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Abstract

RR Lyrae stars and Cepheids play a pivotal role in the study of the Universe. From Milky
Way archaeology to cosmology, these variable stars contribute significantly to a myriad of
fields. Many large-scale photometric surveys have classified and characterized these stars
into various subtypes. However, no single survey is complete, and many of them suffer from
varying degrees of contamination. The main goal of this study is to generate a homogeneous,
pure, and complete (to date) catalog of Cepheids and RR Lyrae stars in the Milky Way and
in the Magellanic Clouds. To this end, we have homogenized RR Lyrae and Cepheid (classi-
cal, Type-II, and anomalous) catalogs from eight wide-field optical surveys. We developed
a new Bhattacharyya distance-based algorithm for a probabilistic cross-match of these cata-
logs, taking into account the full astrometry covariance matrix and variability periods. We
compared all surveys against each other and numerous literature catalogs to validate their pe-
riods and classification. We complemented our compilation by cross-matching with cleaned
catalogs of more than 20 other photometric and spectroscopic surveys. These data were
used to compute about 200 newly-defined, highly-precise and accurate period-Wesenheit
relations. These relations enable the computation of distances at over 98 percent accuracy
and better than two percent precision. We release a catalog of about 330 000 Cepheids and
RR Lyrae stars with more than 1000 features, including periods, subtype classification, op-
tical and infrared photometry, line-of-sight velocities, and distances. This catalog, named
RRLCep, holds significant potential in the context of Milky Way archaeology and near-field

cosmology.
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Zusammenfassung

RR-Lyrae-Sterne und Cepheiden spielen eine zentrale Rolle bei der Erforschung des Uni-
versums. Von der Archédologie der Milchstrale bis zur Kosmologie tragen diese verdn-
derlichen Sterne erheblich zu einer Vielzahl von Fachgebieten bei. Viele grofl angelegte
photometrische Umfragen haben diese Sterne in verschiedene Untergruppen eingeteilt und
charakterisiert. Dennoch ist keine einzelne Umfrage vollstindig, und viele von ihnen lei-
den unter unterschiedlichen Grad an Kontamination. Das Hauptziel dieser Studie ist die
Erstellung eines homogenen, reinen und vollstdndigen (bis heute) Katalogs von Cephei-
den und RR Lyrae Sternen in der Milchstra3e und den Magellanschen Wolken. Zu diesem
Zweck haben wir RR-Lyrae- und Cepheiden-Kataloge (klassische, Typ-1I- und anomale Kat-
aloge) aus acht optischen Weitfelddurchmusterungen homogenisiert. Wir haben einen neuen
Bhattacharyya-Distanz-basierten Algorithmus fiir ein probabilistisches Abgleichen dieser
Kataloge entwickelt, unter Berlicksichtigung der gesamten Astrometrie-Kovarianzmatrix
und der Variabilititsperioden. Wir haben alle Umfragen miteinander und zahlreiche Liter-
atur Kataloge verglichen, um ihre Perioden und Klassifikation zu validieren. Wir ergénzen
unsere Zusammenstellung durch einen Abgleich mit bereinigten Katalogen von mehr als 20
anderen photometrischen und spektroskopischen Umfragen. Diese Daten wurden verwen-
det, um etwa 200 neu definierte, hochprizise und genaue Perioden-Wesenheit-Beziehungen
zu berechnen. Diese Beziehungen ermoglichen die Berechnung von Entfernungen mit einer
Genauigkeit von iiber 98 Prozent und einer Prézision von besser als zwei Prozent. Wir
verOffentlichen einen Katalog von etwa 330.000 Cepheiden und RR Lyrae Sternen mit
mehr als 1000 Merkmalen, darunter Perioden, Subtyp-Klassifikation, optische und Infrarot-
Photometrie, Geschwindigkeiten entlang der Sichtlinie und Entfernungen. Dieser Katalog
mit dem Namen RRLCep birgt erhebliches Potenzial im Kontext der Milchstraenarchéolo-

gie und der Nahfeldkosmologie.
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Introduction

If you don’t know, the thing to do is not to get

scared, but to learn.
— AyN RAND

Cepheids and RR Lyrae stars have been at the forefront of many discoveries in astronomy.
From establishing the cosmic distance scale and determining Hy (Hubble, 1929; Madore &
Freedman, 1991; Riess et al., 2019a), to studying dark matter (Hattori et al., 2021; Ablimit
et al., 2020), from investigating the structure (Skowron et al., 2019; Lemasle et al., 2022;
Soszynski et al., 2019¢) and evolution of the Milky Way (Ibata et al., 2020; Cassisi & Salaris,
2013; Lemasle et al., 2013) to testing stellar evolution and pulsation models (Bono et al.,
1997; Caputo et al., 2005; Sandage & Tammann, 2006; Bono et al., 2020), these stars are
credited for multitudes of advancements in these fields.

In this dissertation, I have created the most comprehensive catalog of Cepheids and
RR Lyrae stars, which is named RRLCep. This catalog includes Cepheids and RR Lyrae
stars that have been identified in the Milky Way and in the Magellanic Clouds over the past
few decades. It is the most complete catalog to date, with its every property meticulously
curated. As its primary application, I present the results of 192 period-Wesenheit relations
computed using the contents of this catalog. In this chapter, I present a brief summary of the
concepts pertinent to this dissertation. For an in-depth review of these topics, please refer to
the following excellent resources: Catelan & Smith (2015), Cox (1980), Bhardwaj (2020),

1



2 Pulsating Stars

Riess et al. (2022), Madore & Freedman (1991), Bland-Hawthorn & Gerhard (2016), Naidu
et al. (2020), and Carroll & Ostlie (1996, 2017).

I.1 Pulsating Stars

Variable stars are stars whose brightness fluctuates (mostly) cyclically over time. They are
categorized into two primary types: intrinsic and extrinsic variable stars. Our target stars,
namely, the Cepheids and RR Lyrae stars, are intrinsic variable stars, specifically pulsating
stars. These stars undergo rhythmic contractions and expansions, and the period of this
variability is determined by the laws of physics. These laws, as described below, also govern
the star’s effective temperature (Teg) and its radius, R.

In particular, the effective temperature and the radius combine to yield Stefan’s law,

which provides the bolometric luminosity, L, of a star as:
L = 4nR*opTls, (L1)

where o is the Stefan-Boltzmann constant. Here, the first term 47 R? is the total emitting
surface area of a star, and o’BT‘e‘ﬂ quantifies the areal surface brightness. Expressing this law

in terms of the bolometric magnitude, M, where M = —-2.5log,,(L), we get:

Here, C is a star-independent constant. Stellar evolution and the virial theorem impose fur-
ther constraints on this law, consequently limiting the effective temperature, radius, and
thereby, luminosity of a star to a finite range. For instance, a natural outcome of the hy-
drostatic equilibrium is the period-density relation (or the Ritter relation after Ritter 1879),

whereby the variability period P can be computed as:
P=0-p7'2, (L3)

where Q is a pulsation constant (also known as a structural constant in the context of me-
chanical systems) and p parametrizes the mean density of a star. Moreover, the mass (M)

of a star is a function of both its radius R and density p, i.e., for a sphere, we have:
M =4/371Rp. (1.4)

Furthermore, the effective temperature of a star can be considered a function of a star’s color,
specifically the difference between its brightness as measured at two different wavelengths
(Planck’s law; Planck, 1901):

Tefr o< My, — My, (L5)
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where M) is the magnitude measured at a given wavelength A.
Combining the preceding equations with the stellar evolution-dictated mass-luminosity
relation, yields the observational equivalent of the theoretical Stefan’s law, also known as

the period-luminosity-color relation:
M,1:a+,8-10g10(P)+y- (M,11 —M/lz), (16)

where «, 3, and y are constants. The period-luminosity (PL) relation is a projection of this
period-luminosity-color (PLC) hyperplane onto the luminosity vs period plane. Such a PL
relation can be considered self-consistent if it is being computed only for stars exhibiting a

narrow range of effective temperatures. In such a scenario, we get:

where the last term of Eqn. [.6 — assumed as a constant for a sample of stars exhibiting
similar Teg — is absorbed by the other constant «.

Another projection of the PLC relation can be seen in the luminosity-effective tempera-
ture plane, or the Hertzsprung-Russell diagram (see Fig. I.1). Just like the Stefan’s law, the
PLC relation holds true for any star and not just variable stars. However, pulsations can be
readily detected only for certain types of stars. Such stars are unstable to pulsations owing
to the change in opacity (k) of the partial ionization zones in their atmospheres. Cepheids
and RR Lyrae stars’ pulsations, in particular, are explained by the k-mechanism, wherein the
opacity of the Helium ionization zone changes with temperature. This mechanism manifests
itself in the Hertzsprung-Russell diagram as the instability strip. Specifically, our target stars
straddle the classical instability strip labeled ‘IS’ in Fig. I.1. For a detailed review of the pul-
sation theory, confer Cox (1980); Sandage (1958); Madore & Freedman (1991).

