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Abstract

The second Gaia data release (DR2, spring 2018) included a unique all-sky catalogue of large-amplitude long-period variables
(LPVs), that include Miras and semi-regular variables. These stars are on the Asymptotic Giant Branch (AGB), and are charac-
terized by high luminosity, changing surface composition, and intense mass loss that make them of paramount importance for
stellar, galactic, and extra-galactic studies.

An initial investigation of these data for LPVs in the Large Magellanic Cloud (LMC) has revealed the possibility to disentangle O-
rich and C-rich stars using a combination of optical Gaia and infrared 2MASS photometry. The so-called Gaia-2MASS diagram
constructed to achieve this has further been shown to enable the identification of sub-groups of asymptotic giant branch stars
among the O-rich and C-rich LPVs.

Here, we extend this initial study of the Gaia-2MASS diagram to the Small Magellanic Cloud (SMC) and the Galaxy, and show
that the remarkable properties found in the LMC also apply to these other stellar systems. Interesting features, moreover,
emerge as a result of the different metallicities between the three stellar environments, which we highlight in this exploratory
presentation of Gaia’s potential to study stellar populations harboring LPVs.

Finally, we look ahead to the future and highlight the power of the exploitation of Gaia RP spectra for the identification of
carbon stars using solely Gaia data in forthcoming data releases.

These proceedings include three animated images that can be used as outreach materials.

1 Introduction

The asymptotic giant branch (AGB) stage is the final evo-
lutionary phase of low- and intermediate-mass stars. During
this phase of high luminosity (their brightness can increase
those of Cepheids), the surface composition is chemically al-
tered by deep convective mixing, and the star loses mass at a
high rate (up to 10~* M /yr). Due to this, AGB stars play a
key role in stellar and galactic evolution. A further character-
istics of this phase is a long period variability (from tens to
above a thousand of days), which makes the star identified
as a long-period variable (LPV). This, combined with their
intrinsic red colors, allows to easily identify them in large-
scale surveys. This is specifically true for the Gaia all-sky
survey, which provides, among other data, photometry in
a main broad G optical band and in two color bands, Gpp
(blue) and G'rp (red).

In Gaia Data Release 2 (DR2), [Mowlavi et al|(2018) pre-
sented a catalogue of 151’761 LPV candidates with G' band
variability amplitudes larger than 0.2 mag (amplitudes mea-
sured between the 5 and 95% quantiles). Despite the use of se-
lection criteria that aimed at prioritizing low contamination
over high completeness — the completeness was estimated to
be less than 50% over the entire sky-, this DR2 catalog al-
ready doubled the number of known such large-amplitude
LPVs at the time of publication. It thereby provided a unique
unprecedented catalog for the study of populations of LPVs.

Among the first applications of this catalog, our group
investigated the potential of combining the optical Gaia
Gpp and Grp photometry with infrared photometry from

2MASS. [Lebzelter et al| (2018) demonstrated on the DR2
LPV candidates of the Large Magellanic Cloud (LMC) that
a combination of visual and infrared Wesenheit functions
(Wrp,Bp—rRP — Wk, J—K,, hereafter called the Gaia-2MASS
Wesenheit index AW(Gala 2MASS)), allows to nicely iden-
tify subgroups of AGB stars according to their mass and
chemistry. In particular, C-rich stars can be distinguished
from O-rich stars in the so-called Gaia-2MASS diagram,
which plots the absolute magnitude (we used K as it is
less sensitive to both interstellar extinction and intrinsic LPV
variability than G) versus the Gaia-2MASS Wesenheit index.
Low-mass, intermediate-mass and massive AGB stars are fur-
ther distinguished in this diagram among the O-rich candi-
dates, as well as supergiants. This provides new opportuni-
ties for stellar populations studies (e.g. age, chemical com-
position) from the study of the sub-populations of LPVs har-
bored therein. The reader is referred to Lebzelter et al{(2018)
for a presentation of the properties and potential usage of
this new Gaia-2MASS diagram of LPVs.

