A&A, 693, A28 (2025)
https://doi.org/10.1051/0004-6361/202452041
© The Authors 2024

tronomy
Astrophysics

Unveiling VVV/WISE Mira variables on the far side
of the Galactic disk

Distances, kinematics, and a new extinction law

R. Albarracin!->*®, M. Zoccali'-?>®, J. Olivares Carvajal"2 , A. Rojas—Arriagada3’2’4’5 ,
J. H. Minniti®®, M. Catelan!-2®, M. De Leo'-27, F. Gran®, R. Contreras Ramos!-2®,

A. Valenzuela Navarro!-2

, and C. Salvo-Guajardo'-?

! Instituto de Astrofisica, Pontificia Universidad Catélica de Chile, Av. Vicufia Mackenna 4860, 782-0436 Macul, Santiago, Chile
2 Millennium Institute of Astrophysics, Av. Vicufia Mackenna 4860, 82-0436 Macul, Santiago, Chile
3 Departamento de Fisica, Universidad de Santiago de Chile, Av. Victor Jara 3659, Santiago, Chile

4 Niicleo Milenio ERIS, Santiago, Chile

3 Center for Interdisciplinary Research in Astrophysics and Space Exploration (CIRAS), Universidad de Santiago de Chile, Santiago,

Chile

¢ Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA
7 Dipartimento di Fisica e Astronomia “Augusto Righi”, Alma Mater Studiorum, Universita di Bologna, Via Gobetti 93/2,

40129 Bologna, Italy

8 Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, Laboratoire Lagrange, 06304 Nice, France

Received 29 August 2024 / Accepted 5 November 2024

ABSTRACT

Context. The structure and kinematics of the Milky Way disk are largely inferred from the solar vicinity. To gain a comprehensive
understanding, it is essential to find reliable tracers in less explored regions such as the bulge and the far side of the disk. Mira variables,
which are well studied and bright standard candles, offer an excellent opportunity to trace intermediate and old populations in these
complex regions.

Aims. We aim to isolate a clean sample of Miras in the VISTA Variables in the Via Lactea survey using Gaussian process algorithms.
This sample will be used to study intermediate and old age populations in the Galactic bulge and far disk.

Methods. Near- and mid-infrared time-series photometry were processed using Gaussian Process algorithms to identify Mira variables
and model their light curves. We calibrated selection criteria with a visually inspected sample to create a high-purity sample of Miras,
integrating multiband photometry and kinematic data from proper motions.

Results. We present a catalog of 3602 Mira variables. By analyzing photometry, we classify them by O-rich or C-rich surface chem-
istry and derive selective-to-total extinction ratios of Ax /E(J — K) = 0.471 £ 0.01 and Ak, /E(H — K,) = 1.320 + 0.020. Using the
Mira period-age relation, we find evidence supporting the inside-out formation of the Milky Way disk. The distribution of proper
motions and distances aligns with the Galactic rotation curve and disk kinematics. We extend the rotation curve up to Rge ~ 17 kpc
and find no strong evidence of the nuclear stellar disk in our Mira sample. This study constitutes the largest catalog of variable stars on

the far side of the Galactic disk to date.

Key words. stars: AGB and post-AGB — stars: variables: general — Galaxy: bulge — Galaxy: disk —

Galaxy: kinematics and dynamics — Galaxy: structure

1. Introduction

Although we are able to study the Milky Way (MW) galaxy in
great detail, de-projecting the position of the stars in the sky into
a three-dimensional map is still challenging due to the difficulty
of deriving precise distances for individual stars. This task is
especially hard for stars in the Galactic plane, as dust extinc-
tion, heavily affecting distances and often degenerated with it,
is significantly larger. Given that reliable geometric distances
are currently available only within a few kiloparsecs of the Sun
(Bailer-Jones 2023), we rely on specific stellar tracers, for which
we are able to derive distances because we have independent
information about their intrinsic luminosity.

* Corresponding author; rialbarracin@mpia.de

Among tracers, pulsating variable stars are the most common
ones, as most of them follow tight period-luminosity (P-L) rela-
tions (Catelan & Smith 2015). RR Lyrae stars have been used to
trace the structure of the old component of the Galactic bulge
(e.g., Dékany et al. 2013; Pietrukowicz et al. 2015; Prudil et al.
2019; Du et al. 2020; Olivares Carvajal et al. 2024), and classi-
cal Cepheids have proven to trace the structure of the near and
far Galactic disk (e.g., Skowron et al. 2019; Minniti et al. 2021).
The nature of these classes of variable stars restricts the analy-
sis to strictly old or young stellar populations, respectively. Mira
variables, in turn, offer a unique possibility to trace the range of
intermediate-age populations in our Galaxy.

Mira variables are highly evolved stars from the thermally
pulsating asymptotic giant branch (AGB). AGB stars exhibit
pulsation in different modes, with complex interactions between
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the pulsation, the convective envelope, and the stellar atmo-
sphere (Freytag et al. 2017; Hofner & Olofsson 2018; Chiavassa
et al. 2024). The modes and regularity of the pulsation between
cycles define different subclasses of long-period variables
(LPVs) occupying different P-L sequences (Wood 2015). Indeed,
observations of the Large Magellanic Cloud (LMC) have shown
that LPVs lie in distinct sequences depending on their subclass
(Soszynski et al. 2009). Mira variables, in particular, pulsate in
the fundamental mode, exhibiting amplitudes of AV > 2.5 mag
with periods ranging from 80 days to over 1000 days, following
a single P-L sequence (Glass & Feast 1982). Mira variables have
been proven to follow tight P-L relations in the near-infrared
(near-IR) and infrared bands (e.g., Feast et al. 1989; Whitelock
et al. 2008; Yuan et al. 2018; Iwanek et al. 2021b; Sanders
2023). They are well suited as standard candles for cosmological
applications (Huang et al. 2018, 2024), local group studies
(Menzies et al. 2015), and the MW (Matsunaga et al. 2009;
Grady et al. 2020; Urago et al. 2020; Iwanek et al. 2023). A
recent study by Sanders et al. (2022, hereafter S22) identified
a large number of Miras in the MW nuclear stellar disk (NSD)
from VISTA Variables in the Via Lactea (VVV) data. The
existence of Miras in this poorly known component is especially
important as their age, constrained through their period, allows
for the formation of the main Galactic bar to be dated (Baba &
Kawata 2020; de Sa-Freitas et al. 2023). In addition, thanks to
their precise distances and proper motion (PM), they allow for
models of the NSD to be computed (Sanders et al. 2024).

At a given mass, any thermally pulsating AGB star begins
to show fundamental-mode pulsations at a very narrow range of
radii (Trabucchi et al. 2019). Thus, a dependence of the pulsation
period on stellar mass, and therefore age, is expected. Recent
theoretical studies of this relation can be found in the litera-
ture (see Eggen 1998; Trabucchi & Mowlavi 2022). However,
most period-age (P-A) relations have been calibrated empiri-
cally. Stars near the Sun with hotter kinematics are, on average,
older (De Simone et al. 2004), and indeed, this relation has
been long observed for Miras (Merrill 1923; Feast 1963). Using
the exquisite astrometric precision of Gaia (Gaia Collaboration
2016), Zhang & Sanders (2023) have obtained a P-A relation,
using the velocity dispersion of Mira variables in the solar
neighborhood. As is discussed in both Nikzat et al. (2022) and
Zhang & Sanders (2023), the exact shape of this relation is still
highly debated, and some key anchors, such as LMC clusters,
can have significant contamination. Although the correlation
between period and age is not under discussion, a spread in the
relation is expected. Trabucchi & Mowlavi (2022) used a set of
theoretical pulsation models to show that a Mira with a period of
350 days can have ages that differ by up to 3 Gyr.

Low and intermediate-mass stars in the AGB also undergo
significant mass loss (Hofner & Olofsson 2018). Strong con-
vection and shockwaves due to pulsation generate winds that
lead to cool envelopes, where dust and molecule formation are
expected (Freytag & Hofner 2023). Changes in the surface ratio
of C/O, due to the third dredge-up, affect the dominant molecular
species formed in the envelope, from oxygen-based molecules
such as TiO and SiO to carbon-based molecules like CN and
C, (Cristallo et al. 2011). This transition in chemical abundance
greatly impacts the spectral energy distribution (Iwanek et al.
2023) and, in turn, the mean magnitudes and the correspond-
ing P-L relation (Whitelock et al. 2003; Soszynski et al. 2005;
Yuan et al. 2017; Iwanek et al. 2021b). Therefore, an assess-
ment of the Mira chemical class is crucial for adequate distance
determination.
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A challenge in the characterization of light curves from
Miras is their long-term trends and period variations. Indeed,
it has been observed that Mira variables show long-term mod-
ulations independent of the main pulsation period (e.g., Zijlstra
et al. 2002; Templeton et al. 2005; Uttenthaler et al. 2011; Ou
& Ngeow 2022). Multiple mechanisms responsible for these
trends have been proposed: stellar winds triggered by thermal
pulses (Vassiliadis & Wood 1993), coupling of the pulsation with
convection (Freytag et al. 2017), or the presence of dust shells
(Zijlstra et al. 1996; Ou & Ngeow 2022). A work frame that
accommodates these variations in the modeling is necessary for
adequate identification of Miras.

