UCRA 45 2362 BANYAN Σ

EPSC 5 2374 BANYAN Σ

VCA 4 2385 BANYAN Σ

XFOR 2 2391 BANYAN Σ

118TAU 5 2415 BANYAN Σ

CBER 7 2456 BANYAN Σ

NGC 1333 + IC 348 488 2230 OPTICS
Serpens 420 2185 OPTICS
Chameleon 69 2228 OPTICS
γ2 Vel 266 2387 OPTICS
Orion 1083 2156 OPTICS

Notes. BANYAN Σ identifiers, see Gagné et al. (2018), OPTICS clus-
tering algorithm, see (Ankerst et al. 1999).

Appendix D: AP estimates, producers, and where to
find them

In this section, we compile the various estimates of stellar
parameters from Gaia DR3, list the Apsis module producing
them, and indicate the table and field that store the values in the
Gaia catalogue.

Table D.1 lists the distance estimates discussed in Sect. 3.1.
Tables D.2 and D.3 list the primary and secondary atmospheric
estimates, respectively (discussed in Sect. 3.2). Table D.4 lists
the abundances estimates (discussed in Sect. 3.2.3). Table D.5
lists the parameters characterising the evolutionary state of a star.
Finally, Table D.6 lists the extinction parameters and the diffuse
interstellar band properties (discussed in Sect. 3.4).
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Table D.1. Distance estimates in Gaia DR3.

distance GSP-Phot

gaia_source.distance_gspphot
astrophysical_parameters.distance_gspphot
astrophysical_parameters_supp.distance_gspphot_a
astrophysical_parameters_supp.distance_gspphot_marcs
astrophysical_parameters_supp.distance_gspphot_ob
astrophysical_parameters_supp.distance_gspphot_phoenix

MSC astrophysical_parameters.distance_msc

Table D.2. Primary atmospheric estimates in Gaia DR3: Teff , log g, [M/H], and [α/Fe].

Teff

GSP-Phot

gaia_source.teff_gspphot
astrophysical_parameters.teff_gspphot
astrophysical_parameters_supp.teff_gspphot_a
astrophysical_parameters_supp.teff_gspphot_marcs
astrophysical_parameters_supp.teff_gspphot_ob
astrophysical_parameters_supp.teff_gspphot_phoenix

GSP-Spec astrophysical_parameters.teff_gspspec
astrophysical_parameters_supp.teff_gspspec_ann

ESP-HS astrophysical_parameters.teff_esphs

ESP-UCD astrophysical_parameters.teff_espucd

MSC astrophysical_parameters.teff_msc1
astrophysical_parameters.teff_msc2

log g

GSP-Phot

gaia_source.logg_gspphot
astrophysical_parameters.logg_gspphot
astrophysical_parameters_supp.logg_gspphot_a
astrophysical_parameters_supp.logg_gspphot_marcs
astrophysical_parameters_supp.logg_gspphot_ob
astrophysical_parameters_supp.logg_gspphot_phoenix

GSP-Spec astrophysical_parameters.logg_gspspec
astrophysical_parameters_supp.logg_gspspec_ann

ESP-HS astrophysical_parameters.logg_esphs

MSC astrophysical_parameters.logg_msc1
astrophysical_parameters.logg_msc2

[M/H]
GSP-Phot

gaia_source.mh_gspphot
astrophysical_parameters.mh_gspphot
astrophysical_parameters_supp.mh_gspphot_a
astrophysical_parameters_supp.mh_gspphot_marcs
astrophysical_parameters_supp.mh_gspphot_ob
astrophysical_parameters_supp.mh_gspphot_phoenix

GSP-Spec astrophysical_parameters.mh_gspspec
astrophysical_parameters_supp.mh_gspspec_ann

[α/Fe] GSP-Spec astrophysical_parameters.alphafe_gspspec
astrophysical_parameters_supp.alphafe_gspspec_ann
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Table D.3. Secondary atmospheric estimates in Gaia DR3: classes, rotation, emission, and activity.

classification

DSC

astrophysical_parameters.classprob_dsc_allosmod_star
astrophysical_parameters.classprob_dsc_combmod_binarystar
astrophysical_parameters.classprob_dsc_combmod_star
astrophysical_parameters.classprob_dsc_combmod_whitedwarf
astrophysical_parameters.classprob_dsc_specmod_binarystar
astrophysical_parameters.classprob_dsc_specmod_star
astrophysical_parameters.classprob_dsc_specmod_whitedwarf

