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ABSTRACT

Context. The third Gaia Data Release covers 34 months of data and includes the second Gaia catalogue of long-period variables
(LPVs), with G variability amplitudes larger than 0.1 mag (5–95% quantile range).
Aims. The paper describes the production and content of the second Gaia catalogue of LPVs and the methods we used to compute
the published variability parameters and identify C-star candidates.
Methods. We applied various filtering criteria to minimise contamination from variable star types other than LPVs. The period and
amplitude of the detected variability were derived from model fits to the G-band light curve wherever possible. C stars were identified
using their molecular signature in the low-resolution RP spectra.
Results. The catalogue contains 1 720 558 LPV candidates, including 392 240 stars with published periods (ranging from 35 to ∼1000
days) and 546 468 stars classified as C-star candidates. Comparison with literature data (OGLE and ASAS-SN) leads to an estimated
completeness of 80%. The recovery rate is about 90% for the most regular stars (typically miras) and 60% for SRVs and irregular
stars. At the same time, the number of known LPVs is increased by a factor of 6 with respect to literature data for amplitudes larger
than 0.1 mag in G, and the contamination is estimated to be below 2%. Our C-star classification, based on solid theoretical arguments,
is consistent with spectroscopically identified C stars in the literature. Caution must be taken in crowded regions, however, where the
signal-ro-noise ratio of the RP spectra can become very low, or if the source is reddened by some kind of extinction. The quality and
potential of the catalogue are illustrated by presenting and discussing LPVs in the solar neighbourhood, in globular clusters, and in
galaxies of the Local Group.
Conclusions. This is the largest all-sky LPVs catalogue to date. The photometric depth reaches G = 20 mag. This is a unique dataset
for research into the late stages of stellar evolution.

Key words. stars: variables: general – stars: AGB and post-AGB – stars: carbon – galaxies: stellar content – catalogs –
methods: data analysis

1. Introduction

Due to their large variability amplitudes, in particular in the
visual range, long-period variables (LPVs) have been known and
studied for a long time. They represent late evolutionary stages
of low- and intermediate-mass stars and thus indicate phases in
the life of a star that are of high astrophysical interest. Nucle-
osynthesis of carbon, oxygen, and s-process elements, dredge-
up events, and high mass-loss rates occurring in these stars are
relevant for understanding stellar and galactic evolution.

In addition to the most prominent members of this type, the
miras, many more objects are classified as LPVs today. They
range from small-amplitude red giants (SARG or OSARG) near
the tip of the red giant branch (RGB) up to variable red super-
giants. Studying this wide class of variables has profited much

from large monitoring surveys. Due to their high intrinsic bright-
ness, LPVs can be detected in an extensive volume of space. As
a consequence, large catalogues of LPVs have been produced as
by-products of various sky surveys. One of the most influential
catalogues in this context was produced by the Optical Gravita-
tional Lensing Experiment (OGLE) team (Soszyński et al. 2009,
2011, 2013). This database revealed several parallel pulsation
sequences on the upper giant branch, which turned out to be a
key for relating pulsation properties with mass and evolutionary
stage of an LPV (Wood 2015). At the same time, the variabil-
ity of LPVs plays a key role in producing significant mass loss
because periodic levitation of the atmosphere enhances this pro-
cess (Höfner & Olofsson 2018). Understanding these relations
opened the path to including LPV pulsation into models of stellar
populations (e.g., Trabucchi et al. 2021).
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Period-luminosity relations can only be revealed if the dis-
tances to the studied objects are known. In the past, major
advances were often based on data from the Magellanic Clouds
and other extra-galactic systems. The Gaia all-sky survey is
expected to add a major contribution to the study of LPVs during
its five-year nominal mission plus extensions (mission extension
has already been approved, to date, until the end of 2022), in
particular by providing variability and distance information for
Galactic field and halo stars and by covering the brightness range
down to G = 21 mag for the complete sky. The high level of com-
pleteness of LPVs expected from the Gaia survey will offer the
opportunity of studying, among other subjects, the frequencies
of various groups of LPVs in the extended solar neighbourhood
and other parts of the Galaxy. Thus, the Gaia database of LPVs
will be unique and will provide a major step forwards in under-
standing these variables.

In the course of Gaia Data Release 2 (DR2
Gaia Collaboration 2018), we published the first Gaia cat-
alogue of LPV candidates based on Gaia data collected over a
time span of 22 months (Mowlavi et al. 2018). In this first cata-
logue, we place the priority on ensuring that the contamination
is as low as possible, without targeting completeness. This was
a result of the limitations due to the relatively short total time
span that was covered (compared to LPVs with periods that
can exceed 1000 days) and the sparsity of Gaia measurements
due to the spacecraft scanning law. Therefore, this catalogue
included only variables with amplitudes larger than 0.2 mag in
the Gaia G band. Small-amplitude red giant variables, detected
as a large group in the OGLE database (e.g., Wray et al. 2004;
Soszyński et al. 2004), were excluded at this stage. The first
Gaia catalogue of LPVs with its more than 150 000 entries
still provided the largest collection of LPVs with amplitudes
exceeding 0.2 mag until now.

The longer time series of measurements that form the base
for Gaia Data Release 3 (DR3) allows for a new, deeper search
for LPV candidates. In addition, access to spectroscopic infor-
mation allows for a preliminary characterisation of catalogued
stars in terms of their surface chemistry. Therefore, we present
with this paper the second Gaia catalogue of LPVs.

A general description of Gaia DR3 is provided in several
separate papers produced by the Gaia consortium (see e.g.,
Gaia Collaboration 2023, and references therein). An overview
of the DR3 processing of variable stars is given in Eyer et al.
(2023). In this paper, we focus on the DR3 catalogue of LPV
candidates.

2. Catalogue construction

The identification of LPV candidates in Gaia DR3 repre-
sents the convergence of two processing modules of the
Gaia variability pipeline. One module is tasked with the gen-
eral classification of variable sources (Rimoldini et al. 2023),
while the other is a specific object study (SOS) module
dedicated to the analysis of LPVs and the computation of
LPV-specific attributes. The existence of these two process-
ing channels is reflected in the fact that LPV candidates
are published in Gaia DR3 in two separate, but largely
overlapping, tables. The results of the classification module are
collected in the vari_classifier_result table. It contains
2 325 775 LPV candidates, identified in the table by the attribute
best_class_name=LPV (for a presentation of the classifica-
tion pipeline and results see Rimoldini et al. 2023). The results
of the SOS module, on the other hand, are made available in
the vari_long_period_variable table. It contains 1 720 588

Table 1. Catalogue content in numbers.

Selector Number of objects

LPV candidates in Gaia DR3 2 326 297
in classification table 2 325 775
in SOS table (2nd Gaia LPV catalogue) 1 720 588

including
LPVs with 0 < σπ/π < 0.15 91 912
LPVs with periods 392 240
LPVs with QR5> 0.2 mag 1 219 270
LPVs with QR5> 1.0 mag 157 029
LPVs classified as C-stars 546 468

Sources in the 1st Gaia LPV catalogue 151 761
with periods 89 617

Sources in both Gaia LPV catalogues 145 635
with periods in both 73 362

Fig. 1. Venn diagram of the repartition of the Gaia DR3 LPV candidates
in the vari_classifier_result table with best_class_name=LPV
(red, left in the figure) and vari_long_period_variable table
(green, right in the figure) published in Gaia DR3. The figure also
illustrate the subset of sources whose period is published in Gaia DR3,
all of which are part of the vari_long_period_variable table. All
sources, except one, are present in vari_classifier_result, but not
necessarily with best_class_name=LPV (see text).

sources. For simplicity, the vari_classifier_result and
vari_long_period_variable tables are referred to as “clas-
sification table” and “SOS table”, respectively, in the rest of this
paper. Altogether, there are 2 326 297 LPV candidates in Gaia
DR3, of which almost 75% are published in the second Gaia
LPV catalogue (SOS table). The numbers are summarised in
Table 1 and Fig. 1. The main body of this paper focusses on
the SOS table, while the classification table is briefly presented
in Appendix B.

The vast majority of the sources in the SOS table were
extracted from the set of LPV candidates among the classi-
fication table by applying the filters described in Sect. 2.1.
In addition, a small number of 522 Gaia DR3 sources that
were not classified as LPV candidates by the classification
module but nonetheless fulfil all the SOS selection criteria
for LPVs are present in the SOS table. Of these, 502 were
assigned (see Eyer et al. 2023, their Fig. 7) the best_class
type SYST (symbiotic stars) by the classification module, sug-
gesting that they are indeed valid LPV candidates, and 19 were
assigned the type BE|GCAS|SDOR|WR (B-type emission line star,
γ Cassiopeiae, S Doradus, or Wolf-Rayet star), which, if correct
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Table 2. Data fields available in the Gaia DR3 tables related to LPVs.

Data field name Description

*** Table vari_classifier_result
source_id Unique source identifier of the LPV candidate
best_class Equals “LPV” for all LPV candidates (a)

best_class_score Confidence (between 0 and 1) of the classifier in the identification of an LPV
*** Table vari_long_period_variable
source_id Unique source identifier of the LPV candidate
frequency Frequency of variability of the LPV [day−1]
frequency_error Uncertainty on the frequency of the LPV [day−1]
amplitude Half of the peak-to-peak amplitude of the best-fit model for the G-band light curve of the LPV [mag]
median_delta_wl_rp Median of the pseudo-wavelength separations between the two highest peaks in RP spectra
is_cstar Flag to mark C-star candidates

Notes. (a)With the exception of the 522 sources with a different type coming from the SOS processing channel.

(they are nevertheless very red), cannot be LPVs. The remaining
source, source 6715705353307835776, does not have any
best_class type. It was initially classified as a Cepheid, as
it was in DR2, but its classification has been questioned in the
course of the Gaia data analysis. It was consequently removed
from the classification results, but remained in the LPV table. Its
nature remains to be confirmed.

The attributes produced by the SOS module and published
in the SOS table are described in Sect. 2.2 and summarised in
Table 2. The period is published in the SOS table in the form of
the frequency and its associated error; see Sect. 2.2. We note that
the period of only a fraction of the LPV candidates is published
in the SOS table of Gaia DR3, as discussed in more detail in
Sect. 2.3. However, it is worth recalling that photometric time
series are published for all Gaia DR3 sources that are identified
as variables, thereby enabling the users to independently study
the variability of all Gaia DR3 LPV candidates.

2.1. Filtering criteria

We used the results of two sets of meta-classifiers from the clas-
sification pipeline to select the list of LPV candidates. One set
of meta-classifiers considered multi-class classifiers, and another
set used one-versus-rest classifiers (see Rimoldini et al. 2023).
Thresholds were used in these meta-classifiers to establish a pre-
liminary set of LPV candidates, together with a mixed crite-
rion involving the signal-to-noise ratio in the G time series, the
G magnitude, and the variability amplitude. We then selected
therein sources with GBP −GRP colours larger than 0.5 mag and
a 5–95% quantile range larger than 0.1 mag in the G band. From
the astrometric point of view, we restricted the sample to sources
for which the re-normalised unit weight error (RUWE) is avail-
able, and for which the number of visibility periods used in the
astrometric solution is greater than ten.

We finally imposed a lower threshold on the number NG of
data points in the cleaned G time series, and a minimum value
for the ratio of the number NRP of data points in the cleaned
GRP time series to that in G. These limits are different for the
classification and for the SOS tables. We took NG ≥ 9 and
NRP/NG > 0.5 for the classification table, and NG ≥ 12 and
NRP/NG > 0.8 for the SOS table. The limits were chosen to not
exclude too many sources and at the same time have sufficient
data points to determine period and colour. If more than 20% of
the GRP values were missed, the mean colour might be biased

significantly and affect the C-star classification. The limit on the
number of good data points led to the exclusion of several bright
nearby LPVs.

The catalogue of LPVs and the catalogue of short-timescale
variables published in vari_short_timescale (Eyer et al.
2023) have 3159 sources in common at the SOS level. We veri-
fied that the positions of those with good parallaxes in the abso-
lute colour-magnitude diagram (CMD) are compatible with the
location of LPVs.

2.2. Data fields

The following data fields are provided in our second Gaia cat-
alogue of LPV candidates published in the Gaia DR3 table
vari_long_period_variable1.

solution_id: Solution Identifier (long). All Gaia data
processed by the Data Processing and Analysis Consortium are
tagged with a solution identifier. This is a numeric field attached
to each table row that can be used to unequivocally identify the
version of all the subsystems that where used in the generation
of the data as well as the input data used2.

source_id: Unique source identifier (long). A unique sin-
gle numerical identifier of the source obtained from gaia_source
(for a detailed description, see gaia_source.source_id).

frequency: Frequency of the LPV (double, Frequency
[day−1]). This field is the frequency found for the LPV candi-
date. It is provided for a subset of the SOS table (see Fig. 1 and
Sect. 2.3).

frequency_error: Error on the frequency (float,
Frequency [day−1]). This field gives the error on the frequency
for the LPV candidate. See Sect. 2.3.

amplitude: Amplitude of the LPV variability (float,
Magnitude [mag]). This field gives the peak-to-peak semi-
amplitude in magnitude, based on a best-fit model (see Sect. 2.3).
It might differ from the observed magnitude range, which is
stored as trimmed_range_mag_g_fov in the Gaia archive table
vari_time_series_statistics and which can be retrieved
as described in Appendix E.

1 For a description of the data fields published in the
vari_classifier_result table, see Rimoldini et al. (2023).
2 To decode a given solution ID, visit https://gaia.esac.esa.
int/decoder/solnDecoder.jsp
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median_delta_wl_rp: Median of the pseudo-
wavelength separations between the two highest peaks in
the low-resolution RP spectra (float, dimensionless). The
wavelength difference between the two peaks is directly related
to the presence or absence of specific molecular bands.

This value is therefore used in the definition of the isCstar
parameter; see Sect. 2.4 for further explanation on its computa-
tion and usage. It is set to NaN when the spectrum does not allow
automatically identifying two maxima in a reliable way.

isCstar: Flag to mark C stars (Boolean, Dimensionless
[see description]). The parameter isCstar is set to TRUE if a
star has been identified as a C-star candidate based on the value
of the median_delta_wl_rp parameter derived from the RP spec-
trum shape. It is set to FALSE if it is an O-rich candidate. It is set
to NULL when the shape of the spectrum does not allow an auto-
matic classification between these two types of LPVs (i.e. when
median_delta_wl_rp is NaN). See Sect. 2.4 for more details.

Some parameters that had been part of the first LPV cat-
alogue are not included in this second catalogue, namely the
bolometric correction, the absolute magnitude computed with
the bolometric correction and the Gaia parallax, and the red
supergiant flag. All these parameters were problematic due to
the lack of reliable values for the interstellar extinction and red-
dening at DR2. This problem could not be solved for the DR3
analysis. With the large number of LPVs in the Galactic disc
and the extension of the catalogue towards lower brightness and
thus larger distances, the lack of a reliable interstellar extinction
would make values for the three mentioned parameters highly
uncertain for a very large fraction of the catalogue stars. How-
ever, these parameters are still kept in the internal data model and
will likely be published with DR4. For the meantime, we refer to
the formula for computing bolometric corrections for cool giants
from Gaia photometry, which our group has published in the
appendix of Lebzelter et al. (2018).