In this paper, we aim to identify Mira variables in the VVV
survey by means of a Gaussian process (GP) algorithm to study
the 3D distribution of these stars along with the kinematics via
PMs. In Section 2, we describe the data considered from dif-
ferent surveys, and Section 3 describes the algorithm used for
the identification of Miras and modeling of the light curves.
Section 4 explains the separation of C-rich and O-rich stars in
our sample and the determination of an extinction law. Section 5
presents the 3D spatial distribution of the stars. Section 6
presents the kinematics of the sample. Finally, in Section 7, we
present the discussion and conclusions of our study.

2. Observations and photometry
2.1. VWV data

The catalog of Mira variables presented in this work is based
on point spread function (PSF) fitting photometry performed
on multi-epoch near-IR data from the VVV ESO public sur-
vey (Minniti et al. 2010). Since 2010, the VVV survey has
observed nearly 1700 deg? over the MW bulge and southern disk.
Further data is available as a part of VVV eXtension (VVVx
Minniti et al. 2018), extending the baseline to roughly 13 years.
In this study, we use the full footprint of the bulge region, from
—-10°<£€<+10° and — 10° 5 b $+5°, together with tiles from
the disk, from —22°<¢<—-10° and — 15 b <1, encompass-
ing tiles b201 to b396, d069 to d076, and d107 to d114. The
footprint of the catalog in the sky can be seen in Fig.1. The PSF-
based photometry was carried out across all available epochs,
including ~100 in the K band and fewer than 12 in each of
the J and H bands. The average seeing is ~1 arcsec, as images
with seeing larger than 1.7 arcsec were discarded from the
analysis.

Multi-epoch photometry was derived using a photometric
pipeline based on the DAOPHOT II/ALLSTAR package (Stetson
1987). An initial, high-threshold photometry was performed to
detect bright stars and coordinate transformation across all avail-
able epochs in each VIRCAM chip. The images were stacked
accordingly, and deep, low-threshold photometry was then per-
formed, creating the most complete stellar master list. Using
this master list, PSF photometry was performed on each epoch,
allowing the centroids for each star to be refined. This resulted
in a list of stars with consistent identification across all epochs
and a position that can change in time. Instrumental magnitudes
were normalized to the photometric system of a reference epoch
by means of the DAOMATCH/DAOMASTER codes (Stetson
1987). Only this reference epoch was then photometrically cal-
ibrated to the 2MASS reference system, as described below.
Proper motions, on the other hand, were derived as described in
Contreras Ramos et al. (2017), following the prescriptions from
Anderson et al. (2006) and Bellini et al. (2014).
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Fig. 1. Gaia DR3 source density around the region covered by the VVV survey. White boxes represent VV'V tiles considered in this study. Orange
dots represent Mira variables identified by our GP algorithm. Color indicate the amount of sources in the Gaia DR3 catalog. Density map data

were taken from the Gaia archive.

The photometry has been calibrated to the VVV photometric
system as explained in detail in Zoccali et al. (2024). Briefly:
bright, isolated stars in common with the 2MASS catalog
(Skrutskie et al. 2006) were identified within each VIRCAM
detector. The 2MASS magnitudes were transformed to the VVV
photometric system using the color and extinction terms reported
in Gonzélez-Ferndndez et al. (2018). A zero point was then
derived in each band as the median difference between the
VVV instrumental magnitudes and the transformed 2MASS
magnitudes and applied to the former.

By construction, the PM of each individual star was derived
with respect to the average motion of a local sample of bulge red
giant branch stars. Therefore, they are relative PMs. Nonetheless,
they were later calibrated to the Gaia data release 3 (DR3) astro-
metric system by means of >80 common stars, selected within
a quarter of a VVV detector. This is the unit area for which we
derive a common astrometric calibration to the Gaia system (see
Zoccali et al. 2024, for more details about this step).

2.2. WISE data

In addition to the VVV photometry, we complemented the
variability information with data from the Wide-field Infrared
Survey Explorer (WISE Wright et al. 2010). WISE is a 40 cm
space telescope with the mission of mapping the entire sky in
four mid-IR bands; W1 (Aeg = 3.4pum), W2 (deg = 4.6pum), W3
(Aer = 12pum) and W4 (A = 22um). The initial WISE mission
was conducted from 2010 to 2011, after which the telescope was
reactivated as part of the Near-Earth Object WISE Reactivation
Mission (NEOWISE-R; Mainzer et al. 2011), providing addi-
tional data in the W1 and W2 bands from 2013 to the present.
We cross-matched all sources from the VVV catalog with the
WISE Multiepoch Photometry Table (WISE Team 2020)' and
the NEOWISE-R Single Exposure (L1b) Source Table (Neowise
Team 2020) using the NASA/IPAC Infrared Science Archive?.

I https://wise2.ipac.caltech.edu/docs/release/allwise/
2 https://irsa.ipac.caltech.edu/applications/Gator/

Matches were performed with a tolerance of 1 arcsecond, and
magnitudes were corrected for saturation effects following the
prescriptions in Cutri et al. (2015). Out of our final sample of
3602 stars, 2782 have measurements in the W1 and W2 bands,
2242 in W3, and 2027 in W4. The median and maximum values
for individual data points in each of the WISE bands were 23, 22,
11, 11, and 35, 32, 14, 14 for W1, W2, W3, and W4, respectively.
We note that even though the magnitudes are corrected for sat-
uration, several matched sources fall within the saturation range
for the WISE bands, specifically 593 in W1, 752 in W2, 382 in
W3, and 24 in W4.

Furthermore, the large PSF of WISE is likely to cause blend-
ing in highly crowded regions near the Galactic plane. Since
Mira variables are very bright in the mid-infrared, we consider
the effects of contamination to be minor for the mid-infrared
color excess used in Sect. 4.1. However, for precise distance
determinations, the contribution of blended sources in the WISE
magnitudes affects both the measured median magnitude and the
extinction estimates. We expand on this issue in Sect. 5.1 and
Appendix C.

2.3. Variable Star Zoo Mira candidates

In 2018, our group started a citizen science project named Vari-
able Star Zoo, which was hosted at the Zooniverse platform3.
The users were asked to classify variable stars by compar-
ing their phased light curves with some predefined templates.
An input catalog contained roughly 55,000 candidate variable
stars from the VVV survey, located within —10°<¢< +10° and
—1.6° < b < 1.8°. The available templates included two eclips-
ing binaries, an RR-Lyrae and a Cepheid, a Mira, a microlensing
event, as well as an unusual variable source and a pure-noise
light curve. A candidate variable was considered classified,
hence removed from the input catalog as soon as it reached
15 classifications. A more extensive discussion of the Variable
Star Zoo Project is presented in Ordenes-Huanca et al. (2022).

3 https://www.zooniverse.org
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Fig. 2. Amplitude-based cuts in Inter Quartile Range in K, band and
Amplitude over error for an example VVVx tile. Top: blue points
show candidates that meet IQRKs and amplitude over noise crite-
ria. The dashed red line shows the IQRKSs threshold as a function of
K, magnitude; black triangles are the control VarZoo sample. Points
inside the gray-shaded region are excluded from further analysis.
Bottom: histogram of the amplitude of variability over the source-
averaged photometric error. Blue histograms are sources that passed the
IQRKSs cuts, and the gray histogram is the VarZoo sample. The dot-
ted black line defines the threshold value to further consider candidates
(AK;/o 2 10).

For this work, we initially selected the ~2000 stars that were
classified as Mira by 11 or more volunteers. Subsequent visual
inspection carried out independently by four team members
reduced the sample to 1883 Mira candidates, which hereafter will
be referred to as the VarZoo sample. By using the VarZoo sam-
ple as a calibrator for the algorithms explained in Sect. 3, we
constructed our final Mira sample, shown in the sky in Fig. 1.