ESP-HS astrophysical_parameters.spectraltype_esphs

ESP-ELS

astrophysical_parameters.classlabel_espels
astrophysical_parameters.classprob_espels_bestar
astrophysical_parameters.classprob_espels_dmestar
astrophysical_parameters.classprob_espels_herbigstar
astrophysical_parameters.classprob_espels_pne
astrophysical_parameters.classprob_espels_ttauristar
astrophysical_parameters.classprob_espels_wcstar
astrophysical_parameters.classprob_espels_wnstar

rotation ESP-HS astrophysical_parameters.vsini_esphs

Chromospheric activity ESP-ELS astrophysical_parameters.ew_espels_halpha

ESP-CS astrophysical_parameters.activityindex_espcs

Table D.4. 13 chemical abundance ratios from 12 individual elements (N, Mg, Si, S, Ca, Ti, Cr, Fe, Ni, Zr, Ce, and Nd; with the FeI and FeII
species) and the CN equivalent width in Gaia DR3.

chemical abundances GSP-Spec

astrophysical_parameters.fem_gspspec
astrophysical_parameters.feiim_gspspec
astrophysical_parameters.cafe_gspspec
astrophysical_parameters.cefe_gspspec
astrophysical_parameters.crfe_gspspec
astrophysical_parameters.mgfe_gspspec
astrophysical_parameters.ndfe_gspspec
astrophysical_parameters.nfe_gspspec
astrophysical_parameters.nife_gspspec
astrophysical_parameters.sfe_gspspec
astrophysical_parameters.sife_gspspec
astrophysical_parameters.tife_gspspec
astrophysical_parameters.zrfe_gspspec
astrophysical_parameters.cn0ew_gspspec
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Table D.5. Evolution parameter estimates in Gaia DR3.

Luminosity L FLAME astrophysical_parameters.lum_flame
astrophysical_parameters_supp.lum_flame_spec

absolute magnitude MG GSP-Phot

astrophysical_parameters.mg_gspphot
astrophysical_parameters_supp.mg_gspphot_a
astrophysical_parameters_supp.mg_gspphot_marcs
astrophysical_parameters_supp.mg_gspphot_ob
astrophysical_parameters_supp.mg_gspphot_phoenix

radius R

astrophysical_parameters.radius_gspphot
astrophysical_parameters_supp.radius_gspphot_a

GSP-Phot astrophysical_parameters_supp.radius_gspphot_marcs
astrophysical_parameters_supp.radius_gspphot_ob
astrophysical_parameters_supp.radius_gspphot_phoenix

FLAME astrophysical_parameters.radius_flame
astrophysical_parameters_supp.radius_flame_spec

age FLAME astrophysical_parameters.age_flame
astrophysical_parameters_supp.age_flame_spec

mass M FLAME astrophysical_parameters.mass_flame
astrophysical_parameters_supp.mass_flame_spec

evolution stage ε FLAME astrophysical_parameters.evolstage_flame
astrophysical_parameters_supp.evolstage_flame_spec

Table D.6. Extinction and DIB parameter estimates in Gaia DR3.

astrophysical_parameters.azero_gspphot
astrophysical_parameters_supp.azero_gspphot_a

GSP-Phot astrophysical_parameters_supp.azero_gspphot_marcs
astrophysical_parameters_supp.azero_gspphot_ob

monochromatic at 541.4 nm A0 astrophysical_parameters_supp.azero_gspphot_phoenix

ESP-HS astrophysical_parameters.azero_esphs

MSC astrophysical_parameters.azero_msc

in G band AG

astrophysical_parameters.ag_gspphot
astrophysical_parameters_supp.ag_gspphot_a

GSP-Phot astrophysical_parameters_supp.ag_gspphot_marcs
astrophysical_parameters_supp.ag_gspphot_ob
astrophysical_parameters_supp.ag_gspphot_phoenix

ESP-HS astrophysical_parameters.ag_esphs

in BP band ABP GSP-Phot

astrophysical_parameters.abp_gspphot
astrophysical_parameters_supp.abp_gspphot_a
astrophysical_parameters_supp.abp_gspphot_marcs
astrophysical_parameters_supp.abp_gspphot_ob
astrophysical_parameters_supp.abp_gspphot_phoenix

in RP band ARP GSP-Phot

astrophysical_parameters.arp_gspphot
astrophysical_parameters_supp.arp_gspphot_a
astrophysical_parameters_supp.arp_gspphot_marcs
astrophysical_parameters_supp.arp_gspphot_ob
astrophysical_parameters_supp.arp_gspphot_phoenix

in BP-RP colour E(GBP−GRP) GSP-Phot

astrophysical_parameters.ebpminrp_gspphot
astrophysical_parameters_supp.ebpminrp_gspphot_a
astrophysical_parameters_supp.ebpminrp_gspphot_marcs
astrophysical_parameters_supp.ebpminrp_gspphot_ob
astrophysical_parameters_supp.ebpminrp_gspphot_phoenix

DIB central wavelength, EW, and complexity GSP-Spec

astrophysical_parameters.dib_gspspec_lambda
astrophysical_parameters.dibew_gspspec
astrophysical_parameters.dibp0_gspspec
astrophysical_parameters.dibp2_gspspec
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