Empirically, the calibration of a PL or a PLC relation for a given set of stars requires
repeated photometric observations. These observations are used to compute the variabil-
ity periods and the mean apparent magnitude (brightness) of the stars. To convert apparent
magnitudes to absolute magnitudes (or luminosity), one needs distance and extinction to-
wards the stars. Both of these quantities are notoriously hard to measure (see e.g., Anders
et al., 2022, and references therein).

Due to the star formation cycle, the interstellar medium is interspersed with dust grains.
These dust molecules absorb and scatter photons as a function of wavelength. The amount of
light obscured by dust lying along the sightline of a star is measured as extinction (A,), with
A, oc 171, The effect of this dust is readily apparent in Fig. 1.5, where we see that the stars in
the central regions of the Milky Way cannot be detected in optical wavelengths. Extinction
A, is computed by measuring the reddening or the color excess (say) E(1, — 4.). Hereafter,

A, stands for the apparent magnitude measured in band x. If (1, — A.) is the observed color
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Ficure L.1: Hertzsprung-Russell diagram with the classical instability strip (IS) and the lo-

cations of our target subtypes that are highlighted as follows: BL Boo: anomalous Cepheids,

0 Cep: classical Cepheids, RRL: RR Lyrae stars. The Type-II Cepheids subtypes are:

BL Her, W Vir, and RV Tau. These subtypes will be introduced below. Here, the x-axis

represents the decadic logarithm of the effective temperature Teg of the stars and the y-axis

represents the same for the absolute luminosity of a star normalized by that of the Sun (L/Lg)

Credits: Image from Bhardwaj (2020). Reproduced with permission from Springer Nature.



Pulsating Stars 5

—10
RRab ® DCEP.10 ® ACEPF
8- RRe ® T2Cep ACEP_10
® DCEPF

—0.5 0.0 0.5 1.0 1.5

log1o(Per/1d)

Ficure L.2: Period-Wesenheit relation for Cepheids and RR Lyrae stars in the Large Mag-
ellanic Cloud. The x-axis represents the decadic logarithm of the variability period (in days)
and the y-axis represents the absolute Wesenheit index defined using the V and /-band mag-

nitudes.

of a star, and if we assume (A; — A.)o as the color corrected for extinction, the color excess

can be computed using the following equation:
(Ap = Ac)o = (A = Ac) = E(p — Ac) (1.8)

Certain types of stars, like the Red Clump stars have a theoretically-defined constant absolute
(or dereddened) color. These stars can be used to determine a reddening map in a region
where they are present in copious amounts (c.f. e.g., Skowron et al., 2021; Haschke et al.,
2011, and references therein).

To overcome this estimation of reddening on a star-by-star basis, Madore (1976, 1982);
Madore & Freedman (1991) defined a Wesenheit index W as:

W =1, - R —A,), (1.9)

where the coefficient R is the extinction law, a property of the dust grains inhabiting a given

interstellar medium. It is defined as:
R=A,,/E(1p —A.). (I.10)
If we now assume 19 to denote the extinction-corrected magnitude in the band a, we get:

(L11)
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TaBLE L.1: Properties of Cepheids and RR Lyrae stars. Brightness order reflects the absolute

luminosity compared at similar periods.

Period Mass [Fe/H] Brightness
Class Subtypes Age
(d) M) (dex) Order
Classical Cepheids DCEP_F, DCEP_10 0.4-80 <300 Myr 1-8 -1-0.5 1 (brightest)
Anomalous Cepheids ACEP_F, ACEP_10 03-2 1-6Gyr 08-22 -25--05 2
Type-II Cepheids BL Her, W Vi, RVTau 1-80 >10Gyr 03-05 -2-0.0 3
RR Lyrae RRab, RRc 02-1 >10Gyr 0.6-0.7 -25--0.5 4 (faintest)

Thus, using Equations 1.8, .10, and I.11 in Eqn. 1.9, we get that the apparent Wesenheit:

W=, - R( - 4,)
W=20+A,, — R[(Ap = Ac)o + E(1p — Ac)] w2
W=2+R-E(l,— ) — R(Ap — A)o — R - B(p — 1) '

W =22 - R(A, — A:)0 = Wp.

That is, the apparent Wesenheit index is equal to the dereddened Wesenheit index (Wp).
Therefore, these Wesenheit indices are reddening-free by construction and only depend on
the reddening law i.e., R. Consequently, the absolute Wesenheit index (W2"*) can be com-

puted as:
WS = W — 4, (1.13)

where u is the distance modulus of the star. This quantity can now be used as proxy for
the absolute luminosity in the PL relation defined earlier. This substitution gives rise to the

period-Wesenheit (PW) relation, which is formulated as:
W = o + 8- log,o(P). (1.14)

The computation of over 200 PW relations of this kind are discussed in the latter chapters
of this dissertation. One such relation is presented for all our target variability types in
Fig. I.2. The provenance of the data used to generate this figure will be presented in the next

chapter.

.2 RR Lyrae stars and Cepheids

Here, we provide a concise overview of the primary properties and applications of our
RR Lyrae stars and Cepheid variables. A selection of their characteristics is listed in Ta-
ble 1.1, with further details elaborated in the text below.
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I.2.1 RR Lyrae stars

RR Lyrae stars are old (> 10 Gyr), low-mass, horizontal branch stars with iron abundances
([Fe/H]) ranging from very metal-poor to super solar. They are classified into three main sub-
types following Bailey (1902); Bailey et al. (1919); Schwarzschild (1940); Nemec (1984):
RRab-type pulsating in the fundamental mode, RRc-type pulsating in the first overtone,
and RRd-type stars pulsating simultaneously in both the modes. A sub-group of the latter,
called anomalous RRd stars (aRRd), have a different period-ratio as compared to RRd stars
(Soszynski et al., 2016b). Moreover, ~40% of RRab stars (Jurcsik et al., 2012; Netzel et al.,
2018) and ~ 10.7% of RRc stars (Benkd et al., 2023) are predicted to exhibit the Blazhko
effect (Blazko, 1907). This effect is the presence of secondary modulation in light curves of
these stars with a period ranging from a few days to a few years.

Leveraging their ubiquity and precise distances, RR Lyrae stars are used to trace the
Milky Way bulge (Braga et al., 2019; Kunder et al., 2020), disk (Iorio & Belokurov, 2021),
halo (Iorio et al., 2018; Iorio & Belokurov, 2019), its substructures (Ramos et al., 2020;
Ibata et al., 2020; Vasiliev & Baumgardt, 2021; Koposov et al., 2023), and the Magellanic
Clouds (Soszynski et al., 2016b; Jacyszyn-Dobrzeniecka et al., 2016, 2020a).

I.2.2 Classical Cepheids

Classical Cepheids (DCEP) are young, massive, metal-rich variable stars mainly exhibiting
radial pulsations in the fundamental (DCEP_F), first-overtone (DCEP_10), and multiple
modes (DCEP_mul). Multi-mode classical Cepheids have been detected pulsating in more
than two radial modes simultaneously (Soszyniski et al., 2017a). From an evolutionary stand-
point, these stars are core-He burning post-red giant branch stars.

Being much younger and much more massive than RR Lyrae stars (< 300 Myr), DCEPs
are mainly found in the Milky Way thin disk (Pietrukowicz et al., 2021; Soszynski et al.,
2017b), the central regions of the Magellanic Clouds (Soszyniski et al., 2017a), and spiral
galaxies (Madore & Freedman, 1991; Freedman et al., 2001). Owing to their characteristic
light curve shape (Leavitt, 1908, also see Fig. 1.3), high luminosities, and well-defined PL
relations (Leavitt & Pickering, 1912; Soszyniski et al., 2017a), these stars form the funda-
mental building blocks of the cosmic distance ladder (Baade, 1952; Sandage, 1958; Madore
& Freedman, 1991; Bono et al., 2010; Riess et al., 2022).

I1.2.3 Anomalous Cepheids

Anomalous Cepheids (ACEP) are the low-mass, metal-poor analogues of classical Cepheids

(Caputo et al., 2004). Zinn & Searle (1976) termed these stars “anomalous” as they follow a
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FiGcure L.3: Light curves of a randomly selected member from each of the target subtypes
pulsating in a single mode are presented in: Panel (a) for an RRab-type star; (b) RRc; (¢)
BL Her; (d) W Vir; (e) RV Tau; (f) DCEP_F; (g) DCEP_10; (h) ACEP_F; (i) ACEP_10.