3. Mira variable identification

In order to select candidate Miras, we followed the prescription
by S22. We constructed cuts based on an interquartile range of
magnitudes in the K band (IQRKSs; Fig. 2), which we optimized
until all the stars in the parameter space occupied by the VarZoo
sample were selected, but not many more. We applied different
cuts for brighter and fainter stars in order to separate intrinsic
variability from statistical fluctuations due to low signal-to-noise
ratio (SNR). For stars brighter than Ks=14 we considered as can-
didate Mira any star with IQRKs>0.1. For sources in the range
14<K<16 we required IQRKs>10 above the median value.
Sources than satisfy these amplitude cuts are shown as blue dots
in the top panel of Fig. 2. We neglected sources with K>16
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as their light curves would be dominated by the noise (shaded
gray area in Fig. 2, top). We are aware that this first cut does not
remove spurious variability due to saturation. However, remov-
ing sources in the saturation range would remove many real Mira
variables. The top panel of Fig. 2 shows these cuts applied to a
VVVx tile, along with the VarZoo sample. We see that the major-
ity of VarZoo stars lie above the imposed threshold. To further
clean the candidates from artificial variability due to noise, we
impose a cut in the ratio of light curve amplitude to the aver-
age photometric noise of AK¢/o- > 10. From the bottom panel of
Fig. 2, we see that almost the entire VarZoo sample, represented
as a black histogram, lies above the threshold (dotted black line
in Fig. 2, bottom). We use these cuts to feed our algorithm with
an initial list of candidates showing a strong intrinsic variability
based on amplitude only. For further consideration as candidates,
a strong periodic signal consistent with Mira variables needs to
be detected.

Mira variables are characterized by a prominent main oscil-
lation due to pulsation, with periods over 80 days and a K
amplitude AK; > 0.4 mag (Kerschbaum et al. 2006; Iwanek
et al. 2021a). Together with the main pulsation, Mira and other
red giants often show additional variability (see He et al. 2016;
Matsunaga et al. 2017). The timescale for this additional variabil-
ity can be of the same order as the main period or up to several
times larger (Nicholls et al. 2009). For these reasons, flexible
modeling that separates Mira variables from other variability
classes and noise while accounting for quasi-periodic variability
is necessary.

We performed a fast Lomb-Scargle (Lomb 1976; Scargle
1982; Press & Rybicki 1989) periodogram* on the candidate
light curves, retaining sources where any of the best 3 peri-
ods, with false alarm probabilities of less than 10%, are over
50 days. To identify LPVs, we further inspect the periodicity of
the candidates by means of a Generalized Lomb-Scargle (GLS)
periodogram (Zechmeister & Kiirster 2009). This method has
been reported as having the highest accuracy in recovering Mira
periods (Graham et al. 2013b). We cleaned the periodogram
from period aliases related to the survey sampling rate by using
the window method described in Kramer et al. (2023). In some
cases, the periodogram powers for the 3 best GLS periods were
approximately the same. In such cases we selected the period
with minimal conditional entropy as defined by Graham et al.
(2013a).

After rejecting individual data points with errors 30~ above
the median error, we fed the K band light curves and the selected
period to a grid of iterative GP models. Similarly to S22, we
used a combination of quasi-periodic and non-periodic kernels
in order to capture the behavior of Mira variable light curves,
detailed in Eq. (A.1). For each iteration, we selected the model
that minimized the Aikake information criterion (AIC). We fit-
ted a simple polynomial to the GP model in order to identify
the median trend and subtract it. We phase-folded the de-trended
light curve using the period re-adjusted by the GP algorithm.
We fitted a Fourier series of three harmonic terms and calcu-
lated the distance between each point and the model adequately
normalized, as prescribed in Baeza-Villagra et al. (in prep.).
Points with a distance over 30~ above the median were rejected
and not considered for further analysis. The remaining points
were fed to the next iteration of the GP, where a new model
fitted. For the model of the next iteration to be accepted, the
reported likelihood had to exceed that of the previous iteration
(i.e.,log,y L; < logq Li+1+10), with a maximum of 5 iterations.

4 See docs.astropy.org/en/stable/timeseries/
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Fig. 3. Example of the GP modeling for a single source. Top: time series
photometry for this star; red shades denote the confidence intervals for
the GP model, shaded black line denotes the median trend with corre-
sponding confidence interval in gray. Gray and black points are masked
and accepted points, respectively. Bottom panels: phased light curves
for the star without (left) and with (right) the median trend correction
applied. Colored regions are the confidence intervals for the Fourier fit.

This procedure allows for flexible modeling of the light curve
while accounting for stochastic behavior and saturation effects
that otherwise would hamper the performance of the £ param-
eter as a quality indicator for Mira candidates. An example of
the described modeling for a VarZoo Mira candidate is shown in
Fig. 3.

3.1. Multiband modeling

The method described above only applies to the K light curves.
In the other bands, the number of epochs is only a few at most.
Therefore, in order to accurately derive the median magnitudes
for the other photometric bands, we constructed a light curve
template based on the K data. Specifically, we applied a Fourier
transform to the model for the K, data obtained in the previ-
ous step. To apply this model to other bands, we multiplied
the Fourier coefficients of the K band by the amplitude ratios
derived in S22, which describe how the amplitude in a given
band relates to the measured amplitude in the K; band. After
applying an inverse Fourier transform to the coefficients, a sim-
ple fit on the available data in the given band was performed.
In order to derive a median magnitude and its uncertainty, we
obtained model fit sampling over the confidence intervals of
amplitude ratios and the photometric errors. For each combi-
nation of sample points and amplitude ratios, we obtained a
best-fit model and a corresponding polynomial fit and repeated
this procedure 1000 times. The average of the fitted polynomi-
als is a distribution from which a final median magnitude and
uncertainty were obtained. We emphasize that the number of
observations per band and their phase have a large impact on the
uncertainty of the median magnitude. Although phase shifts are
expected in Mira light curves between different bands (Iwanek
et al. 2021a), we chose not to include these additional parame-
ters due to the small number of data points in bands different
from K. This phase shift is close to 0 in the near-IR bands

and A¢ ~ 0.1 for WISE filters (Iwanek et al. 2021a). Figure 4
shows an example of the multiband fit for a source in the VarZoo
sample.

3.2. Candidate selection

Mira candidates were selected based on the reported likelihood
of the fit and the amplitude of the Fourier series. Fig. 5 shows
the distribution of the VarZoo sample (cyan) and GP candidates
(gray) in the Fourier amplitude, likelihood, and period space.
For the VarZoo sample, members of the collaboration visually
inspected each light curve and assigned a quality score ranging
from 10 (best) to —10 (bad). For a given source, the total score
is simply the sum of the individual scores. We bin the distribu-
tion of VarZoo stars and show the average total score per bin
in the left panel of Fig. 5. Motivated by the distribution of the
VarZoo sample and the respective scores, we chose a standard
cut in the amplitude of AK; > 0.4 and a cut in the likelihood of
log £ > 20. We recognize that these cuts, especially the like-
lihood cut, remove variables that might be Miras, but have a
low-quality light curve in our photometry. We have chosen to
exclude sources with lower likelihood values as we aim to com-
pile a high-purity catalog for variables for which we can derive
reliable distances and extinctions.

Mira variables show a clear dependence between the period
of the star and the amplitude of the light curve (Soszynski
et al. 2011; Huang et al. 2018, S22). Therefore, we adopted a
selection box designed to broadly match the distribution of the
VarZoo Miras also in the period amplitude plane ( Fig. 5; right
panel). These cuts resulted in 1420 stars from the VarZoo sample
that meet the criteria of light curve morphology and amplitude
expected from a Mira variable; these stars will be referred to as
VarZoo Miras. We analyzed the distribution of GP candidates
(gray points in Fig. 5) and see that the vast majority of processed
sources lie outside the borders of the selection box. By applying
the same cuts to the output of the GP algorithm, we obtained
12,346 candidates. These candidates include the 1420 stars from
the VarZoo sample that meet the aforementioned criteria.

From this list of candidates, we performed a final visual
inspection and also removed duplicated sources in the overlap-
ping region between tiles. We find that 3602 sources are clearly
Miras, and we can derive reliable distances and extinctions for
them. These are the sources contained in the catalog released
with the present paper.

3.3. Comparison with other catalogs

The present work is based on the same images from the VVV
survey as in S22, analyzed with the same PSF fitting technique.
The pipeline to identify Mira variables and measure their mean
magnitudes is also very similar. Therefore, a direct compari-
son of the results is in order. A first important difference is
that the work of S22 is restricted to a 3°x3° region around the
Galactic center, while the present work includes the whole VVV
area, as shown in Fig. 1. The catalog by S22 includes a total of
1782 Miras, while there are only 939 Miras in our catalog in the
common sky region. Specifically, there are 1013 variables in S22
that were not identified as reliable Miras in the present work,
whereas 170 variables that we label as Miras are not present in
the S22 catalog. As for the first sample, present in S22 but not in
the present work, we report a few light curve examples in Fig. 6,
all of them folded with the period reported in S22. In a few cases,
like the one at the top right corner, it is clear that we are looking
at a variable star that is most likely a Mira, too. Nonetheless, this
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Fig. 4. Example multiband light curve for a source in our catalog. Top: fitted models for a candidate in the different bands, ordered in increasing
wavelength from top to bottom: J, H, K, W1, W2, W3, W4. Black points are photometric measurements in each band. Solid lines indicate each of
the sampled models. Dashed gray lines are the modeled median trends with the respective confidence intervals in black-shaded regions. Bottom:
residuals of the band modeling. Points are color-coded according to the observing band, as in the top panel.
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Fig. 5. Distribution of VarZoo and GP candidates in likelihood, amplitude, and period space. Left: likelihood and amplitude distribution of the
VarZoo sample; the color of the bins denote the average vote score. Middle: distribution of likelihood and amplitude of the VarZoo sample and
GP candidates; gray points indicate GP candidates, cyan points are the Varzoo sample, with the Orange contours indicating the density of VarZoo
sample in the presented space. Right: log P and amplitude distribution; dotted black lines indicate the selection borders for Mira variables.
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Fig. 6. Example light curves for stars in other catalogs. Top and Middle
panels: light curves of stars identified as Miras in S22 but not included
in the present catalog. Bottom panels: same as above, but for sources
in the catalog by Matsunaga et al. (2009), not included in the present
sample. All the light curves were folded using the period reported by
the corresponding authors.

one was not fed to our algorithm because we only considered
light curves whose amplitude was larger than 10 times the mean
error on the data points. The vast majority of the stars in S22 not
included in this work have light curves like those in the middle
and top left panels of Fig. 6. In these cases, we might say that the
variability is real, but we were unable to assign a reliable period
and mean magnitude to them.