This ESLAB #53 conference aimed at showing the unique
advances made possible by Gaia DR2 in various fields of as-
trophysics. In this spirit, we show in these proceedings the
potential of Gaia to study populations of LPVs using the ap-
proach introduced in Lebzelter et al|(2018), but extended to
the entire DR2 catalog (the study in [Lebzelter et al|(2018)
was based on the restricted list of candidates published in
the DR2 catalog of LPVs) and to various stellar environments
(the study in Lebzelter et al.|(2018) was limited to the LMC).
To achieve this, we first need to be able to identify LPVs in



the entire DR2 archive. This is addressed in Sect.|2] and ap-
plied to the LMC in Sect.[3} Populations of LPVs in the Small
Magellanic Cloud (SMC) and in the Galaxy are then explored
using this technique in Sects. [dand [} respectively.

Given the paramount importance of the question of C-rich
star identification for the chemical return of AGB stars and
for the chemical evolution of the Galaxy (and of galaxies
in general), we devote Sect.[¢] to a brief presentation of the
unique potential of Gaia in this respect. We already showed
in Lebzelter et al{(2018) the possibility of this identification
using the Gaia-2MASS diagram, as recalled above. Its appli-
cation to the SMC and the Galaxy, in addition to the LMC, is
discussed in Sect. Yet, the potential of Gaia in its future
data releases is expected to be even greater, with the pro-
vision of information extracted from the epoch RP spectra
of the Gaia red spectro-photometer. This was shown in the
GaiaImage of the Week (IoW) of 15/11/2018 published on the
Gaia web pages of the European Space Agency (ESA and is
recalled in Sect. Section[7finally ends these proceedings
with some conclusions.

2 The sample of LPV candidates
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Figure 1: Black histogram: Distribution of the vari-
ability proxy in the set of all Gaia sources in the
Gaia archive brighter than ¢ = 18 mag and having
flux(G)/fluxError(G)>600. Green histogram: Same as the
black histogram, but for all sources in the Gaia DR2 catalog
of LPV candidates.

Similarly to the sample selection done in the Gaia DR2 cat-
alog of LPVs, we aim here at identifying all Gaia red giants
with large variability amplitudes. The variability proxy used
to achieve this is described in Sect. and the procedure to
select the data set of LPV candidates from the Gaia archive
is described in Sect.[2.2

2.1 Variability proxy

The G-band variability amplitude is provided in DR2 for
all LPV candidates through either the standard deviation or
the 5-95% quantile range () R5(G) of their G magnitude time
series. These quantities are not available for the sources that
have no variability-specific information in DR2. They cannot
be computed neither, since the light curves are not published.

We can, however, make use of the published G flux un-
certainties, which contains information both on the uncer-
tainties of the individual measurements and on the intrinsic

Thttps://www.cosmos.esa.int/web/gaia/iow_20181115
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Figure 2: Variability proxy (X-axis) versus standard deviation
of the G’ magnitude time series (Y-axis) for all LPV candidates
published in Gaia DR2. The yellow dashed line is a diagonal
line to guide the eye.

scatter of the flux time series (see Sect. 5.3.5 of the Gaia DR2
documentation inBusso et all|2018). Since the intrinsic scat-
ter of large-amplitude LPVs is much larger (> 0.2 mag) than
the typical few milli-magnitude level photometric uncertain-
ties at the magnitudes considered for LPVs (G < 16 mag), the
flux uncertainty can be used as a good proxy Aproxy (G) of
the intrinsic standard deviation of their light curves using the
following formula:

Aproxy (G) = v/ Nobs e(F(G))/F(G) (1)

where N, is the number of (per-CCD) observations, F/(G)
the G-band flux, and €(F(G)) its quoted error. All quanti-
ties entering Eq. [T) are available in DR2. This approach was
already used by Deason et al.(2017) to identify Mira variables
in Gaia DR1.

The relation between Ap,oxy (G) and the standard devia-
tion of the G magnitude time series is shown in Fig. [1]to be
an almnost one-to-one relation, except for a subset of the
sources which have a value of their (flux-based) variability
proxy smaller than their (magnitude-based) standard devia-
tion (only very few sources have their variability proxy larger
than their magnitude-based standard deviation).

The relation between variability proxy and 5-95% quan-
tile range QR5(G) used in DR2 to characterize the vari-
ability amplitudes of LPVs is shown in Fig.[3] The major-
ity of sources are close to the linear relation QR5(G) =
3.3 % Aproxy (G). Sources that deviate from the linear rela-
tion have a far-from-optimal sampling of measurements. For
the majority of these sources, the standard deviation (and
hence the variability proxy) underestimates the variability
range. For example, for sources in the LMC shown in red
in Fig. [3] the standard deviation of the sources close to the
South Ecliptic Pole will have too small standard deviations
due to the large number of measurements during the one-
month EPSL observation compared to the standard devia-
tions they would have if they had a regular sampling over
their pulsation phases.