2.3. Period and amplitude determination

The periods of the G light curves of the LPV candidates were
searched using a standard least- squares method. For this, the G
time series were first cleaned from outliers as described in the
Gaia DR3 release documentation3. The frequency search range
was set to 0.0007 to 0.1 d−1 with a frequency step of 3.3·10−5 d−1.
The highest peak in the Fourier spectrum of each source was
considered for the exported period. No period was exported
when this result was below 35 d or above the total duration of
the obtained time series of that source. This was done to reduce
the risk of publishing spurious periods due to aliasing effects or
highly uncertain values on the long-period end. Figure 2 shows
a close-up of the period distribution between 35 and 250 days,
showing the distribution of published periods and the distribu-
tion of first periods determined for all LPV candidates in DR3
without filtering. In the latter case, a number of aliases are clearly
visible, to begin with, the signals at 1/2 yr and 1/4 yr. At 62.97
days, we find the signal corresponding to the Gaia precession
period (corresponding to 5.8 revolutions per year, i.e. a period of
365.25/5.8 days; see Gaia Collaboration 2016). Most of the other
peaks can be attributed to the interaction of the one-year period
with the precession period, which produce aliases at periods

Palias(k) =

(
1

62.97 days
±

k
365 days

)−1

, (1)

3 https://gea.esac.esa.int/archive/documentation/GDR3/

Fig. 2. Spurious signals in the period distribution. The histograms show
the distribution of periods derived for all Gaia DR3 LPV candidates
(red) and limited to the published periods (blue), showing the substan-
tial reduction of spurious signals in the latter. Vertical lines mark the
periods equal to half a year and one quarter of a year (black), the alias
caused by the Gaia spacecraft precession period Pprec. = 62.97 days
(yellow), and the spurious signals caused by the interaction of the latter
with the yearly observing window of Gaia. For visualisation purposes,
both histograms are limited to the range of 35–250 days, and normalised
to their maximum value over that interval.

for several integer values of k (see e.g., VanderPlas 2018). In
total, 872 693 stars do not have a period because of the short-
period limit. The computed period exceeded the total duration of
the time series for 25 797 stars, and hence they also do not have
a period entry in the catalogue.

Furthermore, periods are not published if a Spearman corre-
lation higher than 0.75 is observed between the image parameter
determination (IPD) goodness-of-fit time series and the G time
series. This would indicate a potential spurious variability in the
G band (see also Holl et al. 2023). Finally, the S/N in the G band
has to exceed 15 to include a period in the catalogue. In total,
periods are provided for 392 240 sources in the catalogue. The
filtering applied to select the periods to be published in DR3
is effective in rejecting a large number of spurious periods (see
Fig. 2), but a small fraction of them remain in the catalogue.

For the amplitude estimation, a Fourier series with up to
three harmonics is fit to the light curve using the previously
derived period. If a significant trend is present in the light curve,
it is accounted for by adding a linear term to the model used to
determine the amplitude. The published amplitude corresponds
to the amplitude of the fundamental harmonic of the Fourier
series (amplitude of the sine function, i.e. half peak-to-peak).

2.4. Identification of C stars

A significant new feature of this second Gaia catalogue of LPVs
with respect to the first catalogue published in Mowlavi et al.
(2018), in addition to the much higher number of candidates,
is the identification of carbon stars (C stars). The C/O ratio
in the atmospheres of these objects is higher than one as a
result of nucleosynthesis and mixing events on the asymp-
totic giant branch (AGB). This results in signatures of carbon-
bearing molecules such as CN or C2 dominating the spectrum,
while M-type stars are characterized by the molecular bands of
TiO and VO.
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Fig. 3. Low-resolution RP spectra of the O-rich star T Aqr (top panel)
and of the C-rich star RU Vir (bottom panel). Thin lines represent epoch
spectra, and the thick, darker lines are median spectra. Vertical dashed
lines indicate the value of the pseudo-wavelength at the most prominent
peaks of the median spectra. The arrows mark the distance in pseudo-
wavelength between the two highest peaks, 〈∆λ〉RP, whose value is indi-
cated. This is the adapted version of the figure published as Gaia image
of the week IoW_20181115.

For the identification of C stars among the LPVs, we used an
approach guided by a method based on narrow-band photometry
(Palmer & Wing 1982). The wavelengths of the band heads, and
thus the location of flux maxima and minima in the spectrum, are
very different for C- and M-type stars. The classical narrow-band
method places one filter at 778 nm and another at 812 nm. In C
stars, this corresponds to a pseudo-continuum point and a point
within the depression due to a band head, respectively, while for
M stars, the two filters measure the opposite.

For the Gaia RP spectra, a direct application of this approach
was not possible due to limits in resolution and wavelength cali-
bration. Figure 3 shows representative spectra of an M-type and
a C-type LPV, where the broad features that can be seen are the
result of molecular bands. A clear difference in the shape of the
spectra is obvious. In particular, we note a difference in the dis-
tance between the two highest peaks. For M-type stars, compar-
ison with the spectral catalogue from Lançon & Wood (2000)
suggests that the depression between the two highest peaks is
caused by the TiOδ (∆ν = 0) band near 900 nm. In the case of
C stars, the two highest peaks within the spectral range covered
by the RP spectra limit a strong CN band near 800 nm (compare
Gonneau et al. 2017).

The SOS module examines this feature in an automated way
by computing the pseudo-wavelength difference between the two
highest peaks in each RP spectrum of a given source, taking
the median value of the results, and storing it in the parame-
ter median_delta_wl_rp. In this approach we assume all stars
with median_delta_wl_rp> 7 to be C rich (isCstar = TRUE).

The distribution of the median_delta_wl_rp parameter for
all stars in the DR3 catalogue of LPV candidates is shown in the
left panel of Fig. 4. A random value of ε between −0.5 and 0.5
was added to the parameter 〈∆λ〉RP in order to smear out the
discretisation brought by the pixelisation and adopted number

of significant digits in the pseudo-wavelengths. The majority of
the sources are O-rich candidates according to our classification,
with median_delta_wl_rp values lower than 7. The selec-
tion of the limit of 7 to divide the two regimes in chemistry
was guided by the theoretical considerations mentioned above
and the location of the vast majority of spectroscopically iden-
tified C-rich stars in the literature (Figs. 4, right panel, and 5).
These latter sources were taken from Christlieb et al. (2001),
MacConnell (2003), Si et al. (2015), and Li et al. (2018) for the
C stars and from Speck et al. (2000) and Yung et al. (2014) for
the O-rich stars.

The candidates with median_delta_wl_rp > 12 deserve
some attention. Very few objects at these large pseudo-
wavelengths have a known chemistry from the literature, and
they contain both C-rich and O-rich stars (see the right panel
of Fig. 4). A preliminary investigation of a subsample of sources
in this region reveals that in these cases, the automatic algorithm
detected as the second maximum a peak that corresponds to a
molecular band farther to the blue. If the algorithm picks the
incorrect peak, no conclusion about the C-rich or O-rich nature
can be drawn. This likely results from lower S/N or observations
in crowded or highly reddened sky regions that might degrade
the shape of the observed RP spectrum, thereby compromising
the correct measurement of 〈∆λ〉RP. A large fraction of these
stars have GBP > 19 mag and are found preferentially at low
galactic latitudes.

We conclude that our selection method works very well for
objects with spectra of sufficient S/N, but becomes increasingly
uncertain for low-brightness stars. Problematic cases are in par-
ticular those with median_delta_wl_rp > 12, for which we
assume the classification to be highly uncertain. For this reason,
this parameter has been published together with the C-star flag.

We note a slight colour dependence for the lower limit of the
median_delta_wl_rp range for C stars, suggesting that for the
reddest stars (that are affected by high interstellar reddening), the
value of 7 may be slightly too low for the separation. To select a
sample of C stars from the SOS table, we recommend using 7 <
median_delta_wl_rp < 11 and GBP < 19 mag. Tests show that
limiting this sample further to objects with a period entry in the
SOS table and adapting the limit for the coolest stars to 7.5 or 8
provides the best results. In Appendix C.3 we suggest boundaries
in the GBP −GRP versus 〈∆λ〉RP plane to select C-rich and O-rich
stars, with low contamination from the other types of sources.

We also found a number of sources with negative values of
median_delta_wl_rp. In these cases, the peak on the blue side
of the molecular absorption band is slightly higher than the peak
on the red side. As a consequence, the median_delta_wl_rp
value is mirrored. This occurs more often for bluer objects where
the two peaks are of similar height. Comparison with our calibra-
tion sample from the literature shows that most of these objects
are O rich, as expected. Stars with a parameter value close to 0
hardly show any molecular bands and are likely of early spectral
type, in agreement with their GBP −GRP colour.

Finally, we identify a small group of objects with GBP −GRP
around 2.3 mag and median_delta_wl_rp = 13. A preliminary
study of objects in this area shows a significant fraction of stars
with a strong emission peak in their spectra that most likely cor-
responds to the Hα line. Comparison with literature studies on
individual members of this group supports the identification as
emission line stars, among them symbiotic stars and Bp stars.

The case of S-type stars deserves a special note. S stars are
significantly enhanced in 12C and s-process elements due to the
third dredge-up. While the optical spectrum is still dominated
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Fig. 4. Density-mapped distribution of the LPV candidates from the SOS table in the 〈∆λ〉RP vs. GBP − GRP plane. Density contour lines are
displayed in the left panel to highlight patterns in the diagram. In the right panel, sources spectroscopically identified in the literature as O-rich
(blue), C-rich (red), or S-stars (green) are displayed on top of the data from the SOS table. Random artificial errors −0.5 ≤ ε ≤ 0.5 have been
applied to 〈∆λ〉RP for visualisation purposes, in order to smooth out the artificial clustering of that parameter around a discrete set of value.

Fig. 5. Distribution of 〈∆λ〉RP for the SOS table (grey) and the sources
identified in the literature as O-rich (blue), C-rich (red), or S stars
(green).

by TiO, they are identified by the appearance of ZrO bands in
that wavelength range (Van Eck et al. 2017). Depending on the
amount of material that is mixed in the surface, S stars form a
kind of continuum from M- to C-type with subtypes MS, S, SC,
and CS. Taking a randomly selected sample of 644 S stars from
SIMBAD (those among the first 1000 S-type stars in SIMBAD
that have a cross-match with our catalogue), we find the vast
majority of them at median_delta_wl_rp < 7, that is, they
appear as O rich in the catalogue (Figs. 4, right panel, and 5).
A few S stars are found in the parameter range attributed to C
stars, and these may represent the fraction of S stars that is close
to spectral type C. While the classification of S stars with this
parameter will require further detailed analysis, we conclude that
most S stars will be classified as oxygen-rich in the second Gaia
LPV catalogue.

2.5. Comparison of DR3 and DR2

To compare the first and second Gaia catalogue of LPV
candidates, we have to distinguish between the classifica-
tion table and the more restrictive SOS table. For a proper
comparison of the two catalogues, we have to explain the

Fig. 6. Period distribution of LPV candidates from Gaia DR2 (red)
and Gaia DR3 (blue). Thin dashed lines are limited to sources with a
G-band amplitude larger than 1 mag (traced by the 5–95% interquantile
range, QR5(G)), which are mira candidates.

two-table structure that is found in the first and second
catalogue. In the first catalogue, we provided a table of
151 761 LPV candidates (vari_classifier_result) based
on number of observations, variability amplitude, colour, and
Abbe value. From this sample, a sub-sample was drawn for
which periods and a few further parameters were exported
(vari_long_period_variable). A small number of objects
were added to that second table from a different classification
path (see Mowlavi et al. 2018, for details), providing a sample of
89 617 objects. This latter sample can be considered the cleanest
selection of LPV candidates based on DR2 data.

For the second catalogue, selection criteria were slightly dif-
ferent, and the output consists, if we wish to draw a comparison
to the first catalogue, of three sub-samples. This is schemati-
cally shown in Fig. 1. Depending on which (sub-)samples we
compare, the increase in number from the first to the second
catalogue lies between 4 and 15. A better way of comparing
the two catalogues is shown in Figs. 6 and 7. In Fig. 6, the
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Fig. 7. Distribution of the G-band variability amplitude (traced by the
5–95% interquantile range, QR5(G)) for the Gaia DR3 LPV candidates
of the classification table (red), the SOS table (green), and those with
a published period (blue). The content of the Gaia DR2 catalogue of
LPV candidates (yellow), and its subset with periods published in DR2
(magenta), is also shown for comparison. A logarithmic scale is used
along the vertical axis.

Fig. 8. Density-mapped comparison of the periods published in DR2
and DR3 for the LPV candidates common to the two data releases. The
colour tone extends from blue to red and moves towards progressively
more densely populated areas of the plot.

period distributions of the DR2 and DR3 sub-samples with an
exported period are shown. In addition, we identified the fraction
of objects with an amplitude exceeding 1 mag in G. The general
shape of the distribution of the stars in the second catalogue is
very similar to that from the first catalogue, except for the addi-
tional group of objects with short periods down to 35 d and a
significant extension on the long-period end. The latter results
mainly from the extended time coverage of the light curves avail-
able in DR3. The various components visible in this distribu-
tion are discussed in Sect. 3.3. The distribution in amplitude
(Fig. 7) shows the most obvious difference again in the extended
parameter range. The number of objects that were added with
small amplitudes is very significant and completely dominates

Fig. 9. Sky distribution of the sources from the SOS table. The basic
parts of the Milky Way and several local group galaxies are clearly
visible.

the increase in object number for stars in the SOS table with-
out exported periods (green line in Fig. 7). However, we note an
increase among the large-amplitude variables as well, suggest-
ing that in DR2, many of them had remained undetected. The
difference between the SOS table and the classification table in
this diagram is discussed in Appendix B.

A comparison of the periods from DR3 with those from DR2
is presented in Fig. 8. The comparison was possible for 73 362
sources for which periods in both data releases exist. For 74% of
these objects, the periods agree within 10%. For the remaining
stars, various reasons for the observed difference can be detected
in Fig. 8. A small fraction of stars, visible in the upper left
and lower right corner, shows periods that differ by a factor of
ten. In these cases, we suspect that the star varies with a short
and a long secondary period, where one or the other had been
detected in our two studies. In addition, several structures are
visible in Fig. 8 that are a result of the sampling of the light
curves (VanderPlas 2018, see also Sect. 4.4.1). The quality of the
periods is evaluated in Sect. 4.4 by comparison with data from
OGLE-III, ASAS-SN, and a sample of well-observed Galactic
field stars.

3. Catalogue overview

In this section, we give an overview on the content of the DR3
Gaia LPV catalogue. We present the sky distribution of the LPV
candidates in the catalogue in Sect. 3.1 and the colour-magnitude
diagram in Sect. 3.2. We then summarise the variability proper-
ties in Sect. 3.3. The entire analysis is based on the SOS table.
The content of the classification table is briefly described in
Appendix B.