The star’s unique identifier and its variability period (P) are provided on each panel.
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this photometry will be discussed in the next chapter.
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PL relation fainter than classical Cepheids but brighter than Type-1I Cepheids. These stars
are central He-burning with masses in the range of 0.8-2.2 Mg, (Fiorentino & Monelli, 2012;
Caputo et al., 2004). Evolutionary models predict these stars can be formed through single-
star evolution of intermediate-age (1-6 Gyr) stars or through mass transfer in older binary
systems (Bono et al., 1997; Groenewegen & Jurkovic, 2017). They mainly pulsate in the fun-
damental (ACEP_F) or first-overtone mode (ACEP_10), although Soszynski et al. (2020a)
observed a possibility of multi-mode pulsations in relatively more metal-rich anomalous
Cepheids (ACEP_mul).

I.2.4 Type-II Cepheids

Type-II Cepheids were separated from their classical counterparts by Baade (1952), and
their difference was already hinted at by Joy (1937). These stars are old (>10 Gyr), low-
mass stars further classified into three subtypes based on their periods: BL Herculis stars
(BLHer; P < 5d), W Virginis stars (W Vir; 5d < P < 20d), and RV Tauri stars(RV Tau
P > 20d). In the period-variability amplitude diagrams (called the Bailey diagrams after
Bailey 1902) plotted in Fig. 1.4, the distinct distributions of the three subtypes are easily
discernible.

As Type-II Cepheids are intrinsically brighter and less massive than RR Lyrae stars, their
periods are longer. The empirical boundary set between the periods of RR Lyrae stars and
shorter-period Type-1I Cepheids (BL Her) stars is a consequence of their different evolution-
ary stages (Braga et al., 2020). While RR Lyrae stars are burning He in their cores, Type-II
Cepheids have exhausted their central He content and are double (H, He) shell burning.

Specifically, Bono et al. (2020, by using horizontal branch evolutionary models) pre-
dicted that BL Her stars are evolving off of the zero age horizontal branch and are on the first
crossing of the instability strip. They termed these stars post-early asymptotic giant branch
(PEAGB) stars as they are undergoing double shell (H and He) burning. They also proposed
that W Vir stars are a mix of PEAGB and post-AGB stars on their second crossing (red to
blue) of the instability strip. Finally, they classified RV Tau stars as post-AGB stars too, with
the longer-period RV Tau stars undergoing thermal pulses while evolving towards the white
dwarfs graveyard.

All Type-II Cepheids mainly pulsate in the fundamental model, though a few first-
overtone (Soszynski et al., 2019a) and double-mode (Smolec et al., 2018) BL Her pulsators
have been discovered across the Bulge and the LMC. Furthermore, ~ 15% of W Vir stars
show a slightly different light curve morphology, wherein their rising branch is steeper than
the descending one. These “peculiar” W Vir stars (pW Vir) discovered by Soszynski et al.
(2008) are brighter and bluer than their “regular” counterparts, with ~ 50% of them exhibit-
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ing signs of either eclipsing or ellipsoidal binarity (Soszynski et al., 2018; Plachy et al.,
2021). Their spatial distribution in the LMC, and their absence from Milky Way globular
clusters are consistent with them being younger than other Type-II Cepheids (Matsunaga
et al., 2009). Lastly, RV Tauri stars exhibit alternating deep and shallow minima in their
light curves. They are divided into two sub-groups: the RVa-type which maintain a constant
mean brightness over long term, and the RVb stars which exhibit an additional long-period
trend in their mean magnitudes (Bodi & Kiss, 2019), possibly due to a circumbinary dusty
disk (Kiss & Bédi, 2017).

Except for the thin disk, Type-II Cepheids are found in all regions of the Galaxy
(Soszynski et al., 2009; Ripepi et al., 2023; Matsunaga et al., 2006; Dékany et al., 2019), the
Magellanic Clouds (Soszynski et al., 2018), and even external galaxies (Majaess et al., 2009;
Kodric et al., 2018). Although the PL relation of Type-II Cepheids is systematically fainter
than that of classical Cepheids by ~ 1.5-2 mag, their accurate distances can be used to deter-
mine structural properties of old systems, where they closely follow the spatial distribution

of RR Lyrae stars.

.3 Milky Way and the Magellanic Clouds

The Milky Way is a barred spiral galaxy and, along with the Andromeda galaxy (also known
as M31), it forms the Local Group of galaxies. Our position in the Milky Way allows us to
resolve the stellar populations of the Galaxy finely. However, it also hampers our ability to
directly observe its expansive structure in its totality. Nonetheless, the intricate structure of
the Milky Way can be appreciated from our vantage point, as shown in Fig. [.5. Based on
the 3-d distribution of the stars shown in this figure, an artist’s depiction of the complete
structure of the Milky Way can be imagined. Figure 1.6 presents one such demonstration of
a face-on and an edge-on view of the Galaxy.

Highlighted in these figures are the various substructures of our galaxy:

(1) the Galactic bulge, initially characterized by Baade (1946), and whose shape was
determined to be boxy/peanut-like by Weiland et al. (1994); (ii) this bulge consists of the
Galactic bar (Shen et al., 2010) and also plays host to the central supermassive black hole of
the Galaxy, i.e., Sagittarius A (Balick & Brown, 1974)1; (ii1) the Galactic disk, which is flatter
and more spread out as compared to the bulge. This disk comprises two components: the thin
disk and the thick disk (e.g., Gilmore & Reid, 1983). The thin disk is concentrated towards

the Galactic midplane and consists of metal-rich stars following an ordered rotation pattern

In a striking example of modern technological advancements, Event Horizon Telescope Collaboration
et al. (2022) presented an image of the shadow of Sagittarius A*. This image stands as a testament to human

ingenuity.
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i.e., the thin disk is kinematically cold. On the other hand, the thick disk is kinematically
hotter and has existed for at least a few Gyr (e.g., Bland-Hawthorn et al., 2019). The many
spiral arms of the Galaxy also traverse the Galactic disk (Reid et al., 2019).

(iv) The Milky Way halo consists of older, relatively metal-poor stars. It encompasses
both the bulge and the disk. Recent chemo-dynamical investigations (e.g., Naidu et al., 2020,
2021; Bonaca et al., 2021; Malhan et al., 2022) of the Galactic halo give rise to a scenario
where over 80% of the halo is formed ex-situ. In other words, a major fraction of the halo
is made up of stars that were born not in the Milky Way but in other galaxies that have
since been accreted by the Milky Way. A majority of the numerous globular clusters and
dwarf galaxies in the Milky Way halo (shown in Fig. [.7) also shares the same ex-situ origin
(Malhan et al., 2022, and references therein).

The Large and Small Magellanic Clouds (LMC and SMC) are two of the most easily-
identifiable objects on the Southern sky. They are dwarf irregular galaxies that are interact-
ing with each other, while simultaneously continuing to fall towards the Milky Way. Recent
analyses (e.g., Vasiliev, 2023) that reconstruct the orbit of the Magellanic system reveal that
the Clouds are quite possibly on their second infall towards the Milky Way. Their interplay
with the Milky Way, and the Sagittarius dwarf spheroidal galaxy (the remnant of a previ-
ous massive merger of the Galaxy, Vasiliev & Belokurov 2020) is well characterized in the
literature (see e.g., Vasiliev et al., 2021).

Figure 1.8 depicts the number density of stars in the Magellanic Clouds as measured by
the Gaia satellite (described below). The LMC (on the left in Fig. 1.8) and the SMC (on
the right) constitute two of the very few galaxies whose stellar populations can be resolved
with such great detail. Apart from the readily apparent disk and loose spiral structure of the
LMC, other substructures are also discernible. For instance, the Magellanic bridge, which is
an almost contiguous stream of stars flowing from the SMC to the LMC, is seen in blue. Due
to their interaction with each other and the Milky Way, the Magellanic Clouds are marked
by many such substructures. A summary can be found in Gaia Collaboration et al. (2021b)

and Jacyszyn-Dobrzeniecka et al. (2020b).

I.3.1 Milky Way Archaeology in the Gaia era

Milky Way Archaeology, or the study of the structure and formation of the Milky Way, has
been revolutionized by the Gaia satellite (Gaia Collaboration et al., 2016). Starting with
its second data release (DR2, Gaia Collaboration et al. 2018a), and continuing through its
third data release (DR3, Gaia Collaboration et al. 2023c¢), Gaia data has played in instrumen-
tal role in reshaping the paradigms of Milky Way Archaeology. Gaia’s primary aim is to

perform all-sky astrometry, i.e., to measure the positions, proper motions, and parallax (or



Milky Way and the Magellanic Clouds 13

FiGure L.5: An all-sky map of the Milky Way built using the third data release (DR3) of the
Gaia satellite. The Large and Small Magellanic Clouds are also visible towards the bottom
on the right side. This map is a true composite created by combining the Gaia photometry
in three different bands and by measuring the number density of stars in each pixel. Credits:

ESA/Gaia/DPAC; CC BY-SA 3.0 IGO. Acknowledgement: A. Moitinho.