Two considerations must be kept in mind while perform-
ing this comparison. First, for the Miras in common between
the two catalogs, the derived periods are virtually identical for
all except ~20 stars. We phase the stars with both periods, and
found that only in two cases, the period selected by our algo-
rithm produces a folding worse than that reported by S22. These
stars were removed from further consideration. Second, stars
with K¢~11 mag, or brighter, are saturated in VVV. The PSF
photometry performed by ALLSTAR does a good job of recov-
ering a reasonable magnitude (see discussion in Appendix B, and
Fig. 2 in S22). Nonetheless, we believe that a different prescrip-
tion for dealing with saturated stars is most likely the reason why
stars like those shown in the middle and top left panels might
have light curves compatible with Miras in the S22 photometry
but not in the present one. We would also like to emphasize the
importance of visual inspection of the final sample. For exam-
ple, the star whose light curve is shown in the middle right panel
was included in the initial catalog, and the GP derived reason-
able parameters for it. It was later discarded by visual inspection.
This last step is often neglected in a world where machine learn-
ing algorithms are faster and more effective by the day. While we
acknowledge that it is impossible to visually classify hundreds of
thousands of light curves, we wish to stress that, although sub-
jective, visual classification is still the most reliable method we
have. When the numbers allow, this step should not be skipped.

The bottom panels of Fig. 6 show a couple of light curves
for stars in the catalog by Matsunaga et al. (2009) that have not
been classified as Mira in the present work. There are 85 such

variables. The large majority of these stars are very bright, and
the effect of saturation is stronger. It is, therefore, not surprising
that we miss most of them.

Both S22 and Matsunaga et al. (2009) argue that most of
the Miras in their catalogs are located very close to the Galactic
center, specifically in the NSD. Unfortunately, we cannot per-
form a one-to-one comparison of the distances derived in the
present work with those of S22, as the latter are not reported
in their catalog. Still, we can compare the distance distribu-
tion derived in the two works. In the present work, we tested
the P-L relation derived by Sanders (2023) from a sample of
nearby Miras with Gaia DR3 parallaxes, converted to the VVV
system as reported in Table 1 of S22. We also tested the P-L
relation, from the same table, derived by Sanders (2023) for
Miras in the LMC, assuming a distance modulus to the LMC
of pupmc=18.477+0.026 (Pietrzynski et al. 2019). Although the
two relations are very similar, the extinction law derived further
below is quite sensitive to the value of the P-L coefficients, and
that, of course, has a non-negligible impact on the final distance
distribution. The main reason for our preference for the LMC-
based P-L is the derived rotation curve, as is discussed in Sect. 6
below. In addition, previous works have shown that the deriva-
tion of precise distances for nearby Miras is very challenging,
even with Gaia DR3 parallaxes (see discussion in Sect. 5.1 of
Huang et al. 2024).

The orange and green histograms in Fig. 7 show the distance
distribution of the whole sample of Miras in the present work,
derived with the MW-based P-L by Sanders (2023, orange), and
with LMC-based P-L by the same authors, adopted here (green).
The comparison shows that, had we used the MW-based P-L,
we would not have found a significantly different distance dis-
tribution, especially close to the Galactic center. If anything, we
would have assigned larger distances to each of our variables.
Having said that, the purple histogram shows the distance distri-
bution of the Miras in common with S22. While the distribution
shows a peak at the distance of the Galactic center, we cannot
confirm that most of these variables are located in the NSD due
to its relatively small size and the typical distance errors. Of
course, we cannot say anything about the location of the 1013
stars not included in our catalog. The very few stars that we have
in common with Matsunaga et al. (2009) are also shown in Fig. 7,
and they are mostly close to the Galactic center, but they are too
few to allow us to draw any conclusion.

We further contrasted our catalog with Mira catalogs based
on data from the Optical Gravitational Lensing Experiment
(OGLE; Udalski et al. 2015). We consider the catalog from
Iwanek et al. (2022) of OGLE Miras in the Galactic bulge and
disk and the VVV/OGLE catalog from Nikzat et al. (2022), find-
ing 59 and 56 stars in common, respectively. As is noted by
Nikzat et al. (2022), Miras in the OGLE catalog are likely to be
heavily saturated in VVV, impacting the quality of the light curve
and thus hampering the ability of the GP algorithm to identify
the sources.

Another important point of comparison is in the distribution
of periods of the samples. We analyze the Mira period distribu-
tion of our catalog and several catalogs from the literature in the
bottom panel of Fig. 7. We observe an overall uniform distribu-
tion with two small peaks at P~200 days and P~320 days for the
whole sample. As was recently noted by Suresh et al. (2024), the
Mira period distribution from catalogs in the literature exhibits
two peaks at ~200 days and ~350, shown as dashed grey lines in
Fig. 7. Even though our sample does not show a strong bimodal-
ity, the two small peaks in our period distribution are broadly
consistent with the expected location of the peaks from other
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Fig. 7. Comparison of different P-L relations and catalogs. Top: distance
distribution of our sample using the P-L relations from Sanders (2023)
using MW Miras (orange) and LMC Miras (green). We also show the
distance distribution of matching Miras from Matsunaga et al. (2009,
pink) and S22 (purple), also using the P-L relation using LMC Miras
from Sanders (2023) adopted in this study. Bottom: period distribution
of different catalogs. We show our final sample (green), the S22 catalog
(purple), Matsunaga et al. (2009) catalog (pink), and the OGLE/VVV
Mira catalog from Nikzat et al. (2022). We added two tentative peaks
for the period distribution as vertical gray lines.

studies, such as Matsunaga et al. (2009), Nikzat et al. (2022) and
Suresh et al. (2024). However, we also note that the 350-day peak
is greatly affected by the adopted alias removal procedure, result-
ing in a gap at P ~ 365 days, which can explain the difference
between the expected and observed peaks.

4. Sample properties
4.1. Surface chemistry

As was previously stated, AGB stars are typically categorized
as C-rich or O-rich depending on the abundance ratio [C/O]. C-
rich stars with [C/O]>1 are known as C stars, while O-rich stars
with [C/O]<1 are named M stars, and intermediate stars with
[C/O]~1 are labeled S stars (Hofner & Olofsson 2018). The third
dredge-up process, together with the metallicity and mass of the
star, determines the resulting chemical composition (Gail et al.
2009). Typically, C-rich stars are associated with metal-poor or
younger systems such as the LMC (Soszynski et al. 2009). O-rich
stars, instead, are linked to metal-rich older populations like the
MW bulge, although noticeably Matsunaga et al. (2017) found 5
C-rich Miras in this region. Therefore, the stellar type based on
the [C/O] ratio conveys important information about the stellar
content and is crucial for determining precise distances.

Many methods have been employed in the literature to
distinguish between M and C stars using photometric data only.
M and C type stars have been observed to exhibit different color
indexes in the near-IR (Feast et al. 1989; Soszynski et al. 2009;
Lebzelter et al. 2018) owing to their different compositions of
circumstellar dust (Ita & Matsunaga 2011; Hofner et al. 2016;
Matsunaga et al. 2017; Hofner et al. 2022, S22) and spectral
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features at several wavelengths due to C and O molecular bands
(Sanders & Matsunaga 2023). For Miras in the LMC, the dis-
tinction between C-rich and O-rich chemistry has been achieved
using optical and near-IR Wesenheit indexes (Soszynski et al.
2005, 2009; Cioni 2010; Lebzelter et al. 2018), and color index
combinations (Matsunaga et al. 2017; Suh & Hong 2017; Suh
2018). Furthermore, Iwanek et al. (2021b) demonstrated that
this distinction could also be made using only the period and
a mid-IR color index. This surface chemistry distinction is not
exclusive to color indexes: Cioni et al. (2003) found amplitudes
of C stars to be, on average, higher than those of M stars. By
using the same LMC sample of M and C type stars as Yuan
et al. (2017), Huang et al. (2018) showed that these populations
can be distinct on the basis of their periods and amplitudes in
the H near-IR band. Despite relatively vast literature discussing
how to untangle these AGB stars, the implementation is not
straightforward to apply to our sample, as large star-by-star
distance spread directly affects the colors due to extinction,
blending the two populations in simple color-period diagrams.