3.1. Sky distribution

The sky distribution of all DR3 LPV candidates is shown in
Fig. 9, where colour-coding indicates the object density. Several
structures can be identified easily because they harbour a large
number of LPVs: the Galactic disc, bulge, and halo are clearly
visible, as well as the extragalactic populations of the Magellanic
Clouds (the two concentration areas below the Galactic plane
at Galactic longitudes of about 285◦ for the Large Magellanic
Cloud (LMC) and 303◦ for the Small Magellanic Cloud (SMC))
and of the Sagittarius dwarf galaxy (elongated tail below the
Galactic bulge). On the lower left, M31 and M33 can be spotted.
Figure 10 shows a zoom into the region around M31. The over-
all shape of the galaxy is well reproduced by the detected LPV
candidates. Colour-coding shows that this sub-sample does not
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Fig. 10. Gaia DR3 LPV candidates in the field of M31 (in Galactic
coordinates), colour-coded according to their G-band amplitude (traced
by the 5–95% interquantile range). Grey symbols in the background are
reference sources from Gaia EDR3.

Fig. 11. Sky map towards Sgr dSph with Gaia DR3 LPV candi-
dates colour-coded according to their median G-band magnitude. Solid
lines represent the cuts applied to select sources in that galaxy (see
Table C.2).

contain a large fraction of miras, but many stars with a moderate
light amplitude. As further illustrated in Sect. 5.3, the sample is
dominated by supergiants that are located primarily in the galaxy
spiral arms, as shown in Fig. 10.

Another example of an interesting sky area with a high stel-
lar density is shown in Fig. 11. LPVs allow easily distinguish-
ing the Sgr dSph from the Galactic bulge in the foreground by
G-band brightness, as indicated by the colour-coding. Again we
refer to Sect. 5.3 for the further characterisation of the LPVs in
that galaxy. Further interesting sky maps in which the LPV can-
didates are marked are shown in Figs. C.4 and C.5.

3.2. Colour-magnitude diagram

In Fig. 12 we present G versus GBP − GRP CMDs for the LPV
candidates in the SOS table (left panel) and for only those LPVs

for which a period could be determined (right panel). The spread
in G magnitudes is largely due to distance effects. In both dia-
grams, the Magellanic Clouds can be clearly seen as a band at
G ≈ 15–16 mag. Colours on the horizontal axis result from the
temperature differences and interstellar and circumstellar red-
dening. Filtering criteria limited the blue end of the LPV range
to GBP − GRP = 0.5 mag. However, no objects are bluer than
GBP − GRP = 1.0 in our LPV database. We applied a cut for
objects in the lower left corner of Fig. 12. The characteris-
tics of objects that are blue, that is, not reddened, and that are
faint suggests that these objects are not LPVs. The removal was
applied when filtering from the classification to the SOS table,
so that these sources can be easily extracted from the classifica-
tion table. On the red end, GBP brightness drops below the Gaia
sensitivity limit, leading to a lack of objects in the bottom right
corner of the diagrams.

In the right panel of Fig. 12, only stars with an exported
period (see Sect. 2.3) are plotted. Of the criteria that were
applied to select periods for publication, the S/N limit of 15 has
the largest selection effect. This affects, interestingly, both the
brightest and the weakest objects, as can be seen in the CMD.
This hinders the determination of a reliable period. In addition,
LPV candidates in the lower left part of the diagram are intrin-
sically blue and comparably weak. The algorithm detected short
periods in most of these cases, which are below the limit of 35 d
that we set to export this parameter. An interesting feature is the
group of objects that is located along the sensitivity limit in the
BP filter described above. These are mainly C stars, as we dis-
cuss below.

Almost 92 000 of our LPV candidates have parallax uncer-
tainties smaller than 15%. These are plotted in an observational
Hertzsprung-Russell-diagram (HRD) in Fig. 13. No correction
of interstellar extinction was applied.

The majority of the LPV candidates are found along the
upper giant branch, which confirms their nature as highly
evolved red giants. Several objects brighter than this sequence
are variable red supergiants. At G ≈ 1.0 lies a group of likely
red clump stars.

The HRD gives a first impression of the content of the second
Gaia LPV catalogue. The bulk of the sources lies in the expected
region of AGB stars. Blue stars fainter than Gabs = −0.5 amount
to about 4% of the LPV candidates. We suspect them to be a
mixture of red clump stars and red giants. The blue end consists
of stars in the solar neighbourhood within a radius of 2 kpc, and
their magnitude corresponds to the brightness of the red clump.
A few red supergiants are also visible on the bright side of the
distribution. Red supergiants and highly reddened stars will be
more frequent in the catalogue than in the sample limited by
parallax uncertainty.

3.3. Variability properties

For all LPV candidates in the SOS table, the 5–95% interquan-
tile range QR5(G) can be extracted from the Gaia database. For
the subsample of 392 252 objects with periods, the second Gaia
LPV catalogue also includes the results of our model fits to the
observed data, namely frequency, frequency error, and G-band
model amplitude (half peak-to-peak; see Sect. 2.3). A compari-
son of QR5(G) and the model amplitude is presented in Fig. 14.
Because the model amplitude is half peak-to-peak, the general
trend between the two quantities corresponds to an inclination
of 0.5. Red lines in the plot indicate where the model amplitude
equals QR5(G), QR5(G)/2, and QR5(G)/3. This plot includes
only objects with a determined period. For large-amplitude
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Fig. 12. Density-mapped colour-magnitude diagrams in the Gaia passbands of the Gaia DR3 LPV candidates. The panel on the left includes all
sources in the SOS table, and in the right panel, the sample is limited to LPVs with periods published in Gaia DR3. Sources belonging to the
Magellanic Clouds are visible in both panels at 15 . G/mag . 16 and 1.5 . (GBP −GRP)/mag . 3.5.

Fig. 13. Similar to Fig. 12, but showing the colour vs. absolute magnitude diagrams. In both panels, the sample is limited to sources with positive
parallaxes and relative parallax uncertainties smaller than 15%.

objects, the majority of the sample shows model amplitudes in
agreement with QR5(G)/2. These are predominantly miras with
single periods, for which the model amplitude represents the
total light variation very well. The small-amplitude variables,
mostly multi-periodic, are mainly found below the QR5(G)/2
line, because here the model amplitude represents only a part
of the total light change. The majority is found between the
QR5(G)/2 and the QR5(G)/3 line. The mono-periodic model fit
thus reproduces between 66 and 100 % of the light amplitude.

We conclude that there is a dominant period in most of our stars
with exported periods, which is recovered by our model fit. The
fit of the observed light change with a monoperiodic model dete-
riorates when the smallest-amplitude variables in our catalogue
are considered, as is shown in lower left corner of Fig. 14.

Keeping the differences between model amplitude and the
observed QR5(G) amplitude in mind, we used the latter in the
following analysis because it is available for the complete SOS
table. As illustrated in Sect. 2.5, Fig. 7, the number of LPVs in
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Fig. 14. Twice the best-fit model amplitude in the G band compared to
the 5–95% interquantile range QR5(G) for the Gaia DR3 LPV sources
whose period has been retained for publication. The blue, red, and green
lines (from top to bottom) indicate where the model amplitude equals
2 QR5(G), QR5(G), or 2/3 QR5(G).

Fig. 15. Amplitude (5–95% interquantile range) distributions of the
LPV candidates. Blue shows all the sources in this second catalogue,
and green shows those that are flagged as C-star candidates therein.

the catalogue increases with decreasing amplitude for the com-
plete SOS table, while the subsample of objects with amplitudes
shows two peaks in its distribution around QR5(G) = 0.3 mag
and QR5(G) = 3 mag. Figure 15 shows that the amplitude distri-
bution of C stars is very similar to that of the complete sample.

As mentioned above, the longer time base of the second
Gaia LPV catalogue allowed extending the range of periods for
LPV candidates down to 35 d (Fig. 6), which is different to the
first catalogue, which stopped at 60 d. The distribution peaks
around a period of 350 d. However, the peak is a mixture of
large-amplitude mira-type variables and small-amplitude stars
(QR5(G) < 1 mag). Both groups contribute similarly to this peak.
A second, less clearly expressed peak around 150 d mainly con-
sists of small-amplitude LPVs with a minor contribution from
short-period miras. A shoulder in the distribution at the long-
period end indicates the increasing importance of long secondary
periods that are now accessible with the longer time coverage of
the DR3 light curves.

Except for the likely alias at 62.97 d (see Fig. 2), the period
distribution below 80 d is mostly flat (Fig. 6). An increase of
objects towards shorter periods is expected, as seen in large sur-

Fig. 16. Period-amplitude diagram of the Gaia DR3 LPV sources whose
period has been retained for publication. The amplitude is traced by the
5–95% interquantile range QR5(G). Several residual aliases are visible
at periods shorter than 100 days (see Fig. 2).

veys such as OGLE. However, the shorter-period objects will
tentatively also be intrinsically weaker, which means that a larger
fraction of these objects will be found at low apparent bright-
nesses, leading to S/N values that lie below our selection limit.
In addition, the irregularity of the light change is expected to
increase for shorter-period objects, so that the amplitude of the
strongest peak in the Fourier analysis may fall below the selec-
tion limit of 0.1 mag. While these objects have no exported peri-
ods, publication of all light curves allows exploring periodicities
within this group in detail.

The combination of the two parameters QR5(G) and period
gives a period-amplitude diagram of our subsample with peri-
ods (Fig. 16). We can identify several features in this diagram.
First, for periods below 100 d, there is a clear trend of amplitude
with period. The second obvious group of objects are the large-
amplitude stars. These are mainly miras. Starting at a period
of about 140 d, they also show a trend of increasing amplitude
with increasing period, although this trend is less clear between
300 and 400 d, where the trend is widened. This widening might
result from objects at the upper end of the first-overtone pulsa-
tion sequence. However, a complete parallel sequence extending
towards shorter periods is expected. An alternative explanation
might be that these objects are similar to W Hya, which is likely
an intermediate-mass fundamental-mode pulsator, which is thus
showing a smaller variability amplitude (Lebzelter et al. 2005).
The low-amplitude regime above 100 d shows no obvious corre-
lation of period and amplitude. The long-period end is of particu-
lar interest; it hosts the long secondary periods of LPVs. Whether
the long secondary period is indeed the dominant variability in
these stars or if the long period is more likely to be discovered
in the light-curve sampling will be investigated separately.

3.4. Light curves

We close this section by presenting some representative light
curves from the second Gaia LPV catalogue. For this presenta-
tion, we selected a randomly selected subset of light curves cov-
ering most of the parameter range of the catalogue (Figs. 17–19).
Some remarkable light curves spotted in this subset are shown,

A15, page 10 of 36



Lebzelter, T., et al.: A&A 674, A15 (2023)

Fig. 17. Example Gaia DR3 time series of LPV candidates. The GBP and GRP time series are offset by arbitrary amounts (indicated in the labels of
the vertical axes) for visualisation purposes. The green, blue, and red symbols represent time series in the G, GBP, and GRP filters. When the latter
two are simultaneous (within 10 seconds of each other), the colour GBP −GRP is displayed in purple.

but the complete dataset certainly contains many more interest-
ing light changes awaiting their discovery by the user.

Gaia DR3 4041339787733674752. This is a nice example
of a mira variable. The variation is well sampled in all three fil-
ters. This very red object can be found in the IRAS and WISE
databases, but its long-period variability has only been reported
in our first Gaia LPV catalogue. Although rather bright in G, it

did not appear in any previous variability surveys referenced in
SIMBAD.

Gaia DR3 4648180840876441856. Our second example is
a small-amplitude variable, classically an SRV. Within the time
span of Gaia measurements, the light change appears regular, as
the phase diagram shows. The colour curve (bottom) agrees with
expectations for a radially pulsating star.
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Fig. 18. Similar as Fig. 17 for another set of LPV candidates.

Gaia DR3 4656810976376449920. The Gaia light curve
shows a strange double minimum: the maximum is very broad
and flat. Almost two complete cycles have been covered, and the
phase plot confirms the regularity of this remarkable pattern. In
agreement with the literature (e.g., Westerlund et al. 1978), we
classified this objects as a C star. Because it lies in the direc-
tion of the LMC, its variability has previously been reported by
the MACHO, EROS-2, and OGLE surveys. The broad maximum

is also visible in the OGLE data. Soszyński et al. (2009) found
three periods of 252, 487.6, and 3906 d. Their second period
agrees well with the period derived from the Gaia data. They
also found a double-peaked minimum near JD 2454500, but not
every minimum seems to show this feature. There is no signature
of the very long period reported by OGLE in the Gaia data, but
the reason may be that only one fourth of the expected LSP is
covered. This object requires further investigation.
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Gaia DR3 4657867126062049536. The long-period vari-
ability of this star has been reported by Fraser et al. (2008), who
found from MACHO data a long primary period of 493 d and
a short secondary period of 55.86 d. The period in the seocnd
Gaia LPV catalogue is 443.6 d, which agrees well with the pri-
mary period from the MACHO data and the value given in the
first catalogue (415.11 d). The phase plot suggests that a short
period is present in addition to the primary period.

Gaia DR3 4658204779230519808. This variable has pre-
viously detected both from OGLE and EROS data with a long
period around 900 d and a short period of 70 d. The short period
agrees very well with the Gaia period, and the long period cor-
responds to the total time span that is covered by the Gaia data.
While we thus cannot confirm the long-period value, the pres-
ence of a trend cannot be excluded. This is a good example in
which the periodicity is not obvious from the plot against time,
but it is very clearly visible in the phase plot. The reason is that
the period is close to the precision period of Gaia.

Gaia DR3 4685568462473362816. In the litera-
ture, this SMC star has been classified as carbon rich
(Morgan & Hatzidimitriou 1995) and as a long-period variable
(Soszyński et al. 2011), with two periods of 120 and 225 d. The
star has been identified as a C star in our analysis as well, and
the period of 200.3 d matches the longer period in the literature
well, considering the semiregular variability of the star, which
can be seen in the Gaia light curve.

Gaia DR3 4688776803039562240. This is another LPV in the
SMC (Soszyński et al. 2011). Remarkably, the BP light change
could be followed down to 22 mag, corresponding to the sen-
sitivity limit of Gaia. The catalogue period agrees well with
the period from the first Gaia LPV catalogue and that from the
OGLE catalogue.

Gaia DR3 4688827449319822464. Variability occurs on a
timescale of more than 500 days, and the Gaia light curve covers
almost two cycles. The star was noted as an LPV in the first
catalogue with a similar period, but nowhere else according to
SIMBAD. Because the total amplitude is only about 0.5 mag,
it is not a mira, therefore the 522-day period might be a long
secondary period of an SRV. However, indications for short time
variations are rather weak.

Gaia DR3 4689049859923714944. The light change in this
object is not completely regular. The period has been slightly
revised from the first Gaia LPV catalogue value of 429.7 to
449.1 d. The star is in the direction of the SMC and likely a mem-
ber of it based on its location in the colour-magnitude diagram,
as already noted by Boyer et al. (2011).

Gaia DR3 5249977261678575488. This variable has not
been reported before in the literature according to SIMBAD. It
was not part of the first Gaia LPV catalogue either, in agreement
with its amplitude being lower than the selection limit. The phase
diagram is compatible with a semiregular variability with mul-
tiple periods and amplitude variation. Using its period, parallax,
and 2MASS K magnitude, we can place this star on sequence B
in the period-luminosity diagram.