Miras, which pulsate in the fundamental mode, were
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Figure 3: Same as Fig. [2| but with variability proxy plotted
versus 5-95% quantile range of the G’ magnitude time series.
The yellow dashed line is a y = 3.3 x relation.

shown in [Mowlavi et al| (2018) to have QR5(G) 2 1 mag.
This translates to Aproxy (G) 2 0.3. LPVs with Aproxy (G) S
0.3, on the other hand, will mainly consist of semi-regular
variables (SRVs), pulsating in overtone modes.

The variables with the largest amplitudes (Aproxy (G) >
0.3) mainly consist of Mira candidates, which pulsate in the
fundamental mode, while the smaller amplitude LPVs are
mainly semi-regular variables (SRVs), pulsating in overtone

mode(s).
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Figure 4: Gaia-2MASS diagram of the LPV candidates in the
LMC selected from the full DR2 archive with the condition
Aprozy > 0.06 on the variability proxy and J < 14.5 mag,
K, < 14.5 mag on 2MASS photometry of the cross matches.

2.2 The data

Since the variability proxy is not an indexed column in the
Gaia archive, and thus cannot be used to extract samples of
sources from the archive, we downloaded all sources with

Zenodo, 2019

ESLAB #53: The Gaia Universe

flux(G)/fluxError(G)>600. It contains 27°170°927 sources. A
comparison of the variability proxy distribution in this sam-
ple with the distribution in the DR2 catalog of LPVs (Fig.
shows that this criterion allows to retrieve the great major-
ity of sources present in the latter catalog, which contained
sources with a minimum variability amplitude of QR5(G) =
0.2 mag. 148’714 of the 151’761 sources in the DR2 catalog
of LPVs (i.e. 98% of them) are retrieved in this way.

In these proceedings, we select as LPV candidates all Gaia
DR2 red sources (Gpp — Grp > 1.5 mag) that have a vari-
ability proxy Aproxy (G) > 0.06 mag. This limit was selected
to comply with the amplitude limit (QR5(G) > 0.2 mag)
set for DR2. We further restrict the sample to sources that
have 2MASS crossmatches with J < 14.5 mag and K <
14.5 mag. These conditions on the 2MASS photometry are
intended to provide near-infrared data with good quality to
construct Gaia-2MASS diagrams.

The final sample of LPV candidates selected in the above
way from the entire DR2 archive contains 2°075’586 Gaia
DR2 sources distributed all over the sky.

3 LPVs in the Large Magellanic Cloud

Gaia LPV candidates in LMC with Ao (G) > 0.06

~12 : 1
~11
o
10 05 3
wn
£l 04 5
o
(e} [
< 2
S -8 0.2 é
‘ .
4 S
_7 g
£
-6 0.1
-5
-2 -1 0 1 2 3

Wepgp-rp — Wi, sk, [mag]

Figure 5: Sources with Apyoxy (G) < 0.06 or Aproxy (G) > 1
are plotted with the color at the respective end of the color-
scale. The subset of sources with Apyoxy (G) > 0.3 has been
plotted on top of the subset with Ap,oxy (G) < 0.3 to ensure
that the former ones are all shown on top of the latter ones
on the figure.

Members of the LMC are selected on the basis of their loca-
tion in the sky, their proper motions, and their parallax. The
selection criteria are the same as the ones used in [Lebzelter!
(2018), recalled in Table[l] With the additional condi-

criteria LMC sample SMC sample
RA 50° to 105° 0° to 35°
DEC —77° to —61° —80° to —65°
PM(RA) 1.2 to 2.5 mas/yr —0.3 to 1.6 mas/yr
PM(DEC) | —0.8 to 1.5 mas/yr | —1.9 to —0.7 mas/yr
w < 0.5 arcsec < 0.5 arcsec

Table 1: Selection criteria for stars in the LMC and SMC.