Distinguishing between O-rich and C-rich surface composi-
tion is crucial for adequate source-by-source reddening determi-
nation, and distances. To achieve this goal using the available
photometric filters, we first explored the differences in their light
curve properties. We built a preliminary sample of O-rich and
C-rich Miras based on the Period versus K band amplitude mea-
sured by the Fourier fit. We restricted this analysis to VarZoo
Miras only, as they have the best light curves in the sample.
Motivated by the distribution of LMC Miras identified and clas-
sified as C/O rich by Soszyriski et al. (2009) and then studied
in near-IR by Yuan et al. (2017), we label as O-rich the stars
with log,,(P) < 2.4 and amplitudes 0.4 < AK; < 0.8, and C-rich
the stars with log,,(P) > 2.4 and amplitudes AK; > 1.5 (Fig. &,
bottom). Stars in the middle region can be of both types and
therefore, we did not classify them into either type at this stage.
By comparing to the Yuan et al. (2017) sample, shown in the top
panel of Fig. 8, we estimate the contamination of the O-rich sam-
ple to be <10%, and the contamination of the C-rich sample to
be negligible.

In order to see how these samples separate in the two-color
planes, in Fig. 9, we plot the distribution of the preliminary
subsamples of C-rich and O-rich Miras using the median mag-
nitudes derived from the models in Sect. 3.1. We obtain the
absolute magnitudes per band using the LMC O-rich P-L relation
from Sanders (2023), for the VVYV filters, and the P-L relation
from Iwanek et al. (2021b), for the WISE bands. Comparing the
distribution of our sample with the extinction law from Wang
& Chen (2019, black arrows), we see that although our Miras
show a non-negligible spread along the reddening vector, the
separation between the C-rich and O-rich samples is still visi-
ble. In order to understand this separation, we perform linear fits
in the same color excess planes to the LMC Mira sample from
Soszyniski et al. (2009), together with the near-IR photometry
from Yuan et al. (2017) and WISE/Spitzer data by Iwanek et al.
(2021a). As is noted by Yuan et al. (2018), C-rich Miras from the
LMC occupy a distinct sequence with a slope (magenta arrows)
different from the Galactic reddening vector, hence allowing us
to disentangle the reddening for these sources. To separate the
samples, we use a linear cut with the slope of the Wang & Chen
(2019) extinction law and a zero point that maximizes the F1
score, defined as:
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Fig. 8. Period-amplitude distribution of VarZoo and LMC Miras. Red
points indicate C-rich Miras, and blue points indicate O-rich Miras for
both samples. Top: LMC Miras from Yuan et al. (2017) classified using
Weseinheit indexes. Bottom: Miras from the VarZoo sample with the
assigned classifications based on period and amplitude ranges.

TP are the True Positives (O-rich Miras classified as such), FP
are the False Positives (C-rich Miras labeled as O-rich), and FN
are the False Negatives (O-rich Miras labeled as C-rich). The
F1 score adopts values from O to 1, indicating a complete mis-
classification and a perfect classification, respectively. This cut,
using WISE filters and the extinction law from Wang & Chen
(2019), allowed us to isolate stars with clear excess in color that
separate from the O-rich region without a previous assumption
of an extinction law in the VVV bands. As shown in Fig. 9,
the separation is maximal in the top left panel. Nonetheless, we
applied the same process also to a combination of only VVV
filters, because not all the stars in the sample were identified
in the WISE photometry. We repeated the procedure using the
extinction law derived in Sect. 4.2; the results for the zero points
obtained for the different color planes are detailed in Table 1. O-
rich stars tend to follow narrower sequences in the color planes,
aligned with the interstellar extinction vector due to their opti-
cally thin envelopes, whereas C-rich stars extend to redder colors
with a larger scatter. This effect is more notorious for WISE fil-
ters, as flux contributions from the circumstellar shell become
more important in the mid-IR for C-rich Miras, whose spec-
tral energy distribution can be described by a double Planck
law (Iwanek et al. 2021a). To classify Mira candidates by sur-
face chemistry in our catalog, we used the above color planes,
favoring the use of WISE data where available. We prioritized
color planes by the angular difference between the circumstellar
extinction vector (magenta arrows in Fig. 9) and the interstellar
extinction vector (black arrow in Fig. 9). This order is also show-
cased in Table 1. It is important to note that our classification

Table 1. Separating lines for O-rich and C-rich Miras in the Color
Excess planes considered.

CE X CEY Slope  Zero-point Fl1

EJ-W2) EXK-—WI1) 0179 0.770 0.953
EH-WI1) EX-W2) 0565 0.770 0.952
EJ-H) EH-K,) 0554 0.122 0.830
EH-K;) EJ-Ky) 0.356  0.078 0.830
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Fig. 9. Distribution of C-rich and O-rich VarZoo Miras in excess color
planes detailed in Table 1. Red points show C-rich Miras, Blue points
indicate O-rich Miras, and gray points show the rest of the VarZoo sam-
ple. Black arrows indicate the extinction law from Wang & Chen (2019)
in the top panels and this study in the bottom panels. Magenta arrows
show the fit for C-rich Miras from Yuan et al. (2017) in the same color
planes. Dotted black lines show the derived separations between C-rich
and O-rich Miras.

method requires measurements in at least three or four bands,
depending on the color plane used. However, due to the high
extinction affecting the J and H bands and the blending issues
with WISE photometry near the Galactic plane, 512 sources in
our catalog lack the necessary filter combinations. As a result,
we could not provide a classification for these sources.

We show the distribution of C-rich and O-rich for stars of our
Mira sample in a color-magnitude diagram (CMD) in Fig. 10.
We clearly see that C-rich Miras have, on average, redder colors,
owing to their optically thick dust envelopes.

4.2. Extinction law

In order to derive distances and reddening for each source, again,
we obtain the absolute magnitudes in the VVV filters using
the near-IR P-L relation by Sanders (2023) using LMC Miras
in the VVV photometric system, detailed in Sect. 5. For dis-
tance purposes, we focus on the Ky band as it has the highest
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in Sect. 4.1. We also imposed additional cuts in likelihood
log,o £ > 50 to only consider the highest quality stars. As
mentioned, Miras can show trends in their average magnitudes
over several cycles (Uttenthaler et al. 2011). From the model-
ing described in Sect. 3, we defined the parameter MinMaxKg to
describe the absolute difference in magnitude of the polynomial
fitting the median trend of the light curve. For this sub-sample,
we impose MinMaxK;<0.05 mag to include only light curves
that have a stable mean brightness over the time baseline of the
survey. We performed a linear fit to the distribution of O-rich
Miras in the color excess planes, imposing a fixed intercept of 0
and a 3o clipping to exclude outliers. From this, we obtained the
following mean color excess ratios:

H_Ks

Fig. 10. CMD using H and K, of Miras in our sample. Top: CMD of O-
rich Miras. Bottom: CMD of C-rich Miras. Both panels include a sample
of stars from VVV as gray points, with the corresponding density con-
tours in green. In this CMD, the extension of C-rich Miras to redder
colors is clear.

sampling and a lower typical error. To obtain the total extinc-
tion in the K, band (Ag,) from the observed color excess, we
need an accurate value of the total-to-selective extinction ratios
in a filter combination. As is discussed in Matsunaga et al.
(2016) in the case of classical Cepheids, and in Nikzat et al.
(2022) in the case of Miras, differences in the adopted extinc-
tion law directly impact the determined distances, especially
in the highly obscured regions close to the Galactic plane.
The values of the selective-to-total extinction ratios Ak, /E(H —
K;) in the literature span a wide range of values, from 1.10
(Alonso-Garcia et al. 2017) to 1.61 (Nishiyama et al. 2009). In the
case of Ak, /E(J — K), the range is smaller, from 0.428 to 0.528,
drawn from the same two references. Using classical Cepheids at
the disk far side, Minniti et al. (2020) determined a value of 1.308
and 0.465, for Ag,/E(H — K) and Ak, /E(J — K), respectively.
Due to this non-negligible spread, it is important to determine an
extinction law suitable for our sources.