Gaia DR3 5544040787525060352. The derived period of
702.8 d is based on only one completely covered light cycle.
Even that was not possible in the first catalogue, which explains
the period of more than 1000 days assumed there. The light curve
is highly asymmetric, which can be seen both in the G band and

Fig. 19. Similar as Fig. 17 for another LPV source.

in the colour curve. This is a rather nearby object at a distance
1.46 kpc. In the period-luminosity diagram of solar neighbour-
hood LPVs (Sect. 5.1), the star falls on sequence D, suggesting
we see a long secondary period.

Gaia DR3 5698432316205376384. This star is V507 Pup, a
well-known C star. Its spectral classification could be recov-
ered with our classification method (median_deltawl_rp = 8.6).
The period from the first catalogue has been revised by more
than 10%. Interestingly, this excellent example of a compara-
bly bright mira-like variable has not been reported as an LPV
before the Gaia mission, according to SIMBAD. The Gen-
eral Catalogue of Variable Stars reports Takamizawa as discov-
erer of the variability in 2000, but the publication is no longer
accessible.

Gaia DR3 5725051428294794496. Nothing could be
found on this star in the literature. The variability amplitude is
small, but the phased light curve shows a clear periodic variabil-
ity with a period of 51.7 d.

Gaia DR3 5829160851462523008. The variability of this
object has been unknown before, according to SIMBAD.
The phased light curve reveals a regular light change of
90.5 d.

Gaia DR3 6143910863930292224. This is V372 Cen, a
known mira. Several studies give consistent periods of about
315 d, in agreement with the findings from Gaia.

Gaia DR3 6384141235335324800. This is variable at the
lower end of the amplitude range in our catalogue. Two cycles
of its one-year period have been covered. A period in addition
to the 365.9 d is very likely. Variability has not been reported
before, according to SIMBAD.

Gaia DR3 4661772144657955456. This star shows a very
unusual light change with a long plateau, showing constant
brightness for about 200 days. Westerlund et al. (1981) identi-
fied the star as an M-type supergiant. The spectral classification
agrees with our result. From three radial velocity measurements
at different epochs with a total velocity range of 11 km s−1,
Dorda & Patrick (2021) identified the star as a binary. Except for
its entry in the first Gaia LPV catalogue, it has not been reported
as variable in SIMBAD. The shape of our light curve recalls a
binary, but the primary minimum is very broad. Further confir-
mations of radial velocity measurements are needed.
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4. Catalogue quality

4.1. Completeness

We estimated the completeness of the second Gaia catalogue of
LPV candidates by using a number of public LPV datasets as
references, namely the catalogues from OGLE and from the All-
Sky Automated Survey for SuperNovae (ASAS-SN). We recall
that our analysis is limited to the Gaia DR3 sources that were
published as a result of the processing from the SOS module. As
shown in the following, this dataset includes the majority of the
LPVs that were previously known from the reference datasets.
However, many of the missing sources can still be found in the
Gaia DR3 table of LPVs that is produced by the classification
module (as discussed in Sect. 2; see Rimoldini et al. 2023), and
their photometric time series are published in Gaia DR3. A brief
completeness analysis including the latter sources is presented
in Appendix B.1.

4.1.1. Comparison with OGLE

The catalogues of LPVs in the Magellanic Clouds and Galactic
Bulge (Soszyński et al. 2009, 2011, 2013) produced within the
third phase of the Optical Gravitational Lensing Experiment
(OGLE-III) represent one of the highest-quality datasets for
studying these stars, and an appropriate reference for validat-
ing the second Gaia catalogue of LPV candidates. They con-
sist of a total 343 785 sources observed in the V and I filters,
and provide mean magnitudes as well as three variability peri-
ods (and the three corresponding amplitudes in the I band) for
each source. Each LPV is assigned one of the three variability
sub-types mira, SRV, and OGLE Small-Amplitude Red Giant
(OSARG; Wray et al. 2004). In addition, LPVs in the Magel-
lanic Clouds are classified as O or C rich based on their optical
and near-infrared photometric properties (Soszyński et al. 2009).

A preliminary cross-match of the Gaia DR3 and OGLE-III
LPV catalogues showed that the mean angular separation of the
matched sources is about 0.1′′, and that a maximum cross-match
radius of 2′′ is a reasonable choice to minimise mismatches. In
order to consistently compare the two datasets, the OGLE-III
sample needs to be restricted to sources with relatively large
amplitude, thereby reproducing the filter applied in the construc-
tion our catalogue. To do this, we examined the matched sources
in terms of the relation of the Gaia G-band 5–95% interquan-
tile range, QR5(G), and the OGLE-III primary amplitude in the
I band, ∆I1 (Fig. 20). For 0.1 ≤ QR5(G)/mag < 0.11 (i.e. near
the level of the amplitude cut applied to Gaia LPV candidates),
the distribution of ∆I1 peaks at about 0.03 mag. We therefore
restricted the OGLE-III dataset to sources with a primary ampli-
tude larger than this value.

Furthermore, the OGLE-III catalogue sky coverage is lim-
ited to a mosaic of fields of view towards the Magellanic Clouds
and in the direction of the bulge. We restricted the OGLE-III
and Gaia DR3 samples to a set of common sky regions for the
purpose of comparing the two catalogues (see Appendix C.1 for
more details).

The OGLE-III sample limited in amplitude and sky cover-
age is hereafter referred to as the restricted OGLE-III catalogue.
It consists of 84 897 sources, 70 395 of which have a Gaia DR3
LPV match within 2′′, corresponding to a global recovery rate
of 82.9%. An overview of the numbers of successfully matched
sources is given in Table 3. For each selection, the table gives
the number of sources in the restricted OGLE-III catalogue (fil-
tered by amplitude and sky position), the number of such sources
in the second Gaia catalogue of LPV candidates, and the cor-

Fig. 20. Comparison between the Gaia G-band amplitude (traced by the
5–95% interquantile range, QR5(G)) of the Gaia DR3 LPV candidates
and the primary I-band amplitude, ∆I1, of their best-match OGLE-III
sources.

responding recovery rate (the ratio of the latter to the former).
The selections involving chemical types are further limited to
the Magellanic Clouds and rely on the OGLE-III spectral type
classification.

The recovery rates corresponding to OSARGs, SRVs, and
miras are 76.8%, 92.1%, and 80.1%, respectively. We recall
that OSARG is an OGLE-specific variability type consisting of
small-amplitude multi-periodic red giants that would be clas-
sified as SR or irregular variables according to the traditional
scheme. Therefore, it is not surprising that more than 20% of
these sources are not recovered even after limiting the OGLE-III
sample to stars with ∆I1 > 0.03 mag, especially since the latter
condition cannot possibly reproduce exactly the QR5(G) filter
applied to the Gaia dataset.

Because SRVs and miras have a larger amplitude than
OSARGs, the corresponding recovery rates are also expected to
be higher. This is the case for SRVs, while the recovery rate of
miras is only moderately high, a fact that can be explained by
analysing the miras of O- and C-rich composition separately. To
do this, we adopted the chemical types assigned to LPVs in the
MCs in the OGLE-III sample. As O-rich miras have a 95.1%
recovery rate, it is clear that the issue lies with the C-rich miras,
which are often faint at visual wavelengths. The mean G-band
distribution of unmatched sources peaks at ∼19.5 mag, which
is about 4 magnitudes fainter than the peak value for matched
sources. This supports the idea that the optically faint sources
have been rejected. We note that at 1.1 µm, the OGLE I band is
still at ∼20% of its nominal peak transmissivity, whereas at that
wavelength, the transmissivity of the Gaia G and GRP bands is
almost zero, which explains why a number of C-rich miras that
are relatively faint in the optical are within reach of OGLE, but
are less easily observed by Gaia. We note that a non-negligible
fraction of these lost C-rich miras can still be found among the
Gaia DR3 LPV candidates that are published as output of the
classification module (see Appendix B.1).

The OGLE collection of LPVs has recently been updated
with the publication of time series and mean properties for
about 66 000 miras in the Galactic bulge and disc (Iwanek et al.
2022) that have been observed as part of the fourth phase of
OGLE (OGLE-IV). We examined this dataset separately from
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Table 3. Recovery rates of different sub-types of LPVs candidates with
respect to the OGLE-III.

Selection OGLE-III Matched≤ 2′′ Recovery rate

LPV candidates
All 84 897 70 395 82.9%
BLG 55 644 45 659 82.1%
LMC 25 015 21 370 85.4%
SMC 4 238 3 366 79.4%
Mira 5 843 4 679 80.1%
O-Mira 494 470 95.1%
C-Mira 1 479 1 006 68.0%
SRV 32 630 30 063 92.1%
O-SRV 6 413 5 874 91.6%
C-SRV 6 461 6 144 95.1%
OSARG 46 424 35 653 76.8%

With period published in Gaia DR3
All 84 897 29 865 35.2%
BLG 55 644 17 039 30.6%
LMC 25 015 10 667 42.6%
SMC 4 238 2 159 50.9%
Mira 5 843 4 436 75.9%
O-Mira 494 452 91.5%
C-Mira 1 479 851 57.5%
SRV 32 630 15 018 46.0%
O-SRV 6 413 3 384 52.8%
C-SRV 6 461 3 563 55.1%
OSARG 46 424 10 411 22.4%

Table 4. Similar to Table 3, but illustrating the recovery rate relative to
the OGLE-IV catalogue of miras.

Selection OGLE-IV Matched≤ 2′′ Recovery rate

LPV candidates
Mira 50 311 43 232 85.9%
BLG-Mira 33 806 28 292 83.7%
GD-Mira 16 505 14 940 90.5%

With period published in Gaia DR3
Mira 50 311 41 696 82.9%
BLG-Mira 33 806 27 138 80.3%
GD-Mira 16 505 14 558 88.2%

the OGLE-III catalogue as it is limited to miras, and therefore
requires no amplitude limitation. However, we applied a selec-
tion to identify a common sky area, as was done for OGLE-III,
and as detailed in Appendix C.1.

This restricted OGLE-IV catalogue contains 50 311 miras,
43 232 of which have a counterpart within 2′′ in the second Gaia
catalogue of LPV candidates (Table 4). This corresponds to a
recovery rate of 85.9%, about 5% better than the value relative to
OGLE-III miras. The recovery rate is slightly better (about 90%)
in the Galactic disc than in the more crowded bulge (about 84%).

4.1.2. Comparison with ASAS-SN

Using time series collected by the All-Sky Automated
Survey for SuperNovae (ASAS-SN; Kochanek et al. 2017),
Jayasinghe et al. (2021, see also references therein) have being
progressively building a catalogue of variable stars that is suit-
able for validating the second catalogue of Gaia LPV candi-

Table 5. Number of sources in different selections in the ASAS-SN
sample (limited to amplitudes larger than 0.15 mag), and number of
these sources that were successfully matched with the Gaia DR3 cat-
alogue of LPVs.

Selection ASAS-SN Matched≤ 42′′ Recovery rate

LPV candidates
LPV 225 726 177 346 78.6%
Mira 11 249 10 018 89.1%
SR 139 980 111 375 79.6%
L 74 497 55 953 75.1%

With period published in Gaia DR3
LPV 225 726 98 219 43.5%
Mira 11 249 9871 87.8%
SR 139 980 60 746 43.4%
L 74 497 27 602 37.1%

With period published in ASAS-SN
LPV 225 726 123 513 54.7%
Mira 11 249 10 432 92.7%
SR 139 980 113 081 80.8%

With period published in Gaia DR3 and in ASAS-SN
LPV 225 726 70 409 31.2%
Mira 11 249 9663 85.9%
SR 139 980 60 746 43.4%

Notes. The ratio of the latter to the former gives the recovery rate.

dates over the whole sky. It consists of 687 695 sources that
were primarily observed in the V band. Variability types were
assigned by means of a random forest classifier. The classifica-
tion includes mira (M), SR, and irregular (L) variables (which
can collectively be considered as LPVs), as well as a number of
other variability types. The variability amplitude in the V band
is provided for each source, but the period is only given for cer-
tain variability types. In particular, a period is provided for both
miras and SRs, but not for L variables.

In Table 5 we provide an overview of the recovery rates
associated with distinct selections of LPVs. We find a fairly
good recovery rate for miras and moderately high recovery rates
for SR and L variables. We recall that the ASAS-SN SR vari-
ables are not the same type of object as the OGLE-III SRVs,
even though the two overlap significantly. Similarly, OGLE-III
OSARGs overlap the SR and L groups of ASAS-SN. All four
groups are characterised by amplitudes that are systematically
smaller than those of miras, and from this point of view, the
recovery rates with respect to ASAS-SN sources are globally
consistent with those resulting from the comparison with the
OGLE-III data.

However, we note that the comparison between Gaia DR3
and ASAS-SN in terms of variability amplitude is more com-
plex than in the case of OGLE-III sources. This is shown in
Fig. 21, which shows the relation of the Gaia G-band 5–95%
interquantile range, QR5(G), and the ASAS-SN V-band ampli-
tude, ∆V , for the matched sources. In contrast with the case
of the OGLE-III cross match (see Fig. 20), a large fraction
of sources exists whose ASAS-SN amplitude is unexpectedly
small given the amplitude derived from Gaia DR3 light curves.
These sources are frequently located in the neighbourhood of
the Galactic plane, where ASAS-SN LPVs indeed have a strong
tendency to display a small variability amplitude. This behaviour
can be attributed to the fact that the observed light curve of a vari-
able star can appear to be compressed if the star lies in a crowded
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Fig. 21. Comparison of the G-band amplitude (QR5(G)) of Gaia DR3 LPV candidates and the V-band amplitude ∆V of their best-match ASAS-SN
sources. Left panel: direct comparison, limited to sources that are classified as LPVs in ASAS-SN. Data points are colour-coded according to
the absolute value of their Galactic latitude, and the green density contour lines show the location of ASAS-SN sources that are classified as
miras. Right panel: distribution in Galactic coordinates of the same sample, but limited to QR5(G) > 1 mag (i.e. sources with a large enough
Gaia amplitude to be considered mira candidates), colour-coded by the value of the ASAS-SN amplitude. We note that random artificial errors
−0.01 ≤ ε ≤ 0.01 have been added to the ASAS-SN amplitudes in the left panel to smooth out artefacts (evident in logarithmic scale) caused by
the limited precision with which these values are provided.

region of the sky, so that the measured amplitude is smaller than
the true value (Riess et al. 2020). Owing to its higher spatial
resolution, Gaia provides light curves that are substantially less
affected by crowding and better represent the true variability of
the observed LPVs.

Because of this effect, a fraction of miras are probably incor-
rectly classified as SR or L variables in the ASAS-SN cata-
logue. The 89.1% recovery rate of ASAS-SN miras therefore
should probably rather be considered as an upper limit, and the
corresponding recovery rates of SR and L variables represent
lower limits.