2 ANATOMY OF THE MILKY WAY

—— Globular clusters

\Stellar halo

www.esa.int European Space Agency

FiGure 1.6: An artist’s impression of the structure of the Milky Way. The position of the
Sun is highlighted in both the plots. The /e ft panel presents an imagined face-on view of the
Milky Way, with its spiral structure and the central bar clearly discernible. The right panel
presents an edge-on view and outlines the various substructures of the Galaxy. Credits: Left:
NASA/JPL-Caltech; right: ESA; layout: ESA/ATG medialab.
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Ficure L1.7: The Milky Way subsystems. The positions of Galactic globular clusters (in
blue) and dwarf galaxies (in red) are highlighted on a gray-scale number density map of stars.
Credits: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO. Acknowledgement: Gaia Data Processing
and Analysis Consortium (DPAC); A. Helmi / M. Breddels, Kapteyn Astronomical Institute,
University of Groningen, The Netherlands; F. van Leeuwen, University of Cambridge, UK;
P. McMillan, Lund Observatory, Sweden.

Ficure L.8: A depiction of the number-density of stars in and around the Magellanic Clouds.
The Magellanic bridge can also be seen emanating from the Small Magellanic Cloud. Cred-
its: ESA/Gaia/DPAC — CC BY-SA 3.0 IGO. Acknowledgments: This image was created by
Laurent Chemin using the data from Gaia Collaboration et al. (2021b).
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distance) of the stars. It undertakes this task with an unparalleled level of precision, pushing

the boundaries to achieve micro-arcsecond astrometry (see, e.g., Lindegren et al., 2021b).

In addition to its groundbreaking astrometric data, Gaia also measures or provides data
to estimate various other stellar parameters. A handful of these properties are illustrated
in Fig. [.9. For an overview of the complete Gaia inventory, please refer to Gaia Collab-
oration et al. (2023c). These data have been used to reconstruct the merger history of the
Milky Way (e.g., Bonaca et al., 2021; Naidu et al., 2021, 2020; Malhan et al., 2022, also
see Fig. [.10), study the internal kinematics of the Magellanic Clouds (e.g., Gaia Collabo-
ration et al., 2021b, see Fig. [.11), and find members of the Milky Way subsystems like the
globular clusters, dwarf galaxies, and streams (c.f. e.g., Vasiliev & Baumgardt, 2021; Gaia
Collaboration et al., 2018b; Malhan & Ibata, 2018, and references therein).

The distance of our stars, used in synergy with their Gaia data, can lead to a whole
host of applications that will be explored throughout this dissertation. As a cursory exam-
ple, Fig. I.12 demonstrates the power of Gaia data leveraged in concert with the distance of
our stars. The left panel of this figure presents the Galactocentric distribution of classical
Cepheids. These Cepheids reside in the disk of the Milky Way and their distance was com-
puted based on the PW relations and the methods outlined in this thesis. Using a manifold
learning algorithm (presented in Lemasle et al., 2022), these Cepheids were categorized
into various groups. By modeling the fiducial ridge lines (shown in green) of the contiguous
groups, an analytical approximation of the Milky Way spiral arms can be generated. This
spiral arm model is compared with the widely-accepted model of the Milky Way spiral struc-
ture from Reid et al. (2019) in the right panel. The Lemasle et al. (2022) model is not only
in good agreement with the Reid et al. (2019) model, but it is also able to trace the spiral

arms at greater distances.

Along with their distance, intrinsic parameters of these stars can also be measured using
photometry alone. The model parameters of their Fourier-fit light curves can be used to
measure their effective temperature, luminosity, mass, radius, and metallicity (Dékany &
Grebel, 2022; Plachy et al., 2021; Bellinger et al., 2020). Naturally, with new findings (of
the Gaia era), come unanswered questions. The properties of the progenitors of many newly-
discovered Milky Way mergers remain shrouded in mystery (e.g., Bonaca et al., 2021; Prudil
et al., 2021). Through a spectroscopic analysis of stars attributed to a certain merger, its
progenitor can be found using chemical tagging (Lietal., 2019; Ji et al., 2020, and references
therein). However, the aforementioned properties of our stars facilitate the undertaking of a

preliminary chemo-dynamical investigation of these mergers using photometry alone.
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Ficure 1.9: Composition of Gaia sky maps where projections of the central regions of the
Milky Way are overlaid with the following Gaia-based properties (from top to bottom): (1).
Integrated orbits of a subset of stars with 6d phase space information measured in Gaia DR3.
(2). Stellar ages computed by Gaia DPAC. (3). Color of the stars in the Gaia filters. (4).
The Gaia sample of variable stars. (5). Extinction as measured by Gaia. (6). Distribution
of the diffuse interstellar bands (used to study the interstellar medium). (7). Heliocentric
radial velocities measured by Gaia. (8). Metal content of the stars. (9). 3-d map of the
stellar motions built using Gaia proper motions and radial velocities. (10). Number density
of stars detected by Gaia (also presented in full in Fig. I.5). Many of these properties will
be used throughout this thesis. Credits: ESA/Gaia/DPAC - CC BY-SA 3.0 IGO. Created by
Tineke Roegiers, based on different Gaia sky maps created by ESA/Gaia/DPAC - CC BY-SA
3.0 IGO and inspired by NASA’s Multiwavelength Milky Way Images.
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FiGcure L.10: Integrals-of-motion projection of stars in the the Milky Way halo. The x-axis
represents the angular momentum of stars along the Galactocentric z-direction, while the y-
axis represents their total energy. The “star” and “pentagon” markers denote the Milky Way
stellar streams, while the solid contours represent the merger events of the Milky Way. The
stars, now part of the Milky Way halo, due to the numerous mergers of the Milky Way, retain
information of their progenitor’s integrals of motion. The various distributions outlined here
point to an active past of the Milky Way and many substructures in its present-day halo.
Credits: Image taken from Bonaca et al. (2021). Reproduced by permission of the AAS and

the author.
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improvement in the handling of systematic errors in Gaia DR3 data is readily apparent.
Image taken from Gaia Collaboration et al. (2021b).
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FiGcure I1.12: The Milky Way spiral arms modeled using classical Cepheids from our com-

pilation. Credits: Image adapted from Lemasle et al. (2022).
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I.4 The Hubble Tension

The Hubble constant (Hy, Hubble 1929) constitutes one of the six cosmological parame-
ters that describe the properties and evolution of the universe (Planck Collaboration et al.,
2020). The value of Hy sets one of the estimates of the age (i.e., the Hubble time, defined as
1/Hy) and the size (i..e., the Hubble radius = ¢/ H(, where c is the speed of light) of the uni-
verse. Over the past two decades, modern observations of the cosmic microwave background
(CMB) have led to a precise determination of Hy = 67.4 + 0.5 km s_lMpc_1 (see Fig. [.13).
Hj estimates of the local universe are based on the distances of supernovae-host galaxies.
These distances are in turn, computed using PL relations of classical Cepheids. This mode
of computation leads to a value of Hy = 73.04 + 1.04km s~'Mpc~!, which deviate by more
than 5o from the CMB-based measurement (c.f. e.g., Riess et al., 2022, 2020).

These Cepheids-based determinations rely mostly on the Hubble Space Telescope (HST)
data and many independent analyses of it (e.g., the Hubble Key project, Freedman et al.
2001; the SHOES collaboration, Riess et al. 2022). Many possible sources of systematic
errors in both the HST data and the properties of classical Cepheids have been analyzed (see
Riess & Breuval, 2023, for a recent review). However, the tension lingers on. The latest
determinations of the Cepheids-based local Hy computed using data from the James Webb
Space Telescope (JWST) do not resolve the tension either (Riess et al., 2023).

Other distance indicators like the tip of the red giant branch (TRGB, Lee et al. 1993)
do lead to an H value (shown in red in Fig. I.13) much closer to that computed by Planck
Collaboration et al. (2020). This result, coupled with the preliminary results from the JWST,
practically singles out classical Cepheids as the main culprit of the Hubble tension. Thus, a
better understanding of the systematic errors plaguing the PL relations of classical Cepheids
is needed in earnest urgency.