To determine the extinction law for our sample of Miras, we
used O-rich Miras from the VarZoo sample, cleaned from C-
rich contaminants, using the WISE color excess planes and the
Wang & Chen (2019) extinction law (Fig. 8 top), as detailed
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EJ-K
EU=KD) 5501+ 0.016, 2)
E(H - K,)
EV=H) _ 6438 +0.0021. 3)
E(J-K,)

Assuming that the extinction law in the near-IR bands follows a
power law A, ocA™, we can get the power law index from the
mean color excess ratios. For the VISTA bands, the effective
wavelengths (deg) of each filter are 1.254 pum (J), 1.646 um
(H), and 2.149 um (K). From Egs. (2) and (3) we obtained
a = 2.11 £ 0.02. The derived selective-to-total extinction ratios
are:

Ak _ 0471 +0.010 %)
EJ-K,) 7

Ak 132040020 5)
EH-K,) ~ 7T

From these values and the measured color excess, we can
calculate Ag, for our Mira sample.

5. Three-dimensional spatial distribution
5.1. Distance determination

To obtain distances to individual stars, we used the average K
magnitude derived in Sect. 3 and Sect. 3.1, together with the
extinction law derived in Sect. 4.2. The distances presented here
are based on the H and K band magnitudes and selective-to-total
extinction ratios. We chose this combination of filters because
these bands have lower typical errors in average magnitude, and
the H and K, based extinction ratios since ~38% of the sam-
ple do not have J band measurements. We calculate the distance
modulus using the expression

d = 101 702K-Ak,~Mx,). (6)

where K is the intensity-based mean magnitude in the K band
derived from the modeling described in Sect. 3, A, is the extinc-
tion in the K band, and Mk, is the absolute magnitude obtained
from the P-L relation. As was mentioned in Sect. 3.3, we use
the P-L relation from Sanders (2023) using LMC Miras. The
adopted P-L relations were transformed to the VVV photomet-
ric system using the coefficients from Gonzalez-Fernandez et al.
(2018), obtaining

M, = =630 —3.32 (log,g P — 2.3) — 7.29 Hy (log,o P — 2.3)%,
My = —6.67 —3.33 (log,, P — 2.3) — 6.85 Hy 6 (log,, P — 2.3)>, (7)
My, = =7.01 —3.73 (log,y P — 2.3) — 6.99 H 4 (log,, P — 2.3)?,
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Fig. 11. Three-dimensional distributions of Miras in the MW. The position of O-rich stars in our sample is shown in circles color-coded by period.
C-rich stars are included as red ticks. We over-plot the Miras from OGLE project presented in Iwanek et al. (2022) with the distances reported in
Iwanek et al. (2023) as gray dots. The Sun is located at (X,Y)=(0,0), and marked with a yellow dot, and the Galactic center is marked with a red
cross at (X,Y)=(8.34,0). Log-periodic spiral arm segment fit of the local arm based on VLBI trigonometric parallaxes of high-mass star-forming
regions by Reid et al. (2019) is represented with a turquoise-colored section. The thick lines represent qualitative logarithmic spiral arm fits from
Minniti et al. (2021), with the thin dashed lines marking the 1o~ arm widths reported in Reid et al. (2019) (Sct-Cen arm, blue; Sgr-Car arm, orange;
Perseus arm, black; Outer arm, purple). The line of nodes of the Galactic warp model by Skowron et al. (2019) is also shown for reference (dotted
gray line). The bottom panel shows the XZ view of the Mira distribution in the MW.

here, H, ¢ indicates a simple Heaviside function, which takes a
value of 1 for log P > 2.6 and 0 otherwise. The statistical uncer-
tainty of the distance can be derived by applying the propagation
of the errors to Eq. (6):

(Ad)* = (0.46d)*(5K; + 6Ay, + 6My,). 8)

Here, 0K is the mean magnitude error in the K,-band, dAg, is
the extinction error, and 6Mk, is the absolute magnitude error.
The value of 6K was obtained from the sampling of the median
model derived in Sect. 3.1, and §M, was derived from the error
propagation of the P-L relation and the reported coefficients
from Sanders (2023). We note that the term 0Ag, is the largest
source of errors due to the large color excess in the sample and
the larger uncertainties of the extinction law. We note that, as
P-L relations, extinction law, and modeled median magnitudes in
the WISE bands have been used in this study, it is also possible

to use WISE filters for distance determination. In Appendix C,
we determined distances using only WISE filters by following
the same procedure detailed in the current section and com-
pared these distances with our adopted values. We found that the
WISE-based distances are in good agreement with the adopted
distances, but exhibit significantly larger errors. We attribute this
increased uncertainty to the larger PSF of WISE, causing blend-
ing effects near the Galactic plane, as well as uncertainties in
the extinction law. Therefore, we favor the use of K, -band-based
distances in the following sections.

In Appendix D, we present the header of the final catalog,
available at the CDS.

5.2. 3D distribution

The distribution of our Miras, projected to the plane of the
Galaxy, is shown in Fig. 11. O-rich Miras are shown as dots,
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Fig. 12. Correlation between stellar counts and extinction. We make
equally spaced bins using the Galactic longitude and show the average
extinction in the K band (red) and the logarithm of the number of Miras
per bin (light green).

color-coded by their respective period. We note that Miras with
periods longer than ~400 days are often neglected from dis-
tance analysis due to the onset of Hot Bottom Burning (HBB)
at the corresponding mass range, as well as the increasing mass
loss rates expected for more massive stars (Uttenthaler 2015;
Uttenthaler et al. 2019). These processes increase the scatter
from the P-L relation at higher periods, thus making distances
less reliable. Here, we report distances to these sources, but they
are not included in the analysis. We choose to also include C-rich
Miras in the distribution (red ticks in Fig. 11), although their dis-
tances are likely over-estimated due to additional reddening from
the circumstellar shell.

A clear feature in Fig. 11 is the presence of sequences along
lines of sight with higher stellar density. To explain the origin of
these features, we plot in Fig. 12 the average extinction in the Kj
band (red) and the number of sources (green) in longitude bins.
We see a clear correlation between the two curves, showing that
the number of detected Miras is larger for lines of sight-piercing
regions with higher average extinction. We interpret this as due
to low-extinction Miras being saturated in VV'V.

Even though saturation effects are expected for bright
sources at Ky < 12 (Contreras Ramos et al. 2017), Sanders
et al. (2022) showed that no significant bias in the saturation
regime was observed for Miras in the VIRAC2 catalog (Smith
et al. 2018). Given that both the VIRAC?2 catalog and the cata-
log from Contreras Ramos et al. (2017) are based on the same
VVYV images using PSF-based methods, we consider that no sig-
nificant biases in the magnitudes are present for our selected
sources, and thus, the provided distances are reliable. We expand
on this point in the Appendix B.

In order to explore the correlations between the position of
the Miras in the Galaxy and their age, we use the P-A relation
of Zhang & Sanders (2023) and a Sun-Galactic center distance
of R=8.34 kpc (Reid et al. 2014). To get precise distances, we
limit the analysis to O-rich stars with errors in distance of less
than 10% and periods of less than 400 days, resulting in 972
total sources. We bin the data in four age bins, as is shown in
Fig. 13. To understand how the distance distribution changes
with age, we run a grid of Gaussian mixture modeling with a
maximum of 3 components, choosing the number of components
that minimizes the AIC. For the two oldest bins, we observe three
components, where the two furthest components increase both
in weight and distance as age decreases. For the two youngest
bins, the distribution is best represented by a single Gaussian. We
find that the position of the component with the highest weight
is located at Rge = 7.40 kpc, 9.25 kpc, 10.19 kpc, 10.88 kpc as
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Fig. 13. Histograms of galactocentric distance (Rgc) binned by age. Top
and middle panels: radius of stars in the Galaxy binned by age. The
age range decreases from top to bottom and left to right. Dashed black
lines represent the Gaussian mixture model fitted to the distribution.
Individual components are presented as bold black lines. Bottom: full
histogram of galactocentric distances for the full sample (black) and the
O-rich Miras with periods under 400 days (blue).

age decreases, pointing to a reverse correlation between the age
of the stars and their radius in the Galaxy. Although saturation
effects decrease the observed number of Miras at low Rgc, this
effect should mainly impact the component closest to the Galac-
tic center and have a slight effect at higher Rgc. This is indeed
seen in the decreasing weight of the innermost component as age
decreases, with it completely disappearing for the youngest bins.
We note that the absolute count per bin is not directly related
to the underlying distribution of stars as a function of Rgc, as
the innermost bins include stars closer than the GC and eastward
or westward of it, while at larger Rgc we are only sampling a
narrow cone. Despite the observational effects influencing the
distribution of stars, the scenario described by the correlation
between the position and age of stars in the sample is consistent
with the inside-out formation of the Galactic disk, where star
formation started in the inner regions of the MW and gradually
moved outward (Chiappini et al. 1997; Schonrich & McMillan
2017). The presence of a centrally confined component traced
only by old Miras (28 Gyr) is also consistent with a dominantly
old component in the Galactic bulge (see Joyce et al. 2023, and
references therein).