Gaia LPV candidates in LMC using variability proxy
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Figure 6: Same as Fig.|5| but with restricted variability proxy
ranges. The top panel is restricted to 0.10 < Apoxy (G) <
0.11 (containing mainly SRVs), while the bottom panel cov-
ers Aproxy(G) > 0.3 (containing only Miras).

tions mentioned in Sect. [2.2| on Gaia color, variability proxy
and 2MASS photometry, the sample of LPVs in the LMC
amounts to 20’486 sources. This is almost twice the num-
ber of sources (10’989 sources) of the LMC published in the
Gaia DR2 catalog of LPV candidates.

The distribution in the Gaia-2MASS diagram of these LMC
LPV candidates is shown in Fig.[4] The various branches re-
lated to different stellar mass regimes that were detected by
Lebzelter et al(2018) are clearly visible for this larger sample
as well.

Fig. 5| shows the same diagram, but with a color index ac-
cording to Aproxy(G) values of the stars. Mira candidates
are plotted on top of the other stars to make them all visible.
Their distribution in the diagram seems to follow a slightly
different pattern than the smaller amplitude SRVs, with Mi-
ras spreading more over the diagram than SRVs. This is more
clearly shown in Fig. [} which separates the two groups of
stars, Mira candidates and SRV candidates, in the top and
bottom panels, respectively. The discussion on this feature
must distinguish the case of C-rich stars (right half of the di-
agram at AW (Gaia, 2MASS) 2 0.8 mag) from the case of
O-rich stars (left half of the diagram).

The C-rich Miras in Fig. [f| (bottom panel) extend towards
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Figure 7: Same as Fig.[4] but for the SMC.

very large AW (Gaia, 2MASS) values compared to the SRVs
(top panel). In Lebzelter et al|(2018), we named these stars
‘extreme C-stars’, and we suggested that these are high-
mass-loss objects. The fact that only large amplitude vari-
ables are found here confirms the widely accepted connec-
tion between large amplitude variability and mass loss (e.g.
Hofner & Olofsson, [2018).

Concerning the M-type Miras, many of them are found
below the lowest luminosity branch in Fig. [5 (branch (a) in
Lebzelter et all |2018). A detailed analysis of this group is
beyond the scope of this proceedings paper. However, we
note that circumstellar reddening resulting from heavy mass
loss (see, e.g.,IMcDonald et all|2018) and the appearance of
significant amounts of water absorption in the near-infrared
spectra (see Fig. 2 in|Aringer et al.,[2002) are expected to re-
duce the K band brightness of these stars. Furthermore,
the Ks-band magnitudes used here are single-epoch obser-
vations, so that we expect to see a larger scatter in K for
large-amplitude stars. These effects affect less SRVs because
they have, on average, less circumstellar reddening, and be-
cause their amplitude of variability is smaller than for Miras.
The effects also lead to a spread of the AW (Gaia, 2MASS)
values of Miras, but to a lesser degree because the Wesenheit
index partly corrects for the reddening effect. In summary,
the K magnitude of O-rich Miras is expected to be, on the
mean, larger (fainter) than that of O-rich SRVs, and to display
a larger spread due to their larger intrinsic variability am-
plitude combined to the single-epoch nature of the 2MASS
survey.

4 LPVs in the Small Magellanic Cloud

The selection criteria for members of the SMC are given in
Table [1} With the additional conditions on Gaia color, vari-
ability proxy, and 2MASS photometry mentioned in Sect.
to select large-amplitude LPV candidates, we reach a sample
of 3°208 sources.

The Gaia-2MASS diagrams for the SMC are shown in
Figs.[7]and[8] There are two main differences compared to the
equivalent diagrams for the LMC (Figs.[4]and[5] respectively).
First is the larger proportion of C-rich over O-rich stars in the
SMC than in the LMC. This is a well known fact, due to the
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Figure 8: Same as Fig. 5] but for the SMC.

lower metallicity of the SMC in which AGB stars more easily
experience third dredge-up and at an earlier stage on their
AGB phase, combined with the lower oxygen abundance in
the atmosphere of an SMC AGB star such that a smaller num-
ber of dredge-up events is needed to reach C/O>1. As a re-
sult, the star spends an increased fraction of its lifetime as
a C-star (see, e.g., Fig. 22 in|Marigo & Girardi, [2007). Similar
conclusions are drawn in the literature from, for example, the
observation of stellar clusters in the SMC (Frogel et all|1990),
or the analysis of the period-luminosity diagram of LPVs in
the SMC (Soszynski et al}|2011).