Population-1II stars like the RR Lyrae stars and Type-II Cepheids are much older than the
classical Cepheids. Thus, they can be detected in elliptical as well as spiral galaxies. Their
application as extragalactic distance indicators has been theorized (e.g., Beaton et al., 2018,
and references therein) but seldom undertaken. This reluctance is based on the fact that
these stars are fainter than the classical Cepheids and hence, their detection in supernovae-
host galaxies is challenging. Moreover, the PL/PW relations of Type-II Cepheids are not
as well calibrated as those of the classical Cepheids (c.f. e.g., Ripepi et al., 2023; Ngeow
etal., 2022c; Bhardwaj, 2020). However, with better data and contemporary fitting methods,
RR Lyrae stars (Savino et al., 2022) and Type-II Cepheids (Ngeow et al., 2022¢, Pipwala et
al., in prep.) have been used to estimate the distance to M31. Thus, these analyses have taken
the first steps in probing the potency of RR Lyrae stars and Type-II Cepheids as anchors of
Hy.
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Ficure 1.13: The Hubble tension. The y-axis represents the measured Hy values and the
x-axis denotes the years in which these values were released. Credits: Image taken from
Freedman & Madore (2023).

Furthermore, in the infrared wavelengths, RR Lyrae stars and Type-1I Cepheids likely
follow the same PL relations (e.g., Braga et al., 2020). Thus, the combination of these stars
can be used as an even more potent distance indicator. The work presented here will lay the

groundwork of testing these hypotheses empirically.

I.5 This thesis

I.5.1 Motivation

With advancements in instrumentation and data processing, hundreds of thousands of
RR Lyrae stars and Cepheids (called “target stars” henceforth) have been classified within
~200 kpc. Our objective is to compile a comprehensive list of all objects classified as
RR Lyrae or Cepheids in the Milky Way and in the Magellanic system. The Optical Grav-
itational Lensing Experiment (OGLE) survey (Udalski et al., 2008, 2015) is a monumental
effort in variable star classification and forms the cornerstone of this collection. The survey
monitors over 3000 deg? of the Southern sky, and achieves exceptional accuracy in classi-
fying our target stars through visual inspection of well-populated light curves. As discussed
earlier, the Gaia mission (Gaia Collaboration et al., 2016) has been revolutionary for Galac-
tic astronomy. In addition to the properties already discussed, Gaia also performs all-sky
photometry, which has been used to discover millions of variable stars (Eyer et al., 2023),
including hundreds of thousands of our target stars (Clementini et al., 2023; Ripepi et al.,

2023). However, limited by the relatively fewer number of observations in its third data
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release (DR3, Gaia Collaboration et al. 2023c), it does not reach the completeness or pu-
rity levels of OGLE for several subtypes. In our present undertaking, we have combined

RR Lyrae stars and Cepheids from both OGLE and Gaia with those from six other surveys.

We focused exclusively on optical surveys due to inherent challenges in classifying these
subtypes in the infrared (IR, Braga et al. 2019). However, these optical surveys are mutually
complementary and supplementary in various aspects. For instance, OGLE provides exten-
sive coverage of the Magellanic Clouds, the Galactic bulge, and disk but does not cover the
Galactic halo. On the other hand, the Zwicky Transient Facility (ZTF, Bellm et al. 2019)
and PanSTARRSI1 (PS1, Chambers et al. 2016) respectively observe the brighter and fainter
stars in the Northern hemisphere, while the Dark Energy Survey (DES, Abbott et al. 2021)
monitors the Southern hemisphere but not the Magellanic Clouds, which are anyway already
covered by OGLE. Gaia, the Catalina Sky Survey (CSS, Drake et al., 2012), the All-Sky Au-
tomated Survey for Supernovae (ASAS-SN, Shappee et al. 2014; Kochanek et al. 2017), and
the All Sky Automated Survey (ASAS, Pojmanski 1997) do provide full-sky coverage but

have different detection efficiencies at different magnitudes.

Even when surveys have overlapping regions of observations, they may have different
number of epochs and hence, varying degrees of confidence in the classification of the same
star. Or due to their differing detection limits, they may not be able to photometer the star al-
together. Besides, their classification pipelines and period-finding algorithms are largely dif-
ferent and may lead to an incorrect classification or period determination of poorly-observed
stars. The motley of surveys collected here and the systematic steps taken to homogenize

them help minimize the impact of such differences among surveys.

Furthermore, the distance to all these subtypes has never been computed under the um-
brella of a single analysis or using the same method. The computation of their period-
luminosity and period-Wesenheit relations requires a careful consideration of numerous as-
pects like the photometry, distance calibrators, periods, classification, and their uncertain-
ties. By leveraging the properties of our catalog, an unprecedented number of such PL/PW
relations can be computed homogeneously. These relations lead to the determination of the

distance to our target stars at a high level of accuracy and precision.

These distances (and many other properties developed over the course of this disserta-
tion) of our stars can be used as a stepping stone to inch closer towards answering the follow-
ing fundamental questions: (i) How did the Milky Way form? What is its current structure
and composition? (ii) How fast is the local Universe expanding? How do we resolve the

Hubble tension?
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I.5.2 Structure

The structure of the thesis is as follows.

* In Chapter II, I describe the data I used and the new method that I developed to con-
struct the most homogeneous and the largest ever catalog of Cepheids and RR Lyrae

stars.

* In Chapter III, I outline the results of both an internal and an external validation of

the classification and the periods of these stars.

* With this validation in place, I cross-matched this catalog with numerous literature
surveys to accrue photometric and spectroscopic data. These ingredients, imperative

for a 6-d analysis of these stars, are presented in Chapter I'V.

* In Chapter V, I demonstrate one application of the immense potential of the catalog by
computing a ~ 99% accurate distance to the LMC, derived using ~ 200 new period-

Wesenheit relations.

* [ summarize the results of this dissertation and discuss future applications of the cat-

alog in Chapter VI.
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The Catalog

You can find the entire cosmos lurking in its least

remarkable objects.

— WisLAwA SZYMBORSKA

In this chapter, we present the creation of the RRLCep catalog. This catalog is the result of
the implementation of numerous rigorous measures. These efforts ensured consistent cross-
matches, classification, periods, and distance determination of all the stars. This chapter
sheds light on the first two steps of our endeavor. We describe all eight surveys in Sect. I1.1.
In Sect. I1.2, we illustrate the performance of a new cross-match algorithm we developed to

merge all eight catalogs.

II.1 Survey description and data requisition

In each subsection, we present an overview of the survey and their specific catalogs that we
utilized. All the catalogs discussed here were standardized as per the following procedure —
we ensured their equatorial coordinates («, ¢) and magnitudes were within physical ranges.
We transformed the classification name given by each survey to follow this naming scheme:
DCEP_F, DCEP_10, DCEP_mul, ACEP_F, ACEP_10, BLHER, W VIR, RV TAU, RRab,
RRc, RRd (these subtypes have been introduced earlier). We ensured subtypes from each

catalog adhered to their respective period ranges listed in Table II.1. Furthermore, variable

23
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TasLE II.1: Empirical boundaries on variability periods for various subtypes.

Class Subtype Period (d)
RRab < 0.998
RR Lyrae
RRc 02<P<0.6
DCEP_F > 0.8

Classical Cepheids (DCEP)
DCEP_10 02<P< 10

BL Her 1.002<P<5

Type-II Cepheids W Vir 5<P<20
RV Tau > 20
ACEP_F <25

Anomalous Cepheids (ACEP)
ACEP_10 04<P<1.2

stars with periods (in days) in the interval [0.998, 1.002] detected using ground-based ob-
servations alone might exhibit false periodicity induced by the Earth’s rotation. Hence, we
removed such variables.

We placed emphasis on retrieving or estimating uncertainties in coordinates, periods,
and photometry of each survey, as these factors are used to cross-match all survey catalogs
(elaborated in Sect. I1.2). The correct estimation of uncertainties in magnitudes and periods
is especially important in the context of distance determination through period-luminosity
(PL) or period-Wesenheit (PW) relations. Additionally, we computed the number of obser-
vations per star (Nqps) for all surveys, as it plays a crucial role in the internal validation of
periods (discussed in Sect. I11.1.1) and in the following steps.

For a few surveys, the unique identifier associated with each star had been constructed
using the star’s equatorial coordinates. In some cases, the same identifier was assigned to
more than one star, plausibly due to a rounding off limit of the coordinates. We dealt with
these duplicated stars by retaining the one with the higher number of observations.

Since many surveys included here combined data from several small telescopes, we per-
formed an internal cross-match to check for duplicate stars within each catalog. Using the
average FWHM (full-width at half maximum of the image PSF) of a survey’s images as the
cross-match radius, we created an on-sky neighborhood for every star in its catalog. Pairs
with similar periods, magnitudes, and classification were considered duplicated and only
the star with the higher number of observations was retained. This step was performed on
the catalogs from Catalina (Sect. I1.1.2), ASAS-SN (Sect. 11.1.4), and ASAS (Sect. 11.1.6)

surveys. A summary of the relevant features of all surveys is presented in Table. 11.2.
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II.1.1 OGLE-IV

The Optical Gravitational Lensing Experiment (OGLE) has been surveying the sky for more
than three decades. Started in 1990, the survey was aimed to build on ideas developed by
Paczynski (1986) for the detection and characterization of microlensing events in the Milky
Way. Since then, it has also been a widely used resource for the study of variable stars. We
only focused on the catalogs generated in the fourth phase of the survey (OGLE-IV, Udalski
et al. 2015). In principle, one can concatenate the light curves collected in OGLE-II and
OGLE-III (Udalski et al., 2008) with those in OGLE-IV. However, one needs to take into
account the systematic differences between the mean brightness of stars across these phases.
Hence, we only focused on OGLE-IV catalogs, which, anyway, are the most comprehensive

of the three.