4.1.3. Comparison with LPVs from the Bright Star Catalogue

The Bright Star catalogue (Hoffleit 1991) includes 251 objects
that are classified either as mira or as LPV in SIMBAD. We
cross-correlated them with median G< 9 mag4 objects from the
Gaia DR3 LPV catalogue with a search radius of 5′′ (however,
except for one prominent star, o Cet, the coordinates matched
to better than 2′′). In this way, we identified 40% of the bright
stars in the SOS table and an additional 11% in the classifica-
tion table. The bright stars that we did not find in our catalogue
include prominent supergiants such as αOri or µGem, but a total
of 23 (74%) of the bright miras are present in the SOS table,
22 of them with periods. One obvious reason for the exclusion
of a star was that the stellar flux was close to or exceeded the
Gaia limits on the very bright side. This is illustrated in Fig. 22,
which shows the distribution of V magnitudes of the LPVs from
the Bright Star catalogue. In the transition region V = 5–6.5 mag
lies an increasing fraction of bright stars that are included in our
LPV catalogue. Mira itself (o Cet) is not included in the SOS
table because of the missing RUWE parameter and because there
are too few visibility periods.

The parallax errors of the included bright stars are typi-
cally smaller than 10% of the parallax. The Gaia DR3 dis-

4 The Bright Star catalogue also includes stars when they are brighter
than V = 7 at some phase of their light curve. This is true for some
miras. We thus set the limit to G = 9.

Fig. 22. Brightness distribution of Bright Star catalogue stars included
in (red) or missing from (blue) the Gaia DR3 LPV catalogue.

tances of these stars fall between 100 and 1000 pc, which seems
reasonable.

4.2. New LPV candidates

Our catalogue includes a large number of newly discovered LPV
candidates. In order to characterise these new discoveries, we
again relied on a comparison with the OGLE-III and ASAS-SN
catalogues, limited to sources that are classified as LPVs there,
and filtered by amplitude and sky position. Table 6 gives an
overview of this comparison and provides estimated discovery
rates. As references, we took the OGLE-III catalogue of LPVs
in the bulge, LMC, and SMC, and the LPVs in the ASAS-SN
catalogue of pulsating stars. We selected only the sources with
a large enough amplitude to be compared with Gaia DR3 (see
Sect. 4.1.1 and 4.1.2), and performed the comparison over sky
areas in which Gaia and the reference catalogues overlap. For
each catalogue, we present the number of known such sources
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Table 6. Overview of newly discovered LPV candidates with respect to literature data.

Literature data Gaia DR3
Catalogue Selection LPV candidates With published period

New Discovery rate New Discovery rate

OGLE-III 84 897 74 630 87.9% 13 746 16.2%
LMC 25 015 1 008 4.0% 284 1.1%
SMC 4238 215 5.1% 138 3.3%
BLG 55 644 73 407 131.9% 13 324 23.9%

ASAS-SN (a) 225 726 1 522 105 674.3% 285 202 126.3%

Notes. (a)Limited to sources hat are tclassified as LPVs (mira, SRV, irregular) in ASAS-SN.

Fig. 23. Brightness distribution in the Gaia G band of the LPV candidates in the selected sky area towards the MCs (left panel) and the Galactic
bulge (right panel) in common with the OGLE-III catalogue. The blue and green curve correspond to the recovered sources (matched with OGLE-
III within 2′′) and the new candidates (not matched with OGLE-III), respectively, and the red curve includes them both. In the left panel, the counts
associated with the green curve have been enhanced by a factor 20 for visual clarity.

and of the new sources from the Gaia DR3 LPV catalogue. The
discovery rates are expressed as the ratio of new discoveries to
the selected sources (regardless of whether they have a match in
the Gaia DR3 LPV catalogue)

The number of newly discovered LPV candidates towards
the fields explored by OGLE-III is comparable with the num-
ber of sources that are known from this catalogue. The rate
of new discoveries is about 88%. A closer inspection reveals
that the vast majority of them are located towards the Galactic
bulge, whereas the newly discovered LPV candidates towards
the Magellanic Clouds represent just about 4-5% of the pre-
viously known sources. As illustrated in the right panel of
Fig. 23, most of these new sources are either relatively faint
(G & 16 mag) or bright (G . 14.5 mag). In contrast, most of the
LPVs in the brightness range covered by the OGLE-III sample
are already known from OGLE-III.

In our comparison to the ASAS-SN catalogue, we find 6.7
times more new candidates than known LPVs in that survey. They
are also relatively faint sources (see Fig. 24) and tend to be located
in the direction of the Galactic bulge and plane. Their observation
was possible through the deeper reach and higher spatial resolu-
tion of Gaia compared with the ASAS-SN telescopes.

4.3. Contamination

The ASAS-SN catalogue of pulsating stars is not limited to
LPVs, but rather includes a number of sources of other variabil-
ity types. Under the assumption that the ASAS-SN automated

Fig. 24. Similar to Fig. 23, but for the cross match with the ASAS-SN
catalogue of pulsating stars.

classification is correct, this would allow us to assess the con-
tamination rate from non-LPV sources in the Gaia catalogue.

Of the LPV candidates that are matched with the restricted
ASAS-SN catalogue, 3628 are not classified in ASAS-SN as
LPVs, which corresponds to a global contamination rate of 2.0%
(estimated as the ratio of the number of such sources to the
total number of matched LPV candidates). However, the most
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Table 7. Number of Gaia DR3 LPV candidates that are matched with
the restricted ASAS-SN, but are not classified as LPVs there.

ASAS-SN type Matched≤ 2′′ Percentage

YSO 544 0.3%
ROT 335 0.2%
Ecl., Cep., RRL 63 0.04%
Other 337 0.1%
Total 1279 0.7%
unclassified (VAR) 2349 1.3%

Notes. The right column gives the fraction of such stars with respect to
the total number of matched sources and is an indicator of the contami-
nation rates.

Fig. 25. Comparison of the period published for Gaia DR3 LPV can-
didates and the primary period of their best-match counterparts in the
restricted OGLE-III catalogue.

numerous group of non-LPV sources (2349) are classified in
ASAS-SN as generic variable stars (VAR), which realistically
include unclassified LPVs (Table 7). If all of them were in
fact LPVs, the contamination rate would be as low as 0.7%.
Therefore, the true contamination rate lies between these 0.7%
and 2.0%. When we exclude these generic variables, the most
numerous class of contaminants consists of young stellar objects
(YSOs), followed by rotational variables (ROT), with contam-
ination rates of 0.2% and 0.3%, respectively. These sources of
contamination are expected because they are variables and their
colours are similar to those of LPVs. We caution that because
these are comparatively faint sources, the fraction of such con-
taminants will be larger in volume-limited samples of relatively
nearby stars.

Finally, we considered the case of other relevant types of
variable stars, namely classical pulsators (classical Cepheids
and RR Lyrae) and eclipsing binaries. These sources, whose
behaviour might be mistaken as long-period variability, result in
a collective contamination rate of 0.04%. All remaining variabil-
ity times listed in the ASAS-SN catalogue produce a contamina-
tion at a 0.1% level.

4.4. Period recovery

When comparing the periods in the second Gaia LPV catalogue
with values from the literature, we have to keep in mind that
LPVs are known to show cycle-to-cycle variations in period
length. SRVs (and OSARGs) are by definition known to have
changing periods and to alternate between different pulsation
modes (which entails changes in period in the sense that the
observed primary period becomes different). Most miras show
changes in periods that Zijlstra & Bedding (2002) described as
a normal period jitter of about 5% in period length. In addition,
these authors identified continuous, sudden, or meandering (see
also Uttenthaler et al. 2011) period variations in a few percent of
the miras with an increasing fraction among long-period miras.
This can lead to real period changes of several percent over a
decade, a time span that corresponds to the difference between
OGLE-III and Gaia. Therefore, we chose a deviation of less than
10% between Gaia and literature values as an appropriate indi-
cator for period compatibility. This should also account for dif-
ferences in the method of period determination and in the sam-
pling of the analysed time series between Gaia and OGLE or
ASAS-SN.

4.4.1. Comparison with OGLE-III

As indicated in Table 3, for 29 865 of the LPV candidates that
matched with OGLE-III, the period was retained for publication
in Gaia DR3 (Table 3). This number corresponds to 41.1% of
the matched sources and 35.2% of the sources in the restricted
OGLE-III catalogue. This apparently small fraction is entirely
expected because the photometric time series collected by the
OGLE program are substantially longer than Gaia observations,
and they are often more densely sampled. Nonetheless, we find
a reasonably good compatibility of periods, as illustrated in
Fig. 25. In order to quantify this, we considered the relative dif-
ference between the Gaia DR3 period and the a reference value
from OGLE-III, which can be either the primary period P1,OGLE
or the period Pc,OGLE (of the three published by OGLE) whose
value is closest to the Gaia DR3 period,

δP1 =

∣∣∣PGaia − P1,OGLE
∣∣∣

P1,OGLE
, δPc =

∣∣∣PGaia − Pc,OGLE
∣∣∣

Pc,OGLE
. (2)

The adoption of the latter indicator allows us to account for
the fact that because OGLE-III provides three periods for each
source, there is no guarantee that the strongest periodic sig-
nal seen by Gaia corresponds to the variability that is observed
by OGLE, especially given the different sampling and coverage
of the two surveys. Moreover, the time intervals during which
Gaia and OGLE observed do not overlap, so there is a reason-
able chance that the dominant pulsation period of some SRVs
and OSARGs has changed. We also considered the differences
between the corresponding frequencies,

δν1 =
∣∣∣νGaia − ν1,OGLE

∣∣∣ , δνc =
∣∣∣νGaia − νc,OGLE

∣∣∣ , (3)

which we can compare with the frequency uncertainty published
for DR3 LPV candidates. We indicate them as εν,Gaia (corre-
sponding to the quantity frequency_error of Table 2).

An overview of the period compatibility between Gaia DR3
and OGLE-III is provided in Table 8. About half of the LPV
candidates that are matched with OGLE-III and have a pub-
lished period in DR3 are within 20% of the primary OGLE-III
period, while this compatibility is achieved for two out of three
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Table 8. Number Nxm of LPV candidates with a published period in DR3 that have a match within 2′′ with the restricted OGLE-III sample, and
the number and fraction of them whose period is compatible with the OGLE-III value.

Selection Nxm δP1 < 0.1 δPc < 0.1 δP1 < 0.2 δPc < 0.2 δν1 < ε
Gaia
ν δνc < ε

Gaia
ν

All 29 865 12 797 16 754 14 457 19 710 13 560 19 691
(42.8%) (56.1%) (48.4%) (66.0%) (45.4%) (65.9%)

Mira 4436 4290 4310 4340 4360 3948 3970
(96.7%) (97.2%) (97.8%) (98.3%) (89.0%) (89.5%)

SRV 15 018 4856 7441 5523 8953 5031 9018
(32.3%) (49.5%) (36.8%) (59.6%) (33.5%) (60.0%)

OSARG 10 411 3651 5003 4594 6397 4581 6703
(35.1%) (48.1%) (44.1%) (61.4%) (44.0%) (64.4%)

Notes. The period compatibility is evaluated in terms of the difference in period (δP1, δPc, see Eq. (2)) or frequency (δν1, δνc, see Eq. (3)).

LPV candidates when the comparison is made with the clos-
est OGLE-III period. As expected, the vast majority of miras
has a high degree of period compatibility, as they display well-
developed mono-periodic variations. For SRVs, which are often
multi-periodic, only about 37% of the LPV candidates have
a period within 20% of the primary OGLE-III period. How-
ever, when the comparison is made with respect to the closest
OGLE-III period, the fraction of compatible SRVs is almost dou-
bled. We find a similar situation for the OSARG variables.

Overall, the fraction of sources whose period is compati-
ble with the OGLE-III data decreases when sources with pro-
gressively less regular light curves are considered, that is, when
instead of miras, SRVs and OSARGs are considered. However,
the compatibility tends to be slightly higher for OSARGs than
for SRVs, even though the former have more regular light curves
on average. The reason for this result is likely that OSARGs
oscillate in several radial and non-radial modes that have sim-
ilar periods, in particular, when two modes with the same radial
order and different angular degree are compared. Hence there is a
relatively high probability that one of the OGLE-III periods and
the Gaia DR3 period are compatible according to our metrics,
even though they do not result from the same oscillation mode.

Figures 25 and 26 illustrate the compatibility between the
Gaia DR3 and OGLE-III periods. It is worth clarifying the
patterns appearing in these diagrams, which are highlighted in
Fig. 27. The diagonal trends (straight black lines) indicate that
the Gaia period is the same as the OGLE-III period, or that it
is half or twice that value (meaning that the light curve devi-
ates significantly from a purely sinusoidal shape and has strong
higher harmonic components). The coloured curves in Fig. 27
correspond to failure modes associated with aliases, and have
the expressions (e.g., VanderPlas 2018)

PGaia =

∣∣∣∣∣∣ m
P1,OGLE

± nδν

∣∣∣∣∣∣−1

. (4)

In particular, the magenta curves indicate the pattern resulting
from δν = 1/yr (with m = 1, n = 2), the alias due to the seasonal
gap in the OGLE ground-based observations. The red, green, and
blue curves, on the other hand, are caused by aliases affecting the
Gaia time series, which are indicated by the horizontal lines of
the same colours. They corresponds to δν = 1/62.97 days, result-
ing from the Gaia precession period and its associated features
at ∼47 days and ∼54 days (corresponding to k = 2, 3 in Eq. (1)).

Figure 28 illustrates the period comparison of the Gaia DR3
LPV candidates and the miras from the restricted OGLE-IV cat-
alogue. There is very little scatter around the diagonal, indicating
a high degree of period compatibility. Out of 41 696 miras in the

Fig. 26. Similar to Fig. 25, but showing the OGLE-III period whose
value is closest to the Gaia DR3 period in each source, rather than the
primary period from OGLE-III.

restricted OGLE-IV catalogue that have a counterpart DR3 LPV
candidate with a published period in DR3, more than 96% have
periods that are compatible within 20%, and for more than 94%,
the period differs from the OGLE-IV value by less than 10%
(Table 9).

4.4.2. Comparison with ASAS-SN

The ASAS-SN catalogue of variable stars (Jayasinghe et al.
2021) provides the period only a subset of its sources. In particu-
lar, among the DR3 LPV candidates matched within 2′′ with the
restricted ASAS-SN catalogue, 98 219 have a period published
in Gaia DR3, 123 513 have aperiod published in ASAS-SN, and
70 409 have both (considering only sources that are classified as
LPVs in ASAS-SN, see Table 5). They consist of 9 663 miras and
60 746 SRVs (irregular variables do not have a period published
in ASAS-SN). We take this sample as a reference to estimate
the rate of period recovery in comparison with ASAS-SN, and
adopt same approach as in the OGLE-III case by analyzing the
period and frequency differences between the Gaia DR3 LPV
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Fig. 27. Similar to Fig. 25, but highlighting the patterns caused by
aliases and failure modes (see Sect. 4.4.1).

Fig. 28. Similar to Fig. 25, but showing the comparison relative to the
restricted OGLE-IV catalogue of miras.

candidates and the ASAS-SN sources,

δP =
|PGaia − PASAS-SN|

PASAS-SN
, (5)

δν1 = |νGaia − νASAS-SN| . (6)

We considered the fraction of sources whose Gaia and
ASAS-SN period matched within 10% or 20%, as summarised
in Table 10. Globally, about 60% of the selected LPVs are com-
patible in period within 20% (Fig. 29). This fraction is as high
as 90% for miras, and it is roughly 56% for SR variables. When

Table 9. Similar to Table 8, but compared with the periods of miras
from the restricted OGLE-IV catalogue.