The second striking feature in Fig. [7|of the SMC compared
to Fig. |4| of the LMC is the truncation of the O-rich low-
mass branch towards low AW (Gaia, 2MASS) values: there
is practically no LPV with AW (Gaia, 2MASS) < 0.2 mag.
This may be a direct consequence of the increase of third
dredge-up efficient with decreasing metallicity, the O-rich
star turning into a C-rich star before it moves far to the left
of the Gaia-2MASS diagram.

Let us, however, remark that the specific star formation
history of the SMC, a subtle interplay between metallicity
and evolution, the larger surface temperatures usually char-
acterizing lower metallicity stars, and/or the smaller Ti abun-
dance due to the smaller metallicity, all could play a role in
shaping the distribution of O-rich LPVs in the Gaia-2MASS
diagram. We further note from Fig. [8| that almost all O-rich
stars beyond the truncation limit of branch (a) on the left of
the diagram, with AW (Gaia, 2MASS) < 0.2 mag, are Mi-
ras.

5 LPVsin the Galaxy

The study of LPVs in the Galaxy is much more challenging
than in the Magellanic Clouds. First, because they cannot
be assumed to be at a given known distance as is the case
for the LMC and the SMC. Here Gaia will be of key help by
providing parallax measurements. Second, because Galac-
tic sources are affected by differential interstellar reddening
that varies greatly on the sky position and distance into the
Galaxy.

We consider two samples of Galactic LPVs, selected ac-
cording to the relative uncertainty on their parallaxes. The
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Figure 9: Same as Fig. [5] but for Galactic LPVs with a relative
DR2 uncertainty on the parallaxes better than 10%.
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Figure 10: Same as Fig.[§] but for Galactic LPVs with a relative
DR2 uncertainty on the parallaxes better than 15%.

first sample is restricted to all LPV candidates (selected with
the criteria on color, variability amplitude and 2MASS pho-
tometry precision as described in Sect.|2.2)) with relative Gaia
DR2 parallax uncertainties better than 10%, while the sec-
ond sample contains a larger set with parallax uncertain-
ties up to 15%. In both samples, we have to exclude po-
tential Young Stellar Objects that can be contaminants to
LPVs (see Mowlavi et all 2018). We do this by imposing
an upper limit on the absolute(G) magnitude of LPVs, that
depends on the Gpp-GRrp color as defined by the dashed
line in Fig. 28 of Mowlavi et al|(2018), i.e. absolute(G) <
—2.6+1.72 % (GBP — GRP)-

The Gaia-2MASS diagrams of these two samples of Galac-
tic LPV candidates are shown in Figs.[9|and[10] respectively.
We note the following points:

« There are much less C-rich relative to O-rich stars in the
Galaxy than in the Clouds (compare Fig. [9| with Fig.[7).
This is in agreement with the predicted decrease of ef-



ficiency of third dredge-up with increasing metallicity
combined with the larger O abundance in the enve-
lope of the AGB star, as already noticed in Sect.[d when
comparing the representative diagrams of the SMC and
LMC.

« The distribution of O-rich LPVs in branch (a) of the
diagram (containing low-mass AGB stars as well as
stars at the tip of the red giant branch) covers, at any
given absolute K magnitude, a much wider range of
AW (Gaia, 2MASS) in the Galaxy than in the Clouds.
In Sect. we noticed a truncated extension of branch (a)
in the SMC compared to the LMC. If this observed dif-
ference can be extrapolated to the larger metallicity of
the Galaxy, we would expect AW (Gaia, 2MASS) to be
smaller (i.e. larger negative values) in the Galaxy than
in the LMC, as observed here. Interstellar (and possibly
circumstellar) reddening would then explain the distri-
bution of branch (a) in Figs. |§| and|10| towards the faint
(lower) side of the diagram. The wide distribution of
branch (a) for the Galaxy, in both the X and Y axes,
would thus result from the combined effect of O-rich
AGB stars turning much later into C-rich stars, if at all,
(plus other potential sources of the effect as discussed
in Sect. 4) and extinction. But see also the note at the
end of this section on parallax determinations.

« Despite the previous point, the group of C-rich stars
still stands distinct from the group of O-rich stars in
the Gaia-2MASS diagram (Figs. @)and . This re-
markable property of the Gaia-2MASS diagram results
from the fact that reddening leads to a slight displace-
ment of the representing point in the diagram away
from the vertical line separating the two groups of
stars: a reddened C-rich star will be displaced to larger
AW (Gaia, 2MASS), while reddened O-rich stars will
be displaced to smaller (negative) values of this index.