The survey monitors over 3000 deg? across the Galactic bulge, disk, and the Magellanic
system using a 1.3 m telescope situated at the Las Campanas Observatory in Chile. It un-
dertakes observations using V- and I-band filters with the latter getting considerably more
time. For our target stars in the Magellanic system, the average number of observations in
the /-band is almost five times that of the V-band (~480 vs ~90). The I-filter light curves
were mainly used for the classification of variable stars, and V magnitudes were used in

conjunction to estimate the color.

The OGLE team performed a preliminary selection of variable stars (and their subtypes)
using Fourier decomposition and template-fitting of /-band light curves. However, purity
of their catalog stems not only from the high quality of their light curves but also from the
fact that each light curve is classified manually after visual inspection. In ambiguous cases,
the final decision is taken after taking into account other parameters of the stars like their

position in the CMD and other diagnostic plots.

We combined RR Lyrae stars and Cepheid catalogs from the following OGLE studies:
Soszynski et al. (2015a,b, 2016b, 2017a,b); Udalski et al. (2018); Soszynski et al. (2019b,c,
2020b). They cover the Magellanic Clouds, the Galactic disk and bulge. The Magellanic
Clouds’ catalogs contain line-of-sight halo RR Lyrae stars as well, given that there is no
natural luminosity boundary between the two systems (Soszynski et al., 2016b). The OGLE
I-band light curves of randomly selected stars belonging to each target subtype are plotted
in Fig. [.3.

After combining the catalogs, we determined the number of observations (N,ps) and the
photometric uncertainty from the light curves of individual stars. The final uncertainties
in the I and V magnitudes are computed as the median of the errors on epoch magnitudes
provided in the light curves. For ~ 1500 stars that are missing an OGLE-IV light curve,

we determined the uncertainty in their photometry by fitting the I vs I¢o distribution of
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8 Surveys: OGLE, CSS, ZTF, Gaia, ASAS-SN, ASAS, PS1, DES

) ) <— Light Curves
Coords, Class, Subtype, Mag, Period, Amplitude

i obs
Mag error
Standardization Coords error
Epoch
1. Subtype names and definitions 5. Amplitude range
2. Period boundaries per subtype 6. Missing data imputation
3. Classification probability 7. Missing errors estimation
4. Magnitude and color ranges 8. Duplicates within FWHM

|

Cross-match and

merge using BXM
Internal Validation External Validation GaiaDR3XM  — Auxiliary
Period and Class AllGalCep, Stripe82 Filtering: astrometry, 6 optical surveys

20 literature catalogs BP/RP photometry 7 IR surveys
/ 9 spectroscopic surveys

Final Period and Class

RRLCep: 329 053 stars

Ficure II.1: Schematic representation of the workflow. The surveys, their contents, and

the standardization of their properties are described in Sect. II.1. Post-standardization, all

eight catalogs were merged using Bhattacharyya distance-based cross-match (BXM, de-

scribed in Sect. I1.2). The periods and classification of all stars were first validated internally

(Sect. III.1.1 and III.1.2), and then, using literature catalogs (Sect. I11.2). The merged cata-

log, called RRLCep, was cross-matched with the Gaia DR3 source catalog. Its coordinates

were used to cross-match against auxiliary surveys to get optical, IR photometry and radial

velocities (Sect. I'V).
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Ficure I1.2: Errors in /-band photometry of OGLE bulge stars (top panel). A subsample
of stars had larger errors for a given / magnitude. In the bottom row, the on-sky distribution
of the same stars is plotted in Galactic coordinates. In the bottom right panel, the points are
colored according to reddening, E(B-V), taken from the maps of Schlegel et al. (1998) and
recalibrated using Schlafly & Finkbeiner (2011).
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the remaining stars with a fourth-degree polynomial. This polynomial was fit on a region-
by-region basis. The I vs I distribution for stars in the OGLE Galactic bulge fields is
plotted in Fig. I1.2. The polynomial was fit in the range 15 < I < 21, as the uncertainty floor
is ~0.007 mag for brighter stars.

We investigated the reason behind the two trends seen in this phase space in the top panel
of Fig. I1.2. A subset of the stars have larger photometric uncertainties (colored in red). We
did not find any strong association of this trend with the number of observations or with the
type of star. A weak correlation with extinction can be seen in bottom panels of Fig. I1.2.
However, we realized that a majority (>95%) of these sources are from Soszynski et al.
(2019c, S19) and these stars were observed using shallower exposures of 25s as opposed
to 2100s exposure time of other OGLE stars. Our main conclusion from this investiga-
tion is that it is essential to avoid assuming a single, underestimated value of photometric
uncertainty across magnitude ranges and substructures (as usually done while computing
period-luminosity relations).

Soszynski et al. (2015b) estimated OGLE astrometric uncertainty, in comparison to
2MASS (Two Micron All Sky Survey, Skrutskie et al. 2006), to be 0.2”. This value seems
adequate based on our comparison of OGLE coordinates with those of Gaia DR3, as dis-
cussed in Sect. I1.2.

While combining the OGLE catalogs, we recorded the remarks associated with each of
them. The flags and the number of stars they affect are given in Table 11.3. These stars
show one or several of the following phenomena: Blazhko effect, period doubling, irregular
changes in period and/or amplitude, secondary periodicity, optical doubling. These stars,
along with those with uncertain classification, comprise 356 RR Lyrae stars, 359 classical,
130 Type-I1, and 4 anomalous Cepheids. Most of the flagged stars are RR Lyrae stars with
uncertain classification towards the Galactic bulge or the LMC. Overall, the final number of

OGLE stars in various classes and subtypes is shown in Table I1.4.

I1.1.2 Catalina Sky Survey

The Catalina Sky Survey (Drake et al., 2012) is a combination of three different sub-surveys,
namely, the Catalina Schmidt Survey (CSS), the Mount Lemmon Survey (MLS), and the
Siding Spring Survey (SSS). Started in 2003, the survey’s main aim is to detect near-earth
objects and potentially hazardous objects. Each sub-survey uses eponymous telescopes that
have slightly different specifications, as listed in Table I1.2). Nevertheless, the photometry
between these sub-surveys is consistent as the cameras on these telescopes are nearly iden-
tical and the data were processed using the same Catalina pipeline. The cameras capture the

images unfiltered to improve throughput and detection efficiency.
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TasLE I1.3: OGLE flags.

Flag Information Ngtar
1 Class uncertain 403
2 Shows secondary period 282
3 Inan eclipsing/ellipsoidal binary 42
4 Blended 36
5 Blazkho modulations 22
6 RVb-type 21
7 Double star 18
8  Variable amplitude and/or period 14
9 First-overtone BL Her candidate
10 No longer pulsating
11 ¢ Scuti candidate

I1.1.2.1 Catalogs

Catalina variability catalogs have been released in three stages. First, Drake et al. (2013a,b)
collectively used data from all three sub-surveys (predominantly from the Catalina Schmidt
survey) to classify RRab stars in the Galactic halo. Later on, Torrealba et al. (2015) used
data only from the Siding Spring survey and discovered a large number of new RRab stars
in Southern hemisphere. Finally, Drake et al. (2014, 2017) put forth general variable star
catalogs classifying ~ 85000 stars into 17 subtypes which included ~ 18 000 of our target
subtypes.

All these studies provided mean magnitudes (and light curves) on the Catalina photo-
metric scale Vcss, i.e., not transformed to Johnson V-band scale. This photometry has a
precision and accuracy of ~ 0.1 mag (Drake et al., 2012, 2013a). The best variability period
and average magnitude of the stars were determined using the Adaptive Fourier Decompo-
sition algorithm, described in Torrealba et al. (2015).

While combining the RR Lyrae catalogs, we realized that the object identifiers given to
the stars were non-unique. ~ 15% stars had duplicated identifiers. After correcting for this
by generating new identifiers, we checked for duplicate observations of stars within catalogs
of all three sub-surveys. We ran an internal cross-match algorithm that checked for pairs of
stars in 4 ” neighborhoods and flagged those pairs with an angular separation of less than 4 ”.
All stars within 0.5” of each other were considered duplicates, and the one with the lower
Nobsin a pair was removed. This limit was decided based on the separation distribution of
all pairs — these had the highest probability of being duplicates. For the remaining pairs,

with separation between 0.5” and 4”, we calculated the absolute difference between their
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V magnitudes (AV), variability amplitudes in V (Axmp), and periods (APer). Those with

AV < 0.3 mag and Axmp < 0.4 mag and APer < 5 x 107> d were flagged and the rest were
assumed to be truly different close-by stars (chance overlaps) and retained. These upper
limits were set close to three times the average uncertainty in the quantities. For the flagged
pairs, only stars with greater N,,swere retained.