Selection Nxm δP1 < 0.1 δP1 < 0.2 δν1 < ε
Gaia
ν

Mira 41 696 39 360 40 169 35 929
(94.4%) (96.3%) (86.2%)

BLG-Mira 27 138 24 995 25 725 22 767
(92.1%) (94.8%) (83.9%)

GD-Mira 14 558 14 365 14 444 13 162
(98.7%) (99.2%) (90.4%)

Table 10. Number Nxm of LPV candidates with period published in DR3
and in ASAS-SN that match the restricted ASAS-SN sample within 2′′
and the number and fraction of them whose period is compatible with
the ASAS-SN value.

Selection Nxm δP < 0.1 δP < 0.2 δν < εGaia
ν

LPV 70 409 38 150 42 515 36 979
(54.2%) (60.4%) (52.5%)

Mira 9663 8329 8698 6441
(86.2%) (90.0%) (66.7%)

SR 60 746 29 821 33 817 30 538
(49.1%) (55.7%) (50.3%)

Notes. The period compatibility is evaluated in terms of the difference
in period (δP, see Eq. (5)) or frequency (δν, see Eq. (6)).

we recall the differences between the OGLE-III and ASAS-SN
variability type classifications and that a significant fraction of
ASAS-SN SR stars may actually be miras (see Sect. 4.1.2), these
recovery rates are consistent with the values obtained from the
comparison with OGLE-III. We note that the chance of detect-
ing a different period still exists, but cannot be assessed directly
as both the Gaia and ASAS-SN catalogues provide only one
period per source. However, it is interesting to examine the Gaia
sources whose period is twice (or half) as long as the ASAS-
SN period. Globally, about 10% of the selected LPVs are within
20% of a 2:1 ratio of the periods from the two catalogues. While
strictly speaking these sources do not add up to the recovery rate,
we can interpret this result as an indication that the light curves
of Gaia DR3 LPV candidates are suitable for characterising the
variability period of more sources than the nominal 60% period
recovery rate emerging from the comparison with ASAS-SN,
even though the automatic processing tends to pick up a har-
monic component rather than the true dominant signal (see also
the discussion in Sect. 6.3 of Mowlavi et al. 2018).

4.4.3. Comparison with well-observed LPVs

We selected a list of 98 well-observed LPVs covering a wide
range in spectral type, period, and variability type. This sam-
ple was used as test cases for our analysis pipeline, similar to
a small sample used for the first catalogue, where the selection
was mainly driven by choosing the LPVs with the largest num-
ber of references in SIMBAD. This indicated their interest for
the research community. Here we selected a sample of 98 stars
that are present in the first but not necessarily in the second cata-
logue, with the aim of having a sample that covers various types
of stellar parameters. Thus, the analysis of this sample, which
we list in Table D.1, allows insight into prominent LPVs in the
catalogue and into the period recovery.
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Fig. 29. Comparison of the period published for Gaia DR3 LPV candi-
dates and the period of their best-match counterparts in the ASAS-SN
catalogue (limited to sources classified as LPVs and with ∆VASAS−SN >
0.15 mag).

Fig. 30. Amplitude distribution for solar neighbourhood LPVs (2 kpc
radius around the sun).

From this sample, eight stars are neither present in the SOS
table nor in the larger classification table. In all these cases, the
condition on NRP/NG > 0.5 filter was decisive, that is, they all
have a comparably low number of GRP measurements. We sus-
pect that because these stars are bright for Gaia, GRP may have
been above or very close to the saturation level, resulting in a
rejection of GRP measurements. Seven objects from our sample
can only be found in the classification table due to NRP/NG < 0.8.

Comparing the cases where a literature period exists and a
period has been exported into the 2nd Gaia LPV catalogue, we
find an agreement within 10% for 79% of the stars. In two cases,
the Gaia period is much shorter than the literature value, and
in one case, the Gaia period is several times longer. We con-
clude that the period recovery rate for this sample is similar to

Fig. 31. Period-amplitude diagram for solar neighbourhood LPVs.

the results found for the comparison with OGLE-III (Table 8),
suggesting no significant dependency of the recovery rate on the
stellar brightness.

In Table D.1 we also list periods that were determined by
our algorithm, but did not meet our final selection criteria for the
catalogue. These are marked with an asterisk (we list the periods
only for sources whose light curves are available in DR3). It is,
however, interesting to take a look at these values as well. In sev-
eral cases, these Gaia periods agree very well with the literature
value. For the SRV g Her, a long secondary period of about 900 d
has been reported in the literature (Houk 1963), which agrees
well with the 834 d derived from the Gaia data. This illustrates
that even for stars without an exported period in the catalogue,
the Gaia light curves might harbour usable results.

We also indicate the C-star classification in Table D.1.
Except for one case, TU Gem, all M and C stars were correctly
classified. As expected, part of the S stars were classified as C
rich as well.

5. Illustrative examples

5.1. Solar neighbourhood

We define the solar neighbourhood with a distance of 2 kpc
around the Sun because 3D reddening maps exist for this radius
(Capitanio et al. 2017). For this illustrative presentation, how-
ever, we did not take the reddening into account.

Much improvement has been made in the EDR3/DR3 astro-
metric solution compared to that in DR2, not only due to
the longer time baseline of the observations, but also due to
improved data processing. In particular, source colour-dependent
calibrations were improved in DR3 for sources that had well-
determined colours in DR2 (Lindegren et al. 2021). However,
and especially for objects such as LPVs, which are both very
red and have a wide range of colour changes with time, some
strong effects still need to be considered. The large variability,
for example, requires chromatic effects to be taken into account
on a per-epoch basis in the image parameter determination and
astrometric solution derivation, which is not yet done in DR3
(Lindegren et al. 2021). Further astrometric improvements will
occur in future Gaia data releases for these objects.

Stars with relative parallax uncertainties better than 15%
(0 < σπ/π < 0.15) include 21 218 LPV candidates in the

A15, page 21 of 36



Lebzelter, T., et al.: A&A 674, A15 (2023)

Fig. 32. logP-K diagram for solar neighbourhood LPVs. For this dia-
gram, only stars with 0 < σπ/π < 0.05 have been chosen.

Fig. 33. CMD for a sample of EDR3 stars in a 0.4◦ field of view around
the centre of 47 Tuc (small points). The large black points mark the
LPVs from our catalogue that likely belong to the cluster. Their mem-
bership is confirmed by their location in the CMD. The lower brightness
LPVs are SMC stars.

solar neighbourhood from the catalogue. We further restricted
this sample to stars with an absolute 2MASS K-band luminos-
ity brighter than −4 mag. This excludes sources that are clearly
fainter than the tip of the RGB. The nature of these intrinsically
fainter stars is to be confirmed. They include a number of YSOs
that show some similarity to LPVs in their variability behaviour
and colour, a distinct group of relatively blue stars with GBP-
GRP between 1.0 and 2.0, and a few red low brightness stars.
This leaves us with a total sample of 18 739 stars. Figure 30
shows the amplitude distribution of this sample. It is very sim-
ilar to the distribution we found for the complete SOS table.
Of the 18 739 LPVs, 5074 have periods in the SOS table. The
period-amplitude diagram (Fig. 31) allows easily spotting the
distinct group of local miras with approximately 600 members
and the large number of short-period small-amplitude objects,
again similar in their parameter range to the complete SOS sam-

Fig. 34. Right ascension of 47 Tuc LPVs against parallax in mas. The
plotted sources have all been considered members in the past. The verti-
cal red line marks the π47 Tuc − πSMC value derived by Chen et al. (2018)
from a large set of stars on the lower giant branch.

Fig. 35. LPVs in NGC 419. Colours indicate our selection criterion for
C stars.

ple. These LPVs are within reach for a variety of high-resolution
observing techniques.

Finally, we present in Fig. 32 the P-L diagram for solar
neighbourhood LPVs. In this case, we restricted the parallax
uncertainty to only 5%, limiting the number of stars to 2 216.
The P-L diagram is one of the key tools for studying LPV
pulsation and shows several parallel pulsation sequences that
represent various pulsation modes plus the long secondary
period sequence D. For our sample, we used 2MASS K mag-
nitudes as a substitute for the luminosity. Sequences B, C′, C,
and D are clearly visible. This is the most accurate P-L-diagram
of LPVs for the galactic field provided up to now.

5.2. LPVs in globular clusters

Long-period variables in globular clusters have the advantage
that their distance can be determined independently from the
stellar populations in the clusters. Several studies, mainly in the
past two decades, led to the detection of a considerable num-
ber of LPVs in various stellar clusters. Detecting LPVs in these
clusters allows us to estimate the completeness of the catalogue
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Table 11. Number of sources, selected among the Gaia DR3 LPV catalogue, that are candidate members of Local Group galaxies, as well the
number (and percentage) of them with a published period value in DR3.

Galaxy (m − M)0 Gaia DR3 Gaia DR2 Including sources
Members With period Members With period in classification table

Sgr dSph 17.10 (b) 1772 719 (38.7%) 342 149 (43.6%) 1860
LMC 18.49 (a) 40 059 17 814 (42.4%) 11 022 6787 (61.6%) 42 047
SMC 18.96 (a) 5027 3073 (59.6%) 1789 1352 (75.6%) 5153
Fornax dSph 20.72 (c) 46 16 (12.9%) 15 15 (100%) 124
Leo I dSph 22.15 ( f ) 1 1 (10.0%) 0 0 (–) 10
NGC 6822 23.40 (d) 13 9 (9%) 4 2 (50.0%) 29
IC 10 24.36 (e) 4 0 (–) 0 0 (–) 20
M31 24.45 (a) 123 32 (6.0%) 4 4 (100%) 531
M33 24.67 (a) 51 14 (7.6%) 1 0 (–) 185

Notes. The same quantities are provided for sources that were part of the Gaia DR2 LPV catalogue. We also show the number of sources found in
the classification table.
References. (a)de Grijs et al. (2017), (b)Monaco et al. (2004), (c)Rizzi et al. (2007), (d)Feast et al. (1989), (e)Kim et al. (2009), ( f )Stetson et al. (2014).

Fig. 36. Colour vs absolute magnitude diagram in the NIR J and Ks
filters of 2MASS of Gaia DR3 LPVs that are candidate members of
Sgr dSph. Plus symbols show sources whose period was not retained
for publication, and circles are colour-coded according to the period.
Grey symbols in the background are Gaia DR3 LPVs in the LMC for
reference.

in sky regions of high stellar density and to estimate the quality
of the distance determination in the case of LPVs by comparing
them with other cluster members.

Of the 59 cluster stars listed in the catalogue of variable stars
in globular clusters (Clement 2017) as miras, 54 are included
in the second Gaia LPV catalogue. For 85% of these objects,
the periods agree well in the Clement catalogue and the Gaia
results. A more detailed analysis is possible for individual clus-
ters. For the prominent cluster ω Cen, Lebzelter & Wood (2016)
presented a thorough search for LPVs. Of the 34 LPVs they
identified, 23 were recovered by Gaia, including all 15 objects
with periods in Lebzelter & Wood (2016). Ten of the missing 11
objects have visual light amplitudes of about or below 0.1 mag
in V, which makes it likely that they were excluded due to our
amplitude limit of 0.1 mag in G. The reason for the lack of the
cluster star LW 23 in our catalogue is not clear. In addition, the
Gaia LPV catalogue includes at least five further LPV candi-
dates that were not listed in Lebzelter & Wood (2016).

We chose the globular cluster 47 Tuc as our main test case
because of its closeness, the large number of LPVs that are

detected in past surveys, and existing studies on its parallax,
including a study that is based on Gaia DR2 (Chen et al. 2018).
According to the catalogue of Lebzelter & Wood (2005), 45
LPVs are known in this cluster. Of this list, 43 objects are
included in the LPV DR3 catalogue, and only V22 and LW22
could not be identified. This provides an excellent recovery
rate even in the comparably dense areas of a globular cluster.
Figure 33 shows a CMD of Gaia EDR3 stars selected on the
basis of the position on the sky and proper motion data. Black
circles indicate the LPVs in the cluster area. A group of LPVs
between G = 14 and 16 mag do not belong to the cluster, but
are SMC stars. All the other LPVs, including 5 previously unde-
tected LPVs, nicely form the upper giant branch of the cluster.

Excluding the SMC stars, we used the 47 Tuc sample for a test
of the accuracy of Gaia distances for LPVs. In Fig. 34 we plot the
stellar RA values against the parallax. The crowding of objects in
the plot centre corresponds to the central part of the cluster. The
vertical line marks the π47 Tuc − πSMC value derived by Chen et al.
(2018) from a large set of stars on the lower giant branch. For the
majority of the LPVs, the parallax agrees with the mean parallax
from all cluster stars within the parallax uncertainties. Significant
offsets seen for stars at larger distances from the cluster centre may
be due to the stars being foreground or background stars, which
disagrees with the locations of these stars in the CMD, however.
Many of the stars close to the cluster centre with large deviations
from the mean parallax are found in the innermost regions of the
cluster, suggesting that the reliability of the Gaia parallax mea-
surements decreases in regions of high stellar density. We con-
clude that parallaxes and parallax uncertainties for LPVs derived
in Gaia DR3 have to be used with some caution, in particular in
crowded areas. However, the average parallax of the stars plotted
in Fig. 34 agrees with π = 0.209 ± 0.033 almost exactly with the
value from Chen et al. (2018).

The SMC cluster NGC 419 is known to be rich in C stars
(e.g., Kamath et al. 2010). Figure 35 shows the sky area around
the cluster. Gaia EDR3 sources within 1 arcmin around the clus-
ter centre were added with small open symbols to guide the eye
on the location of the cluster. Large symbols mark objects from
the EDR3 LPV catalogue. The colour indicates the 〈∆λ〉RP value.
As discussed above, values above 7 in this parameter are classi-
fied as C stars. Of the 16 C-type LPVs known in the cluster, 6 are
in the catalogue, all of them showing values above 7, which con-
firms the ability of identifying C stars with our chosen method.
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Fig. 37. Similar to Fig. 36, but showing (from left to right) M31, M33, and Fornax dSph.

Fig. 38. Similar to Fig. 36, but showing (from left to right) NGC 6822, IC 10, and Leo I dSph.

The 6 stars are not the brightest stars in the cluster, but we see a
lack of LPV identifications in the central regions of the cluster,
where the stellar density was obviously too high.

5.3. LPVs in Local Group galaxies

In addition to the Magellanic Clouds, we identified seven Local
Group galaxies with at least ten candidate members among the
Gaia DR3 LPV catalogue. They are listed in Table 11. They
include M31 and M335, as well as several dwarf spheroidal
galaxies. Compared with the previous version of the Gaia LPV
catalogue, we find an increase of ∼3 to ∼8 times in the number of
candidate members for these galaxies, except for M31 and M33,
in which cases the increase is more than two orders of magni-
tudes because of the very small numbers in the DR2 catalogue.

We note that when we considered sources with a published
period, the increase factor from DR2 to DR3 is smaller. The frac-
tion of DR2 LPV candidates with a published period in each
galaxy is larger than the corresponding fraction in DR3. This
means that the criterion for the inclusion of sources in the Gaia
DR3 catalogue has been relaxed with respect to DR2 to a higher
degree than what was effectively done for the criterion concern-
ing the publication of periods.