+ Only very few massive AGB and red supergiants are
present in this extended Solar neighborhood Galactic
sample.

Let us finally issue a warning on the parallaxes. Attention
must be taken that systematics and biases may exist in the
DR2 parallaxes determinations of red giants. A bias towards
the exclusion of the reddest giants in a parallax precision-
limited sample was already stressed in Mowlavi et al|(2018)
(see in particular their Fig. 24), due to their fainter magni-
tudes (maximum of spectrum emission displaced to longer
wavelengths in the infrared). In addition, there were limita-
tions in DR2 parallaxes (Lindegren et all|2018).

6 C-star identification
6.1 Inthe Gaia-2MASS diagram

With the DR2 Gaia data, Lebzelter et al{(2018) showed how
the combination of optical with infrared data allows to dis-
tinguish between O-rich and C-rich stars in the Gaia-2MASS
diagram, where these two types of LPVs occupy distinct re-
gions. It was shown that this optical+infrared diagram is
more powerful than the infrared color-magnitude diagram
usually used in the literature for this purpose. The improve-
ment is illustrated in Fig.[12] for which an animated image is
available (see caption of the figure).
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Figure 11:  Histogram of AW (Gaia,2MASS) =

WRP,BPfRP — WKS’J,KS for all Gaia DR2 LPV candi-
dates with Apyoxy (G) > 0.06 in the SMC (top panel), LMC
(middle panel) and Galaxy (bottom panel, for stars with
relative parallax uncertainty better than 10% in blue and
than 15% in green).

With the samples of Gaia sources prepared in the previous
sections to study the populations of LPVs in the SMC, LMC
and in the Galaxy, we can investigate whether the delineation
between C-rich and O-rich LPVs in the Gaia-2MASS diagram
depends on metallicity. For this purpose, the histograms of
AW (Gaia, 2MASS) for the SMC, LMC and Galactic vicin-
ity are shown in Fig. respectively from top to bottom.
The value of AW (Gaia, 2MASS) at the minimum of the his-
tograms approximately delineates the border between O-rich
(values smaller than this limit) and C-rich (values larger than
this limit). The exact value actually depends on the absolute
K s magnitude, the border not being a straight vertical line in
the Gaia-2MASS diagram. The differences between the his-
tograms of the different stellar populations nevertheless sug-
gest a slight metallicity dependence of the borders separating
the different subgroups of AGB stars, this border shifting to
slightly larger values with an increase of the metallicity of the
considered stellar population. Further studies, outside the
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scope of these proceedings, should be performed on the full
2D distribution of sources in the Gaia-2MASS diagrams, and
distinguishing the various stellar populations in the Galaxy
(halo, thin/thick disk, bulge), in order to reach a full under-
standing of the metallicity dependence of the boarders be-
tween the different regions in this diagram.

6.2 Using solely Gaia data

With the Gaia IoW of 15/11/2018 published on ESA’s web
pages’, the Gaia Consortium revealed the potential of iden-
tifying C stars in the next Gaia data releases using only Gaia
data, i.e. without the necessity of infrared information. The
IoW showed that the red (RP) spectro-photometer on board
of Gaia indeed provides low-resolution spectra that are ade-
quate for a discrimination between O-rich and C-rich stars,
from the signature of molecular bands specific to either O-
rich (mainly TiO and VO) or C-rich (mainly C5, CH, and CN)
cool stellar atmospheres. The reader is referred to the expla-
nations provided therein for more information.

The IoW also showed that the large stellar surface tem-
perature variations of Miras over their pulsation cycles can
lead to significant variations in the shapes of the spectra as
a function of pulsation phase. With Gaia, this can be effec-
tively handled based on the multiple-epoch spectra taken for
each observed source. The IoW illustrated this power with
the epoch RP spectra recorded over the DR2 period for two
Miras, the O-rich Mira T Aqr (pulsation period of P = 203 d)
and the C-rich Mira RU Vir (P = 425 d). The links between
these RP spectral variations and the photometric variability
are shown in Figs. [13| and [14] for T Aqr and RU Vir, respec-
tively. Animated versions of the figures are available on the
web as mentioned in the captions of the figures.