In the bottom panel of Fig. 13, we see the distribution
of distances for the full sample (black) and the O-rich Miras
with periods shorter than 400 days (blue). We see that the
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Fig. 14. Projection of our Mira sample in Galactic Y versus Z coor-
dinates. Circles represent Miras color-coded by their estimated age;
We include the classical Cepheids samples from Skowron et al. (2019,
green polygons) and Minniti et al. (2021, blue squares). We include
only sources in the respective samples inside the region —15 kpc Y <
-5 kpc and —-1.5 kpc < Z < 1.5 kpe.

vast majority of the sample is located well within the Galac-
tic disk, with the noticeable exception of ~10 distance indicator
Miras. Miras at these distances were also found by Nikzat et al.
(2022) using VVV/OGLE data and are likely members of sub-
structure within the Galactic halo, such as unknown globular
clusters, dwarf spheroidal galaxies, or even the Sagittarius dwarf
spheroidal galaxy (Ibata et al. 1994).

As is shown in Fig. 11, a significant number of Miras lies
in the region affected by the warp of the Galactic disk, from
—-15kpc Y < -5 kpc and —-1.5 kpc < Z < 0 kpe. In Fig. 14
we explore the position of Miras in our catalog in that region.
We find that Miras do follow the warping of the Galactic disk,
aligned with the distribution of classical Cepheids located in the
region. We do not find any correlation between the Mira position
in the Galaxy and star-forming regions such as the spiral arms,
likely due to their ages (> 5 Gyr) and migration effects inside the
Galaxy.

6. Kinematics

In this section, we analyze the kinematic footprint of our Mira
sample using the VVV PM data. The distribution of longitudinal
proper motions (p; cosb), calibrated to the Gaia reference sys-
tem and projected to a line of sight through the Galactic center, is
shown in Fig. 15, as a function of the heliocentric distance. Stars
in the Bulge region have a wider spread in proper motions con-
sistent with older bulge populations (see Fig. 5 from Olivares
Carvajal et al. 2024). As the distance increases, a transition to
disk-like kinematics is observed, following the model by Mréz
et al. (2019) based on the near disk and projected to a line of
sight through the Galactic center.

As was mentioned in Sect. 3.3, we now investigate the signal
of the NSD seen by our sample of Miras and determined dis-
tances. In Fig. 16 we present the histograms of PMs of stars in
our sample with distances consistent with the projected position
of the NSD in the Galaxy. Following Fig. 7 from Sanders et al.
(2024), we apply cuts in Galactic coordinates |[£] < 0.4° and |b| <
0.4° and study two period ranges from 100 days < P < 250 days
and 450 days > P. Additionally, we impose a cut in Rgc < 1 kpc
to isolate the signal of the NSD. It is important to notice that this
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Fig. 15. Rotation curve in proper motion space. O-rich Miras in our
sample are shown as circles color-coded by age. Pink contours show the
density percentiles. The dashed line represents a model of the rotation
curve from Mrdz et al. (2019) as seen for a line of sight through the
Galactic center.
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Fig. 16. Histogram of PMs for stars consistent with the NSD position.
Left: histogram of longitudinal proper motions. Green lines correspond
to Miras with periods in the range 100 days<P<250 days and orange to
P>450 days. The Galactic center has p,=—6.41 mas yr~'. Right: same
as left panel for .

cut far exceeds the usual radius of the NSD from Sormani et al.
(2022) of Rnsp < 300 pc, yet we found it necessary to include
a minimum amount of stars for a reasonable comparison, and
this value is still consistent with the model from Debattista et al.
(2018). From Fig. 16, we observe a slight double-peaked distri-
bution for the older period range and no peaks for the youngest
Miras in the period ranges proposed in Sanders et al. (2024). This
slight bimodality for Miras of periods shorter than 250 days can-
not be explained by a rotating structure such as the NSD, as the
corresponding distribution in p, is not consistent with disk-like
kinematics. We conclude that in the Mira sample compiled and
analyzed in this work, no strong signal of the NSD is observed.

To further inspect the kinematics of Miras in the bulge and
far disk, we calculated the transverse velocities detailed in Du
et al. (2020):

Mo d s, ©)
mas yr kpc

* —
Ve =+

where v, e is the transverse velocity relative to the Sun. To
transform these velocities to a coordinate system in the Galactic
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Fig. 17. Rotation curve of the Galaxy seen by our Mira sample. Left: Galactocentric Transversal velocity Right: velocity dispersion of the Mira
sample. We add the corresponding curves from Sanders et al. (2019) (black) and Du et al. (2020) (blue). We include the rotation curve derived
from RC stars from Huang et al. (2020) (purple). The velocity and position of the Sun are showcased in yellow. The red cross and the dashed line

indicate the position of the Galactic center at a value of V; = 0.

center vy ¢, we use the relation,

Vrge = Vppe — Ussin€cosb + (Vo + Vigr) cos € cos b, (10)

where (Ug, Vo, W) is the solar peculiar velocity relative to the
Local Standard of Rest (V. sg). Here, we adopted the values (11.1,
12.24, 7.25) km s~! reported by Schonrich et al. (2010) for the
solar peculiar velocity, and Vi gz = 232.8 km s~! (McMillan
2017). We binned the sample by distance, including only stars
with P<400 days, errors in distance <10%, and errors in p’gsl
mas/yr. These cuts result in 776 stars. Figure 17 shows their aver-
age transverse velocity (left), along with the velocity dispersion
within each bin (right). We also include rotation curves based on
RR Lyrae (Du et al. 2020; average of metal-rich and metal-poor
components) and Red Clump (RC) stars (Sanders et al. 2019).
To compare with the rotation of the near side of the Galactic
disk, we calculate the rotation velocities for the sample of RC
stars presented in Huang et al. (2020). We only focus on stars
that have ages comparable to our sample (i.e., age > 5 Gyr) as
the adopted cut in a period of 400 days translates into an age of
~5.6 Gyr. We see a nice continuity between the rotation curves
of nearby RC stars, bulge RR Lyrae, bulge RC stars, and Miras.

Specifically, we find great agreement with the RR Lyrae-
based rotation curve from Du et al. (2020) for the Mira closer
to the Galactic center. For further distances, at X ~ 11 kpc, we
see that the shape of the rotation curve resembles the distribu-
tion of RC stars by Sanders et al. (2019). At distances larger
than ~ 15 kpc, we find that the rotation curve flattens. Even
though this effect is expected (Mréz et al. 2019), this can also
be attributed to the lower sensitivity of proper motions at large
distances.

We showed in Fig. 7 that the distance distribution obtained
with the MW-based P-L by Sanders (2023) would be similar to
the present one. However, we note that for the rotation curve in
Fig. 17 with the MW-based P-L, the derived distances would be
larger, particularly for the Miras in the outer disk. This directly
impacts the Vp, as is shown in Eq. (10). This, combined with
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the given PMs, results in larger rotation velocities (>300 km/s)
at large Rgc. In that case, the rotation curve in Fig. 17 would
not be symmetric and would not show the expected flattening at
V7~=250 km/s. This is the main reason why our data favor the
LMC-based P-L relation, over the one based on Gaia parallaxes
for nearby Miras.

7. Discussion and conclusions

We have developed an algorithm to identify and characterize
Mira candidates in the VVV survey, filtering candidates from
all available Mira-like variables in order to match a validated
sample of bona fide Miras. We used the photometric informa-
tion from both the VVV survey and WISE to obtain average
magnitudes in multiple filters. After a final validation through
visual inspection, we found 3602 Miras in the VVV survey that
we consider as a pure sample.

We have compiled and released, in this work, the largest cat-
alog of variable stars to date on the far side of the Galactic disk,
providing mean magnitudes, distances, and PMs.

The designed GP algorithm is tailored to find Mira candi-
dates based on the K band time series of the VVV survey.
The modeled K band is then used to determine average mag-
nitudes in other VVYV filters and WISE data. We also note that
our choice of modeling for the long median trends in Miras was
a simple polynomial to favor the detection of Miras with reli-
able average magnitudes. As a consequence, Miras with complex
median magnitude trends might have been neglected from the
analysis.

We used the validated VarZoo sample, imposing a higher
likelihood threshold to determine a Mira-based extinction law in
the inner region of the Galaxy. We found great agreement with
the extinction laws found by other studies such as Minniti et al.
(2020, classical Cepheids) and Majaess et al. (2016, multiple
variable stars).

Concerning the distinction between O-rich and C-rich Miras,
we analyzed the separation in color excess planes and found clear
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differences between bona fide C-rich and O-rich Miras, as is
shown in Fig. 9. After disentangling the populations, we derived
anew extinction law and computed distances to the O-rich Miras,
finding most of the sample in the bulge region past the Galactic
center, on the far side of the Galactic disk, as is seen in Fig. 11.
The kinematic information via PMs is consistent with the rota-
tion of the Galaxy, determined using several probes on this side
of the disk (see Fig. 15).