Figures 36–38 show the 2MASS colour-absolute magnitude
diagram for the LMC, and the location of the LPVs is overplot-
ted for each galaxy. In the Sgr dSph, the detected LPVs cover a
similar range as the LMC stars. Periods are available for almost
40% of these objects. At the upper giant branch, the bifurcation
into C stars (large J − K) and M stars is clearly visible. The For-
nax dSph lacks massive AGB stars, as expected. Summarising
various studies, Yin et al. (2010) characterised the dwarf irregu-
lar galaxy IC 10 as a low-mass, metal poor ([Fe/H]=−1.1), and
actively star-forming galaxy. The presence of luminous LPVs in

5 We note that additional LPV candidates in M31 are realistically
present in the Gaia Andromeda Photometric Survey (Evans et al. 2023),
for which the time series are available.

Fig. 39. Period-luminosity diagram, with the 2MASS NIR Wesenheit
index WJ,Ks4.5pt, of Gaia DR3 LPVs with published period that are can-
didate members of Local Group galaxies (excluding the Magellanic
Clouds).

this galaxy, possibly including supergiants, is thus not surprising.
At this large distance, the fraction of LPVs with periods becomes
very low. This is also true for M31 and M33. The colour-absolute
magnitude diagrams (Fig. 37) reveal that our catalogue includes
only the brightest objects there.

Figure 39 displays the period-luminosity diagram of candi-
date members of Sgr dSph, M31, M33, Fornax dSph, NGC 6822,
and Leo I dSph using the 2MASS NIR Wesenheit index,
WJ,Ks4.5pt, as a luminosity indicator. The Sgr dSph LPVs clearly
form the usual period-luminosity relations C′, C, and D, which
are known from the Magellanic Clouds (Wood et al. 1999).
These relations are evident in the period-luminosity diagrams
obtained with data from the second Gaia catalogue of LPV
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Fig. 40. Period-luminosity diagram, with the 2MASS NIR Wesenheit index WJ,Ks4.5pt, of Gaia DR3 LPVs that are candidate members of the LMC
(left panel) and SMC (right panel; using the selection criteria of Mowlavi et al. 2019). Data points are colour-coded by their G-band amplitude
(5–95% interquantile range). Data from the OGLE-III catalogue are shown as grey symbols in the background for reference.

candidates combined with 2MASS data (Fig. 40). In addition to
these three sequences, the present catalogue includes LPVs pop-
ulating the period-luminosity sequence B in the two Magellanic
Clouds, as well as the bright end of sequence A in the LMC.
Neither of these two sequences were visible with data from
the first Gaia catalogue of LPV candidates (e.g., Lebzelter et al.
2019). The few LPVs with periods in the Fornax dSph fit these
sequences very well. The luminous sources detected in M31,
M33, and NGC 6822 fit the extensions of the sequences in the
supergiant regime.

6. Summary and conclusions

In this paper we discussed the production of the second Gaia
catalogue of LPV candidates, explored its completeness, vali-
dated the determined parameters, and illustrated its content. This
is currently the largest database for LPVs with 1 720 588 entries
in the SOS table and more than 600 000 additional candidates
in the classification table. Our analysis shows it to be a valid
resource for the study of LPVs and AGB stars. In Appendix E
we provide the necessary codes to retrieve the full catalogue or
parts of the database from the Gaia archive.

However, like all catalogues, it has some limitations that
need to be taken into account when the data are used. We sum-
marise here the main caveats and options for the usage. Sev-
eral of these limitations are expected to be removed with Data
Release 4.

– Completeness has been discussed in Sect. 4.1. The typical
recovery rate for LPVs derived both from LMC and field
stars is about 80%. Although this a high degree of complete-
ness, some LPVs will be missing from the catalogue.

– Contamination from non-LPV sources is estimated to be
about 2%.

– Periods are provided for a sub-sample of 392 240 LPVs with
periods longer than 35 days and excluding signals that could
be identified as spurious. Our results agree well with those
available in the literature. The light curves of all the sources
in the catalogue are available in the Gaia archive, so that
the users can perform an independent period search. In par-
ticular, LPV types that are known or suspected to be multi-
periodic deserve further investigations.

– Periods and amplitudes in the catalogue were derived from
light curves with a maximum duration of 1000 d. Therefore,
sources with variability timescales exceeding 500 d should
be considered with care because only only one complete light
cycle is covered by the DR3 data.

– As a major advance compared to the first catalogue, C-star
candidates were identified among the LPVs from their
(variable) RP spectra. We refer users to Sect. 2.4 for a
description of the C-star flag and recommendations on its
usage.
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Soszyński, I., Udalski, A., Szymański, M. K., et al. 2013, Acta Astron., 63, 21
Speck, A. K., Barlow, M. J., Sylvester, R. J., & Hofmeister, A. M. 2000, A&AS,

146, 437
Stetson, P. B., Fiorentino, G., Bono, G., et al. 2014, PASP, 126, 616
Trabucchi, M., Wood, P. R., Mowlavi, N., et al. 2021, MNRAS, 500, 1575
Uttenthaler, S., van Stiphout, K., Voet, K., et al. 2011, A&A, 531, A88
VanderPlas, J. T. 2018, ApJS, 236, 16
Van Eck, S., Neyskens, P., Jorissen, A., et al. 2017, A&A, 601, A10
Westerlund, B. E., Olander, N., Richer, H. B., & Crabtree, D. R. 1978, A&AS,

31, 61
Westerlund, B. E., Olander, N., & Hedin, B. 1981, A&AS, 43, 267
Wood, P. R. 2015, MNRAS, 448, 3829
Wood, P. R., Alcock, C., Allsman, R. A., et al. 1999, IAU Symp., 191, 151
Wray, J. J., Eyer, L., & Paczyński, B. 2004, MNRAS, 349, 1059
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Appendix B: Comparison of the SOS and
classification tables

Like in DR2, long-period variable candidates are published
in DR3 in two tables, namely vari_classifier_result and
vari_long_period_variable. The first of these two tables is the
result of the classification process, which attributes variability
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Fig. B.1. Sky distribution of the entire set of Gaia DR3 LPV candidates
in the classification table.

types to all variable star candidates within the DR3 dataset.
Long-period variables in that table are identified as "LPV".
This dataset, consisting of more than 2.3 million LPV can-
didates (see Table 1), was the starting point for the star list
entering the second Gaia LPV catalogue. In this appendix we
briefly summarise the differences between the two datasets.
Tab. 1 shows that the classification table includes approximately
600 000 (26%) more objects than the second Gaia LPV cata-
logue. One reason for exclusion is a low S/N value for the G
measurements. This primarily corresponds to a loss of stars at
the low brightness end.

Fig. B.1 shows the sky distribution of all LPV candidates in
the classification table. In comparison with the distribution of
sources from the SOS table (Fig. 9), the SOS selection filters
caused the removal of a number of artefacts associated with the
Gaia scanning law, while preserving the galactic structures and
external galaxies.

Fig. 7 compares the distribution of amplitudes for the sam-
ples in the classification table, in the SOS table, and the sample
of stars with exported periods. The main difference between the
classification table and the catalogue table is found at amplitudes
around 1 mag. We suspect that the difference stems from red
variables that look like LPVs due to their clear large-amplitude
variability, but which do not comply with the stricter criteria
applied for the catalogue table. Longer time series, expected for
DR4, will likely allow classifying these stars unambiguously. At
larger amplitudes (QR5(G)>2 mag), both tables include practi-
cally the same objects. For the variables with the smallest ampli-
tudes, we lack periods for a majority of the stars because they
could not be identified properly.

The average fraction of 26% of objects missing from the
SOS table compared to the classification table can show quite
significant differences between various sky areas. In Fig. B.2 we
illustrate the situation for the sky area around the Magellanic
Clouds. Within this galaxy itself, the difference is only about
10 %, while in the field around the Galactic centre, this value
can reach 74 %. This supports the previous assumption that weak
objects in crowded regions form the bulk of objects from the
classification table that are absent from the catalogue table. In a
colour-magnitude diagram (Fig. B.3) constructed from the clas-
sification table, these objects are located in the lower left cor-
ner. They were cleaned from the SOS table (compare Fig. 12).
No significant differences in the period distribution between the
samples in the classification table and in the SOS table were
found, except for a lack of very short-period objects in the SOS
table.

Fig. B.2. Sky distribution (in Galactic coordinates) of Gaia DR3 LPV
candidates in the area of the Magellanic Clouds, showing sources that
are part of the SOS table (blue) or only in the classification table (red).
The latter are concentrated towards the central regions of the two galax-
ies, where the S/N is degraded by high levels of crowding.

Fig. B.3. Density-mapped colour-magnitude diagrams in the Gaia pass-
bands of the Gaia DR3 LPV candidates in the classification table.

B.1. Completeness

In Sect. 4.1 we estimated the completeness of the second Gaia
catalogue of LPV candidates by quantifying its recovery rate
with respect to OGLE and ASAS-SN. While in this case the
Gaia DR3 LPV candidates are limited to the table produced by
the corresponding SOS module from the Gaia DR3 pipeline,
it interesting to extend this dataset by including the LPV can-
didates resulting from the classification module of the Gaia
DR3 pipeline. The corresponding recovery rates are given in
Tables B.1, B.2, and B.3.

The inclusion of LPVs from the classification module typi-
cally raises the recovery rates by 1-2% relative to OGLE (III or
IV) and ASAS-SN. The only exception is represented by miras,
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Fig. B.4. Similar to Fig. 23, but showing the brightness distribution of the sources in the dataset obtained by combining the LPV candidates
resulting from the Gaia DR3 SOS and classification modules. The full set of sources in the direction of the MCs (left) or Galactic bulge (right)
OGLE-III fields are shown with red lines. Blue lines correspond to sources matched with OGLE-III, while newly discovered candidates are
represented by the green lines. Solid lines are limited to the sources resulting from the SOS module, and dashed lines include the output of the
classification module as well. The green lines in the left panel show counts enhanced by a factor 20 for visual clarity.

Table B.1. Similar to Table 3, but showing the recovery rates (relative
to OGLE-III) of the dataset obtained by combining the LPV candidates
resulting from the Gaia DR3 SOS and classification modules.

Selection OGLE-III Matched ≤ 2′′ Recovery rate

All 84 897 72 655 85.6%
Mira 5 843 5 155 88.2%

O-Mira 494 477 96.6%
C-Mira 1 479 1 182 79.9%

SRV 32 630 30 854 94.6%
O-SRV 6 413 5 982 93.3%
C-SRV 6 461 6 208 96.1%

OSARG 46 424 36 646 78.9%

Table B.2. Similar to Table 4, but showing the recovery rates (relative
to OGLE-IV) of the dataset obtained by combining the LPV candidates
resulting from the Gaia DR3 SOS and classification modules.

Selection OGLE-IV Matched ≤ 2′′ Recovery rate

Mira 50 311 46 342 92.1%
BLG-Mira 33 806 30 683 90.8%
GD-Mira 16 505 15 659 94.9%

whose recovery rate in creases by 5-8%. In particular, the recov-
ery rate of C-rich miras (in the Magellanic Clouds) relative to
OGLE-III is increased by more than 10%. In other words, many
C-rich miras that did not pass the filtering criteria adopted for the
construction of the second Gaia catalogue of LPV candidates
(mainly because they are relatively faint at optical wavelengths;
see Sect. 2.1) can still be found in the Gaia DR3 classification
table.

B.2. New LPV candidates

We extended the analysis performed in Sect. 4.2 of the number
of newly discovered LPV candidates to the dataset consisting

Table B.3. Similar to Table 5, but showing the recovery rates (relative
to ASAS-SN) of the dataset obtained by combining the LPV candidates
resulting from the Gaia DR3 SOS and classification modules.

Selection ASAS-SN Matched ≤ 2′′ Recovery rate

LPV 225 726 180 619 80.0%
Mira 11 249 10 708 95.2%
SR 139 980 113 081 80.8%
L 74 497 56 830 76.3%

Fig. B.5. Similar to Fig. B.4, but concerning the cross match with the
ASAS-SN catalogue of pulsating stars.

of the output from both the SOS and the classification modules.
This is summarised in Table B.4. As expected, the sources from
the classification module lead to a further increase in the rate
of new discoveries, in particular compared with the ASAS-SN
catalogue (the new candidates are almost ten times as numerous
as the known sources).

Compared with OGLE-III, we find a number of new candi-
dates in the direction of the bulge that is twice the number of
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Table B.4. Similar to Table 6, but showing the new discovery rates of
the dataset obtained by combining the LPV candidates resulting from
the Gaia DR3 SOS and classification modules.

Catalogue Known New Discovery rate

OGLE-III 84 897 116 664 137.4%
LMC 25 015 3 386 13.5%
SMC 4 238 262 6.2%
BLG 55 644 113 016 203.1%

ASAS-SN
(LPVs only) 225 726 2 122 974 940.5%

known LPVs, while the increase is still relatively small towards
the Magellanic Clouds. Figures B.4 and B.5 illustrate the bright-
ness range of the new LPV candidates in Gaia DR3 compared to
the known candidates.

Appendix C: Additional definitions

C.1. Sky area common to Gaia DR3 and OGLE-III

The definition of a common sky area is necessary for a com-
parison of Gaia DR3 and OGLE-III. Because Gaia is an all-sky
survey, it would be enough to restrict it to the OGLE-III sky cov-
erage. However, the latter exhibits a complex pattern of fields of
view, especially towards the Galactic bulge, the exact replication
of which is cumbersome and unnecessary. Instead, we selected
a sub-region of the OGLE sky area with a simpler shape, as dis-
played in Fig. C.1.

This simplification allows for an easier comparison and
reproducibility of our results. The conditions on equatorial sky
coordinates (α, δ) for selecting sources within the common sky
area are the following.

The LMC common sky area consists of the union of four
regions that are defined by the conditions

(δ ≤ −2.0α + 114.5◦)and(δ ≥ 0.005α − 72.9◦)
and(δ ≤ 0.005α − 68.85◦)and(α ≥ 84.3◦) , (C.1)

(α ≤ 86.6◦)and(δ ≥ −71.9◦)and
(δ ≤ −67.8◦)and(α ≥ 78.95◦) , (C.2)

(α ≤ 78.95◦)and(δ ≥ −71.3◦)and
(δ ≤ −66.6◦)and(α ≥ 73.65◦) ,

(C.3)

(α ≤ 73.65◦)and(δ ≥ −70.7◦)and
(δ ≤ −66.6◦)and(δ ≤ 2.0α − 204.5◦) ,

(C.4)

which are combined as (C.1) or (C.2) or (C.3) or (C.4).
Similarly, for the SMC common sky area,

(δ ≤ −2.0α − 30.5◦)and(δ ≥ 0.005α − 74.25◦)
and(δ ≤ 0.005α − 71.4◦)and(α ≥ 13.5◦) , (C.5)

(α ≤ 13.5◦)and(δ ≥ 0.005α − 74.65◦)and
(δ ≤ 0.005α − 71.75◦)and(α ≥ 11.7◦) , (C.6)

(α ≤ 11.7◦)and(δ ≥ 0.005α − 74.8◦)and
(δ ≤ 0.005α − 72.5◦)and(δ ≤ 3.0α − 90.0) , (C.7)

which are combined as (C.5) or (C.6) or (C.7).
The selected area towards the Galactic bulge is limited to

sources below the Galactic plane (see Fig. C.1), and is defined
by the conditions

(δ ≥ α − 299.7◦)or((α ≤ 272.1◦)and
(δ ≥ α − 304.5◦)and(δ ≥ −36.8◦))and(α ≥ 266.3◦) , (C.8)

Fig. C.1. Sky coverage of the second Gaia catalogue of LPV candidates
and the OGLE-III LPV catalogue in the region of the Magellanic Clouds
(top, in equatorial coordinates) and towards the Galactic bulge (bottom,
in galactic coordinates). Grey symbols show Gaia DR3 LPV sources,
blue symbols show OGLE-III sources, and red symbols show sources
that matched within 2′′ in the two catalogues that lie within the region
selected as the common sky area of the two surveys for comparison.