7 Conclusions

Lebzelter et al|(2018) have shown the power of using com-
bined Gaia and 2MASS data to identify sub-groups of AGB
stars among LPVs, including the distinction between C-rich
and O-rich stars. The main tool was the Gaia-2MASS dia-
gram (shown in Fig.[4). They based their study on the LMC
LPVs published in the Gaia DR2 catalog of LPVs (Mowlavi
et all|2018).

In these proceedings, we first showed how the study can be
extended to the set of LPVs from the whole Gaia DR2 archive
using a variability proxy based on the published uncertainty
of the G fluxes. We then explored the Gaia-2MASS diagram
for a) the set of LPVs in the LMC extracted from the full Gaia
DR2 archive, b) the SMC, and c) the Galaxy.

In the LMC, the Gaia-2MASS diagram of the extended set
of LPVs confirms the properties set forth in Lebzelter et al.
(2018). In addition, it is shown (see Fig. @ that the extreme
C-rich branch is almost exclusively populated by Miras, and
that O-rich Miras display a spread in the diagram due to both
physical properties and observational biases (see Sect.[3).

In the SMC, the Gaia-2MASS diagram displays striking dif-
ferences compared to the LMC, attributed to the lower metal-
licity of the SMC (see Sect. [4).

The study in the Galaxy is more challenging than in the
Clouds due to the differential reddening affecting Galactic
sources. The analysis of the Gaia-2MASS diagram has never-
theless led to interesting conclusions, one of them being that
the clear distinction between O-rich and C-rich stars remains
valid even in the presence of reddening (see Sect.[5).

Zenodo, 2019

ESLAB #53: The Gaia Universe

Finally, we showed in Sect. that the boundary sepa-
rating O-rich and C-rich LPVs in the Gaia-2MASS diagram
depends slightly on metallicity. We then ended in Sect.
with the interesting prospect revealed in the Gaia IoW of
15/11/2018 that C-rich and O-rich AGB stars can be identified
using Gaia RP spectra, thereby removing the need to rely on
infrared data. This would allow to have a homogeneous set of
C-rich AGB stars identifications based solely on Gaia data in
forthcoming Gaia data releases. The IoW also showed the es-
sential variability of the spectral features of Miras, especially
of O-rich Miras. To illustrate this, we produced animated im-
ages (Figs.[13]and[14) of the simultaneous photometric and RP
spectroscopic variations of the two Miras shown in the IoW,
that are adequate for public outreach.
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Figure 12: Distribution of the LMC LPV candidates from the Gaia DR2 catalog of LPVs in the 2MASS color-magnitude diagram
(top panel, units of both axes in magnitude) compared to their distribution in the Gaia-2MASS diagram (bottom panel, units of
both axes in magnitude). The colors indicate the different subgroups of AGB stars identified in|Lebzelter et al, (2018).

An animated image illustrating the shift from the top to bottom diagrams is available at https://obswww.unige.ch/
~mowlavi/Material /ESLAB53/.
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Figure 13: Photometric and spectroscopic variability of the O-rich Mira T Aqr (P = 203 d) during the 22 months of data covered
by Gaia DR2. Left panel: Photometric variability of the star (in blue) in the Gaia color — Absolute G magnitude diagram. The
background stars are the set of Gaia DR2 sources brighter than G = 18 with w/e(w) > 30 and good BP+RP excess factors.
Right top panel: Time series of the G’ magnitude and Ggp-Grp color of the star, from the Gaia DR2 archive. The times on
the X-axis are given in days. The blue lines are Fourier series fits to the Gaia DR2 measurements (shown as blue filled circles)
in each of the two time series. The blue line in the left panel results from these fits. Right bottom panel: Epoch RP spectra
of the star from the Gaia IoW of 15/11/2018 (the credits are the same as in the IoW, see https://www.cosmos.esa.int/web/
gaia/iow_20181115). The X-axis is a pseudo-wavelength covering the approximate range from 640 to 1100 nm. The dark blue
points/spectra identify the same times in all panels.

An animated version of the figure is available at https://obswww.unige.ch/~mowlavi/Material/ESLAB53/|
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Figure 14: Same as Fig.[13] but for the C-rich Mira RU Vir (P = 425 d). The blue color of Fig.[13|has been replaced by red color
in all panels.
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