Due to the higher spatial density of the Catalina general variable star catalogs (presented
in Drake et al. 2014, 2017), duplicate stars, if any, needed to be treated even more carefully.
Applying the same treatment as described above, we found ~ 350 pairs with separation be-
tween 0.5” and 4”. After inspecting the distribution of their (AV, Axmp, APer), the limits to
rule them out as possible duplicates were set at more restrictive criteria (0.3 mag, 0.5 mag,
1073 d). ~ 320 pairs satisfied the above limits and were treated as true duplicates. The re-
maining 30 pairs had AV < 0.05 mag and Ame < 0.1 mag but APer greater than 1073 d. To
investigate further, we compared their variability types. ~ 20 pairs had the same type and we
treated them as duplicates, too. The remaining ~ 10 pairs had differing variability types, but
similar light curve morphologies. For instance, 9 pairs had one star classified as RRc, and
the other as a W Uma-type/Algol-type binary. We decided to drop both the stars in these 10
pairs owing to the confusion in their classification. In total, these steps removed ~ 360 stars
from the Drake et al. (2014) catalog.

Repeating these steps for the catalogs presented in Torrealba et al. (2015), Drake et al.
(2017) did not lead to any removals. Combining all catalogs resulted in over 110 000 stars
in 22 subtypes with > 43 000 of our target subtypes.

Except for this astrometry- and photometry-related filtering, we also removed those stars
that were either blended or exhibited unusual light curve morphology (as per the flags com-

puted by the respective studies). This removed a further 53 stars. We also discarded 24 stars

that were listed as non-RR Lyrae stars in the Catalina documentation.

II.1.2.2 Light curves

For all Catalina stars whose light curves were accessible, we computed the astrometry co-
variance matrix Cov(a, §) using the coordinates provided for each observation of the stars.
We also computed the average uncertainty in V as the median of the magnitude errors over
all observations in the light curves. The error distributions for every Catalina catalog are
presented in Fig. I1.3 (bottom panel). For stars whose light curves were not accessible, we
imputed these values as follows.

For the RRab stars in Torrealba et al. (2015), we computed Vo by fitting a fourth-
degree polynomial to the distribution V' vs Vo of Drake et al. (2017) RRab stars. Since,
these observations were taken using the same 0.5 m Siding Spring telescope and observing

setup, we used this fourth-degree polynomial to estimate V error for Torrealba et al. (2015)
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Ficure I1.3: Errors in V-band photometry of Catalina stars (bottom). The photometric un-
certainty is inversely proportional to the size of the telescope mirror (given in Table I1.2).
In the middle panel, the on-sky distribution of all Catalina stars is plotted in Galactic coor-
dinates. They are colored according to the correlation between the coordinates Corr(a, 6).
The normalized histogram of Corr(«, ) is plotted in the fop panel. This smooth distribution

is in contrast to what is seen for ZTF in Fig. I1.5.
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stars.

It was possible to compute the astrometry covariance matrix only for the light curves
published by Drake et al. (2013a, 2017). As shown in the middle panel of Fig. I1.3, there
is no strong correlation (Corr(a, d)) between right ascension (@) and declination (§) for
these stars in any particular direction. Keeping this in mind, coupled with the telescope size
(given in Table I1.2), we assumed median error in @ and ¢ of SSS (MLS) astrometry to be
1o greater (smaller) than the CSS median of these distributions. To estimate these missing
covariances, we drew Monte Carlo samples from the CSS Cov(«a, 9).

Drake et al. (2013a) estimated that the AFD algorithm calculates variability periods with
an uncertainty of ~ 0.005%. We used this value to compute the period uncertainty for our
target stars. Hereafter, we refer to the combined Catalina catalog, containing our target

subtypes, as the CSS catalog.

II.1.3 ZTF DR2

The Zwicky Transient Facility has been designed to be “a stepping stone for LSST” (Bellm
etal., 2019, Legacy Survey of Space and Time). It maps the entire northern sky once every
night. Its second data release (DR2) was based on 470 observing nights, which resulted
in a median of ~ 150 observations each in the PanSTARRS g- and r-bands. We used the
classification catalog presented by Chen et al. (2020). In their analysis, Chen et al. used
the clustering algorithm DBSCAN (Density-Based Spatial Clustering of Applications with
Noise, Schubert et al. 2017) to classify stars. The input feature space included the period,
Fourier parameters of phased light curves, absolute Wesenheit in the gr bands, etc. Lastly,
they incorporated empirical cuts on the aforementioned parameters for subtype classification
(see their Table 1).

Since Chen et al. did not provide subtype classification for classical Cepheids in their cat-
alog, we cross-matched their classical Cepheids sample with the Galactic classical Cepheids
catalog of Pietrukowicz et al. (2021, AGC; discussed in detail in Sect. I11.2.1). Out of ~ 1200
ZTF classical Cepheids, we found a match for ~ 92% of them and adopted the validated sub-
type from AGC. We removed the remaining ~ 8%. Additionally, we discarded 60 Cepheids
and RR Lyrae stars that were obvious outliers in the period vs amplitude diagram (Bailey
diagram) (see Table II.1 for the limits on periods).

Given the one-day cadence of the survey, the Chen et al. catalog (referred to as the ZTF
catalog hereafter) suffered heavily from period aliasing. They took steps to rectify this prob-
lem by visually inspecting phased light curves of those stars whose periods in g- and r-band
were multiples of each other. They coupled this inspection with the examination of other

properties of these stars (for instance, comparing their Fourier parameters and variability
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Ficure 11.4: Level of agreement between g- and r-band periods in the ZTF catalog (in
blue) and V- and g-band periods from ASAS-SN (in red). F (y-axis) is the fraction of
stars with periods in the aforementioned bands within APZ‘;H d (x-axis). APZ;H d is defined in
Sect. II.1.3. The marked points highlight the uncertainty assumed in the ZTF (0.04%) and
ASAS-SN (0.02%) periods.

amplitude with those of their subtypes’ distributions) to estimate the best period (Ppeg) for
every star. All in all, they provide three period estimates for every star: periods in the g- and
r-bands, and Pypeg. The difference between Py and one of the band periods was < 1% for
~99.5% of stars. However, for ~275 RRab and RRc stars, Ppey Was = 30% shorter com-
pared to both g- and r-band periods. Additionally, for ~ 60 stars Ppes; Was equal to either
~ 0.5 or 1 d but their periods in the g- and r-bands were > 10 days. Collectively, these ~ 330
stars were the ones that suffered from aliasing the most and, hence, were removed from our
analysis.

To estimate an uncertainty in the ZTF periods, we computed the relative percent-
age difference between the periods of the g- and r-band light curves (Pg, P,) defined as:
APpand = Pabs/Poana X 100, where band € (r,g) and Py = |Pg — P,| . When we com-
puted the fraction of stars (F) with AP, < x or AP, < x, where x € [0.001, 20], we noticed
that this cumulative distribution flattened out at ~ 0.04% (see Fig. I1.4). This meant that for
~ 85% of the stars, P, and P, agree within ~0.04%. Therefore, we assumed this to be the
uncertainty in the final period of all ZTF stars.

We computed the astrometric covariance matrix and imputed the photometric uncer-
tainty for stars with missing light curves as explained in Sect. II.1.2.2 for the CSS catalog.
The importance of incorporating the former is underlined by Fig. I1.5. The bottom panel
shows the impact of the observational jitter pattern and how the stars at the edge of observ-
ing fields have correlated coordinates, possibly due to duplicated observations between two

adjacent fields. Even though a majority of stars have Corr(a, §)=0, the peaks seen in the
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Ficure I1.5: On-sky distribution of stars from the Chen et al. (2020) catalog shown in celes-

tial coordinates and colored accordin

g to the correlation between the coordinates Corr(a, 6).

The coordinates are plotted in rectilinear projection to highlight the observational jitter pat-

tern. Stars on the edges of overlapping fields have strongly correlated or anti-correlated

coordinates (also seen as peaks at Corr(a, §)=-1 and 1 in the histogram in the fop panel).



Survey description and data requisition 37

histogram (top panel of Fig. I1.5) of Corr(e, ¢) at 1 and -1 contribute non-negligibly to the

cross-match of this catalog with others (discussed in Sect. I1.2).