(α ≤ 267.9◦)and((δ ≤ −33.35◦)
or(δ ≤ α − 300.5◦)) , (C.9)

(α ≥ 267.9◦)and((δ ≤ −29.25◦)or
((δ ≤ 2.0α − 567.3◦)and(δ ≤ −26.8◦))or
((δ ≤ 2.0α − 569.3◦)and(δ ≤ −25.1◦))) ,

(C.10)

which are combined as (C.8) or (C.9) or (C.10).

C.2. Sky area common to Gaia DR3 and OGLE-IV

The footprint of OGLE-IV observations of miras in the Galac-
tic bulge and disc is substantially less complex than the case of
OGLE-III LPVs and allows for a relatively simple definition of
the common sky area (displayed in Fig. C.2):

((l < 15.0◦)or(l > 260.0◦))and(|b| < 6.0◦) , (C.11)

where l and b are the Galactic coordinate longitude and latitude,
respectively.

C.3. Regions in the 〈∆λ〉RP vs. GBP −GRP plane

In order to characterise the C-star classification of the Gaia DR3
LPV catalogue, we considered several regions in the diagram
showing 〈∆λ〉RP as a function of the Gaia colour GBP − GRP.
The regions are defined by 12 boundary lines (Fig. C.3), labelled
with lower-case letters a through l, whose equations are given in
Table C.1.
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Fig. C.2. Similar to Fig. C.1, but showing the common sky area (in Galactic coordinates) selected for comparing the second Gaia catalogue of
LPV candidates with the OGLE-IV catalogue of miras in the Galactic bulge and disc.

Fig. C.3. Boundary lines in the 〈∆λ〉RP vs. GBP − GRP plane and corre-
sponding labels (see Table C.1).

C.4. Selection of sources in Local Group galaxies

The selection of candidate members of Local Group galaxies in
the Gaia DR3 LPV catalogue is based on the equatorial coordi-

Table C.1. Equations of the boundary lines defining the regions in the
〈∆λ〉RP vs. GBP −GRP plane.

Label Equation

a 〈∆λ〉RP = −6.0
b GBP −GRP = 3.2 + 0.01 e|〈∆λ〉RP+0.5|

c 〈∆λ〉RP = −1.0
d 〈∆λ〉RP = 1.0
e GBP −GRP = 2.2 + 0.02 〈∆λ〉2RP
f 〈∆λ〉RP = 5.0
g 〈∆λ〉RP = 7.75 + 0.125 (GBP −GRP − 3.75)2

h 〈∆λ〉RP = 10.50 + 0.125 (GBP −GRP − 3.50)2

i 〈∆λ〉RP = 13.75 + 0.125 (GBP −GRP − 3.00)2

j 〈∆λ〉RP = 16.00 + 0.100 (GBP −GRP − 1.75)2

k 〈∆λ〉RP = 19.50 + 0.100 (GBP −GRP − 1.00)2

l GBP −GRP = 3.2 + 0.025 〈∆λ〉RP

nates (α and δ, in degrees), the corresponding proper motions
(µα∗ and µδ, in mas yr−1), and the parallax ($, in mas). The
expressions for each galaxy are listed in Table C.2, with the
exception of the LMC and the SMC, for which the expression
given by Mowlavi et al. (2019) were adopted.
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Table C.2. Selection of Gaia DR3 LPV sources in Local Group galaxies.

Galaxy Selection

Sgr dSph (δ > −0.25α + 36.0) and (δ < −0.25α + 46.0) and (δ > 2.5α − 780.0) and (δ < 2.5α − 715.0)
&($ < 0.1) and (−3.05 < µα∗ < −2.25) and (−1.78 < µδ < −0.98)

M31(a) (δ > α + 29.75) and (δ < α + 31.50) and (δ > −0.75α + 46.5) and (δ < −0.75α + 52.0)
and ($ < 0.5) and (|µα∗ | < 1.0) and (|µδ| < 1.0)

M33(a) (23.0 < α < 23.9) and (30.1 < δ < 31.2) and ($ < 0.5) and (|µα∗ | < 1.0) and (|µδ| < 1.0)
Fornax dSph(a) (39.3 < α < 40.7) and (−35.3 < δ < −33.7) and ($ < 0.5) and (|µα∗ | < 1.0) and (|µδ| < 1.0)
NGC 6822(a) (296.05 < α < 296.40) and (−15.0 < δ < −14.6) and ($ < 0.5) and (|µα∗ | < 1.0) and (|µδ| < 1.0)

IC 10(a) (4.9 < α < 5.2) and (59.2 < δ < 59.4) and ($ < 0.5) and (|µα∗ | < 1.0) and (|µδ| < 1.0)
Leo I dSph(a) (152.0 < α < 152.2) and (12.2 < δ < 12.4) and ($ < 0.5) and (|µα∗ | < 1.0) and (|µδ| < 1.0)

Notes. (a): sources without a published value of the parallax or of the proper motions are assumed to be non-Galactic and thus are retained.

Fig. C.4. Sky maps towards M31 (left panel), M33 (central panel), and Fornax dSph (right panel). Gaia DR3 LPV candidates are colour-coded
according to their median G-band magnitude, and a sample of Gaia EDR3 sources is displayed as grey symbols in the background for reference.
Solid lines represent the cuts in equatorial coordinates that we applied to select sources in each galaxy (see Table C.2).

Fig. C.5. Similar to Fig. C.4, but showing (from left to right) Fornax dSph, NGC 6822, IC 10, and Leo I dSph.
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Appendix D: Comparison sample of well-known
LPVs

Table D.1 lists the basic parameters of the 98 stars used in the
comparison in Sect. 4.4.3.

Table D.1. Comparison sample of bright LPVs monitored from ground. Column 8 gives the median_delta_wl_rp value for stars in the
SOS table.

Name Gaia EDR3 ID P1
Lit. in SOS PS OS Spectrum1 isCstar 〈∆λ〉RP remark

[days] [days]

R And 379224622734044800 409 y 406.5 S n -4.922
VX And 385742630743259008 375 y 371.01 C y 9.122
EU And 1941516640193852800 – y 55.17 C y 9.998
V Aql 4206206750288121728 353 n – C – – [1]
R Aqr 2419576358847950592 390 y 384.14 M n 6.891
T Aqr 6913517223245165696 201 y 200.3 M n 5.152
T Ari 83396552513705344 323 y 310.44* M n 6.146
R Aur 266367210206027776 458 y 478.6 M n 6.632
S Aur 182625449700126336 596 y 527.24 C y 9.472
TV Aur 256155014926211968 183 y 12.74* S n 2.444
UU Aur 944939847899350784 441 y 227.74* C y 9.665
UV Aur 180919213811383680 393 y 389.39 C y 9.474
T Cam 483143830359915648 374 y 376.71 S n -5.070
U Cam 486859664266293376 2800 y 400 C y 9.474
ST Cam 483958671558728576 372 y 195.62* C y 9.842
TX Cam 279632268237135488 557 n – M – – [2]
BD Cam 487305619316615680 – n – S – – [2]
RT Cap 6853966780133956096 393 y 11.52* C y 9.122
R Car 5250535985379773184 309 y 307.52 M n 6.766
S Car 5253294179046079872 149 y 148.66 M n 5.378
R Cas 1944073004732961152 434 y 424.57 M n 6.632
T Cas 421412815180931456 445 y 426.13 M n 6.890
W Cas 425942081532426752 408 y 402.44 C n 9.472
SV Cas 1993001306528852608 276 y 211.1 M n 6.086
WZ Cas 429338816550168960 186 y 388.8 C y 9.840
R Cen 5866952440466180736 546 y 268.51 M n 6.154
T Cen 6165341341986059520 90 n – M – – [1]
WW Cen 6055860804562317568 304 y 302.59 M n 6.000
S Cep 2284711568256711040 487 y 498.36 C y 9.175
T Cep 2270451142963759744 388 y 375.05 M n 6.181
U Cet 5170512944979310208 235 y 242.98 M n 6.152
W CMa 3045373881522901632 – n – C – – [1]
S CMi 3143124657116728448 332 y 339.02 M n 6.632
R Cnc 649386277628656128 361 y 358.73 M n 6.766
X Cnc 611797170530193408 193 y 191.4* C y 9.84
S CrB 1277100833181749760 360 y 359.97 M n 6.766
V CrB 1376933877642712320 357 y 379.66 C y 9.473
Y CVn 1542553623374596352 157 y 152.88* C y 10.000
chi Cyg 2034702312280673792 407 y 422.93 S n -4.832
R Cyg 2135109439204739200 426 y 448.75 S n -5.000
RU Cyg 2174336062728231040 234 y 398.71 M n 6.210
RV Cyg 1952830855365548416 263 y 20.64* C y 9.840
RZ Cyg 2166885393983390208 276 y 608.01 M n 6.634
U Cyg 2084221361016638208 465 y 501.56 C y 9.311
V Cyg 2167591280437990656 421 y 394.18 C y 8.856
CY Cyg 2166355704250883968 – y 156.38 S y 8.527
V460 Cyg 1950794078794961536 180 y 83.28* C y 9.841
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Table D.1. continued.

Name Gaia EDR3 ID P1
Lit. in SOS PS OS Spectrum1 isCstar 〈∆λ〉RP remark

[days] [days]

R Dor 4677205714465503104 338 n – M – – [2]
RY Dra 1678844308746410880 200 y 643.39 C y 9.314
UX Dra 2289510386756671872 168 y 38.43* C y 9.664
RT Eri 5111694364293223040 371 y 365.77 M n 6.487
R For 5118511817421484544 389 y 393.41 C y 8.698
TU Gem 675394812867813376 230 y 296.67 C n 4.530
DY Gem 3356050581395042048 1145 y 144.24 S n 6.000
g Her 1381119031215320576 89 y 834.4* M n 5.906
U Her 1200834239913483392 405 y 408.54 M n 6.211
OP Her 1349637195812633984 121 y 20.37* S n -5.000
RU Her 1303081537030212480 485 n – M – – [2]
R Hor 4748477123328077696 408 n – M – – [2]
R Hya 6195030801635544704 388 y 349 M n 6.042
T Hya 5749870429386271488 291 y 287.2 M n 5.953
U Hya 3751290548759011712 450 n – C – – [1]
W Hya 6177092406867764352 361 n – M – – [1]
R Leo 612958873284344448 313 n – M – – [1]
R Lep 2987082722815713792 427 y 427.7 C y 9.310
R LMi 794754943320201600 372 y 369.3 M n 6.632
Y Lyn 973871911539040000 110 y 852.7 S n 6.000
T Lyr 2096185937305282048 – y 32.51* C y 9.311
TT Mon 3055512615681140736 318 y 326.4 M n 6.634
CL Mon 3129886983796551936 476 y 467.28 C y 9.474
V613 Mon 3132397473782935424 – n – S – – [2]
R Nor 5985676640941632384 507 y 505.54 M n 6.082
W Nor 5933137130595750272 135 y 25.34* M n 6.084
X Oct 5191703179748307456 200 y 203.79 M n 6.001
o1 Ori 3296627028792695168 30 y 51.29* S n 0.528
RR Ori 3349083629043128320 252 y 251.24 M n 6.632
BL Ori 3356702213833773440 – y 158.63* C y 9.752
R Peg 2715274995932228352 378 y 383.32 M n 6.701
W Peg 2844608899441322112 344 y 361.91 M n 6.767
RZ Peg 1900047116043182848 439 y 444.29 S y 9.232
GZ Peg 2713996126469641984 93 n – S – – [2]
HR Peg 2829186324715284480 50 y 24.48* S n -4.070
Z Psc 294734094804790400 144 y 169.68 C y 9.840
TX Psc 2743004129429424000 – y 142.07* C y 9.472
DT Psc 308866701872125568 – y 17.88* S – –
L2 Pup 5559704601966334848 141 y 14.73* M n 5.070
NQ Pup 3037131942360132480 – y 16.8* S n -3.790
R Scl 5016138145186249088 370 y 371.53 C y 9.314
RR Sco 6029292686708214016 281 y 278.55 M n 6.002
R Ser 1192855977386610688 357 y 359.09 M n 6.634
BG Ser 4404055896203005952 143 y 393.91* M n 6.890
RX Tau 3292447407136388480 337 y 324.29 M n 6.766
IK Tau 3303343395568710016 450 n – M – – [2]
R UMi 1653382471306715264 324 y 30.96* M n 6.632
S UMi 1708259612045319808 326 y 324.4 M n 6.890
VZ Vel 5357938205327223936 317 n – M – – [1]
R Vir 3709971554622524800 146 y 144.64 M n 5.952
RU Vir 3704116483406003072 434 y 428.28 C y 9.312

Notes. 1 The period PLit. (third column) and the spectral type (fifth column) are taken from the General Catalogue of Variable Stars (GCVS;
Samus et al. 2017). * period not exported; [1] in classification table only; [2] neither in classification nor in SOS table.
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Appendix E: Catalogue retrieval

Here are two examples on how to retrieve LPV-related data from
the Gaia archive. To retrieve few parameters from the source and
the LPV catalogue:

SELECT gs.source_id,
gs.ra, gs.dec,
lpv.frequency,lpv.frequency_error,
...

FROM gaiadr3.gaia_source AS gs
LEFT JOIN gaiadr3.vari_classifier_result
AS claslpv
ON gs.source_id = claslpv.source_id

LEFT JOIN gaiadr3.vari_long_period_variable
AS lpv
ON gs.source_id = lpv.source_id

WHERE claslpv.best_class_name = ’LPV’
OR lpv.source_id IS NOT NULL

To retrieve all source data, statistics data, and data from both
the LPV catalogue and classification tables:

SELECT src.*,
variStat.*,
classif.*,
lpv.*
FROM gaiadr3.vari_summary AS variStat
LEFT JOIN gaiadr3.gaia_source AS src
ON src.source_id = variStat.source_id
LEFT OUTER JOIN gaiadr3.vari_long_period_variable
AS lpv
ON lpv.source_id = variStat.source_id
LEFT OUTER JOIN gaiadr3.vari_classifier_result
AS classif
ON classif.source_id = variStat.source_id
WHERE lpv.source_id = variStat.source_id
OR classif.best_class_name = ’LPV’
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