To exploit the correlation between the period and the age
of the sample, we made bins of different ages and studied the
distance distribution. As shown in Fig. 13, we found a strong
correlation between the distances and age of the sample, with
younger stars lying at larger Galactocentric distances. This is
consistent with the inside-out picture of the formation of the
Galactic disk. We also investigated the warping of the Galactic
disk traced by the Mira sample in Fig. 14, finding that both the
magnitude and the location of the warp are consistent with other
studies based on younger tracers (Skowron et al. 2019; Dékéany
et al. 2019; Minniti et al. 2021).

We studied the Galactic rotation curve by means of the
transverse velocities, as is shown in Fig. 17. We found great con-
sistency in the bulge region with other tracers, especially with
RR Lyrae (Du et al. 2020). This consistency can be understood
as the shorter-period (older) Miras in our sample are more dom-
inant closer to the Galactic center, tracing older populations in
the same age bracket as RR Lyrae. At X~12 kpc, the average
age of Miras, per bin, resembles that of RC stars (<9 Gyr), and
we see a nice agreement with the rotation curve from Sanders
et al. (2019). For the furthest Mira (X~14 kpc), we see a flatten-
ing of the rotation curve at V;~—260 km/s, consistent with the
flattening of the rotation curve observed with classical Cepheids
(Mré6z et al. 2019). However, this could also be attributed to the
sensitivity of PM-based velocities at these large distances. Still,
the shape of the rotation curve is consistent with RC stars from
Huang et al. (2020) in the near side of the Galactic disk, showing
a symmetric shape with respect to the Galactic center. We also
observe that the velocity dispersion increases close to the Galac-
tic center, then decreases as we approach the Galactic disk. The
dispersion remains flat at higher distances due to the errors in
PMs introducing a higher dispersion.

The catalog presented in this study represents the largest
sample of variable stars on the far side of the Galactic disk and
opens an opportunity to study intermediate-age and old stellar
populations in this under-explored region of the MW.
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Appendix A: Gaussian Process Modeling.

Previous studies have found great success using GPs to model
light curves of several types of stellar variability (Brewer &
Stello 2009), including Mira variables (He et al. 2016; Yuan et al.
2017, S22). A general GP can be described as a stochastic model
consisting of a mean function (py(x)) and a covariance generally
named Kernel (K(a, 8)). The set of parameters from the mean
function and the Kernel functions (x,6,a) can be optimized,
maximizing the likelihood function (In £(6, @)).

GP algorithms are generally avoided for large dataset appli-
cations due to their computational complexity. However, limiting
the problem to one-dimensional data and using combinations of
stationary exponential kernels greatly improves the performance
(Foreman-Mackey et al. 2017). This approach is implemented in
the python package CELERITE (Foreman-Mackey et al. 2017)
chosen for this work.

Each light curve that meets the variability criteria detailed in
Sect. 3 is then fed to a grid of GPs with kernels described by
Eq. (A.1).

1 1
Kij = Koo Y Kigw + D Ko + Ko (A1)
i=0 =0

Where Ko is a damped harmonic oscillator kernel, Kpgw is
a damped random walk kernel, and K, is a white noise kernel.
both i and j have allowed values of 0 and 1, meaning 4 possible
kernel combinations were considered in the analysis. We select a
kernel combination based on the AIC, thus rewarding the use of
simpler models for the light curves.

For each iteration of the model, the fitted period was recov-
ered from the maximum value of the power spectral density
(PSD) of the fitted kernel. Since all considered kernels only
include 1 term corresponding to a periodic kernel, the peak of
the PSD corresponds to the dominant frequency according to the
model, from which the period is recovered.

We emphasize that we chose to only include one periodic
kernel (Ksuo), so models will only fit for one strongly periodic
signal, while accommodating for stochastic effects and noise.
However, complex median trends than cannot be captured by the
chosen kernel combination will report a low £, and thus, were
automatically neglected. As is discussed in Sect. 3, this is made
by design to isolate distance tracers, at the expense of possible
real Miras not being considered in the final catalog.

Appendix B: Saturated and blended sources.

As was previously noted, effects from saturation in the VVV
survey begin to manifest for sources brighter than K< 12 (Con-
treras Ramos et al. 2017). To investigate this effect, we perform
a crossmatch between our VVV catalog and GALACTICNU-
CLEUS (Nogueras-Lara et al. 2019). We show the result of the
crossmatch for non-variable sources in gray and for stars in our
sample in Fig. B.1. Only VVV magnitudes have been corrected
by the pulsation of the star, and thus, this introduces a scatter in
the linear relation.

As was mentioned, both VVV and GALACTICNUCLEUS
begin to show saturation effects at K< 12 and K< 11, respec-
tively. The shorter exposure times and smaller pixels in the
HAWK-I camera from GALACTICNUCLEUS make saturation
effects less apparent in this saturated regime.

To further inspect the possible effect of saturation in the
VVV photometry, we perform a match between the catalog and
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Fig. B.1. Comparison of magnitudes in GALACTICNUCLEUS,
2MASS, and VVV. Panels show the comparison of the same bands in
the respective surveys. Gray points show all matched sources, and stars
in our catalog present in both surveys are shown color-coded by our
modeled amplitude in the Kiband. Solid black lines indicate a 1:1 rela-
tion between magnitudes. We see no evidence of biases in the reported
magnitudes between the surveys.

the 2MASS catalog (Skrutskie et al. 2006). 2MASS begins to
show saturation effects at K < 8.5, effectively being saturation
free at the K; magnitude range important for this study. The com-
parison between these catalogs is shown in the right hand side
panels in Fig. B.1. We observe that the non-variable sources fol-
low a linear relation in both catalogs, however, the confusion
effects in the 2MASS catalog adds a significant scatter to the
relation by over-estimating the brightness of the sources. Despite
this, Miras in common between the catalogs do not show a clear
bias or trend for stars fainter than K < 10, and scatter around a
1:1 relation is driven by the lack of correction by pulsation in the
2MASS magnitudes and the confusion of the photometry.

We conclude that even at the saturation regime of VVV, no
significant bias in the Mira sources for magnitudes Ky > 10 is
observed. Thus, we deem the VVV magnitudes as reliable even
at these saturated magnitudes for the purposes of this study.
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Fig. C.1. Distance modulus comparison between VVV based distances adopted here and WISE-based ones. Left: Distance modulus comparison
for Miras with WISE photometry available. Miras are shown in dots colored by the error in the WISE based distance modulus. The dashed gray
line shows a 1:1 relation between modulus. Blue squares show the median per bin. Middle panels: VVV images in the H band of two Miras in our

catalog. Right panels: WISE images in the W1 band of the same Miras
WISE is clear.

Appendix C: WISE distances.

In this appendix, we discuss the distance determination for our
sample using photometry from the WISE survey. We follow
the same procedure described in Sect. 5.1, utilizing the average
magnitudes in the W1 and W2 bands detailed in Sect. 3.1, and
applying the extinction law from Wang & Chen (2019).

In the left panel of Fig. C.l1, we present the comparison
between our adopted VVV-based distance modulus and the
WISE-based ones. We exclude sources with W1 < 8.1 and W2 <
6.7, as these are heavily saturated in the respective bands (Cutri
et al. 2015), leading to unreliable distance determinations. Over-
all, we observe good agreement between the adopted distances
and those derived from WISE photometry; however, the VVV-
based distances are systematically slightly larger across the entire
range.

To investigate this discrepancy, we examine images from
both the WISE survey (top panels in Fig.C.1) and the VVV
survey (bottom panels in Fig.C.1). Due to the lower spatial
resolution of WISE, nearby sources are blended with the tar-
get Mira variable, contributing additional flux to the observed
magnitudes in the WISE bands. This blending effect results in
brighter observed magnitudes, which leads to smaller distance
modulus when compared to those derived from the higher-
resolution VVV data. The additional flux from contaminant
sources impacts both the observed magnitude and the derived
extinction, shifting the distance distribution to lower values.

As was mentioned for the VVV distances in Sect. 5.1, the
majority of the error budget from Eq. (8) is dominated by the
extinction term. For the WISE-based distances, the compara-
tively larger uncertainties in the extinction law from Wang &
Chen (2019), relative to our study, result in overall larger distance
errors. Another interesting feature in Fig. C.1 is the larger errors
in WISE distances for closer Miras. We attribute this behavior to
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as the middle panels. Here, the blending caused by the larger PSF from

the closer Miras being near the WISE saturation range, resulting
in higher errors.

From this, we conclude that although WISE-based distances
are generally reliable, blending near the Galactic plane has a con-
siderable effect on the distances. The higher spatial resolution
of the VVV survey reduces the impact of blending from nearby
sources, resulting in more accurate distances.

Appendix D: Catalog Example.

In this appendix, we include the header of our final catalog,
available at the CDS.
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