II.1.4 ASAS-SN

The All-Sky Automated Survey for Supernovae (ASAS-SN, Shappee et al. 2014; Kochanek
et al. 2017) uses twenty telescopes located across both the hemispheres to conduct a wide-
field, all-sky photometric survey with the aim of detecting supernovae and other transient
events. Originally, it collected images in the V- band with a cadence of ~2-3 days up to
a limiting magnitude V < 17 mag (Jayasinghe et al., 2018). Since 2018, it has started
collecting g-band data with a higher cadence of <24h and a fainter detection limit (g <
18.5 mag, Christy et al. 2023).

Jayasinghe et al. (2018, 2019a,b, 2020) used a three-step procedure to classify ASAS-SN
variable stars into various subtypes. In the first step, they employed upsilon (Kim & Bailer-
Jones, 2016) to classify stars using V-band light curves into broad variability types and reject
non-variable ones. In the second step, the light curves of the variable stars were visually
inspected to confirm or rearrange their broad upsilon-based classes. Finally, they trained a
random forest (RF) classifier on 16 features (such as the period, variability amplitude, etc.)
to classify stars into 10 different subtypes. Moreover, the subtype classification was also
performed manually using well-motivated filters. Additionally, the RF classifiers of the g-
band variable star catalog (Christy et al., 2023, 2022) were trained on data cleaned using
visual inspection by volunteer citizen scientists.

The internal cross-match step, when applied to the V-band catalog, removed 400 stars
that had a duplicate star in their 10” neighborhoods. These duplicates also had periods
within 1% and magnitudes within 2% of each other. The duplicates arise as the FWHM for
ASAS-SN images is ~ 16", and by removing them, we diminished the effects of blending.
For the g-band catalog, we did not find any stars within 10” of each other.

For the V-band catalog, we selected only those target stars with classification probability
>0.5. For the g-band catalog, Christy et al. only selected those stars with a classification
probability > 0.89. Furthermore, ~ 475 (65) stars were removed from the V-band (g-band)
catalog based on inconsistent periods (see Table I1.1) or abnormally large amplitudes.

We merged the V- and g-band catalogs using a matching radius of 5” resulting in a total
of ~52000 stars. For ~21000 stars that are common to both catalogs, we preferred the
classification of the catalog with the higher No,s. However, the classification in the Christy
et al. g-band catalog for stars of a few subtypes differed from that of the V-band catalog (see
Fig. I1.6). Most of the disagreement arises from stars classified as Type-II Cepheids in the
g-band catalog, but classified as classical Cepheids by Jayasinghe et al. (2018). Moreover,
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Ficure I1.6: Confusion matrix for stars common between the ASAS-SN g- and V-band
catalogs. Precisionx100 is shown in every cell below the number of stars. These values
have been rounded to the first decimal and sum to 100 along every column. The disagreeing

subtypes between the two catalogs have been dealt with in Sect. 111.1.2.

most of the RRd stars in the V-band catalog are classified as RRab in the g-band catalog.
These cases are dealt with in Sect. III.1.2.

Based on the difference in periods of common stars with identical classification in both
catalogs, we estimated the uncertainty in their periods to be ~0.02% (see Fig. 11.4). This
merged catalog forms the ASAS-SN sample of our study and consists of 52427 stars, of
which 46 534 (27 227) were from the V (g)-band catalog.

II.1.5 Gaia DR3

Rimoldini et al. (2023) used a subsample of variable stars compiled by Gavras et al. (2023)
for supervised classification of Gaia DR3 (Gaia Collaboration et al., 2023c) light curves into
over 20 types of variable stars. This formed the General Supervised Classification module

of the Gaia variability analysis pipeline. This module uses Gaia G-band light curves and
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FiGgure I1.7: Color-magnitude diagrams of the cleaned Gaia SOS Cep&RRL catalog. The
points are colored according to their Ggp magnitude. The G magnitude distribution of stars
whose BP/RP photometry is discarded on the basis of the color cuts (described in Sect. I1.1.5)

is plotted in the second from left and right most panels.

integrated Ggp, Grp magnitudes from low-resolution prism spectra. Ripepi et al. (2023) and
Clementini et al. (2023) validated and characterized the Cepheid and RR Lyrae catalogs as
part of Specific Object Study (SOS Cep&RRL) pipeline. These catalogs contain the largest
number of Cepheids (~ 15000) and RR Lyrae stars (~ 270 000) classified by a single survey.

Ripepi et al. (2023) reclassified 1160 SOS Cepheids (listed in Tables 5, 6 of their paper)
after visual inspection and comparison with literature light curves. 507 of these were initially
identified as classical Cepheids and later classified as Type-1I Cepheids (142 the other way
around). 209 stars of the reclassified sample were new discoveries made by Gaia. We noticed
that a few of these had incorrect periods for their new classes. For instance, a star reclassified
from WVIR to BLHER had a period > 5 d. Since the recomputed periods of these reclassified
stars were not provided, we flagged these stars. If their renewed classification agreed with
other surveys, we assumed the periods measured in other surveys to be the final one. Three
stars initially classified as ACEP, but without any mode identification, were reclassified to

ACEP_F. However, these stars did not have a period estimate and, hence, were removed.

Additionally, we removed 888 stars from the SOS RR Lyrae sample that are listed in
Tables 5-8 of Clementini et al. (2023). These were flagged to be either galaxies, QSOs,
or binaries during SOS validation. Moreover, there are a number of RR Lyrae stars in the
SOS catalog that have null or extremely large errors in their BP and RP photometry. A
majority of these reside in high-extinction regions towards the Galactic bulge or the LMC.
We decided to remove the BP/RP photometry of these stars. Moreover, a few stars have
BP/RP < -21, which was also noted by Babusiaux et al. (2023). Consequently, we discarded
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BP/RP photometry of stars that have Gx < 4 mag or error in Gx < 107 or > 2 mag, for X
in [BP, RP]. This rendered the BP (RP) photometry useless for ~ 150 (80) stars.

There were still ~40 stars left that occupied an unnatural space in the CMD. We han-
dled them by discarding the BP/RP photometry of those stars which satisfied these criteria:
(Ggp — G) < =5 or (Ggp — Grp) < =2 or (G — Grp) > 5 mag. Figure I1.7 shows color-
magnitude diagrams of the cleaned sample in various colors. The removed stars are the
faintest (their G magnitude distribution is plotted in the second and fourth panel of Fig. I1.7)

and severely affected by extinction.

II.1.6 ASAS-MACC

The All Sky Automated Survey (ASAS) was one of the first all-sky surveys designed to find
variable stars (Pojmanski, 1997). Initially, it observed the sky using two 0.7 m telescopes
situated at the Las Campanas Observatory, Chile. Subsequently, two more telescopes were
added for ultra-wide field observations. Out of ~ 17 million objects that were observed in the
V-band magnitude range [8, 14], Pojmanski (2002) found ~ 50 000 to be variable. However,
their broad classification was found to be marginally inconsistent for Cepheids. For instance,
Schmidt et al. (2009) were able to confirm only ~ 10% of ASAS Type-II Cepheid-candidates
in their study. Therefore, Richards et al. (2012) reclassified these stars using random forest
classifiers trained on a set of 67 features and five optical-IR colors (see Richards et al. 2011
for the list of variability features used for classification). Their variable stars catalog, referred
to as MACC (Machine-learned ASAS Classification Catalog), supplied the brighter variable
stars in our collection, which saturated the CCDs of other surveys.

We realized that MACC astrometry was imprecise for many stars and, hence, we re-
trieved corrected coordinates for these stars from the original ASAS catalog stored on Vizier
1. However, when we cross-matched these stars with Simbad and Gaia DR2/DR3, ~ 10%
of stars did not have any counterpart within 1’. We omitted these stars from any further
consideration, as without accurate astrometry, this sample would lead to the presence of
spurious duplicates in the merged catalog. We found a neighbor within 15” in Simbad for
the remaining ~ 90% of the stars. We assumed 3" as the uncertainty in these coordinates,
which corresponds to 0.2 pixels or one-fifth of the FWHM (c.f. Sect. 4 of Pojmanski 1997
and Sect. 2 of Pojmanski et al. 2005). Furthermore, based on the photometric errors of epoch
magnitudes that were included in the light curves, we assumed 0.25 mag as the photometric
uncertainty floor for MACC.

We retained only those target stars from MACC that had a classification probability

> (.5 and an anomaly score < 10. Figure 1.8 shows the distribution of these features for

Ihttps://vizier.cds.unistra.fr/viz-bin/VizieR-37-source=11/264/asas3
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Ficure ILI.8: Anomaly score (y-axis) plotted against classification probability (x-axis) for

MACC variable stars. The underlying contours represent the entire sample (colored accord-

ing to number of stars per level), while the red dots denote the selected RR Lyrae stars and
Cepheids.

all ~ 50000 variable stars from MACC in the underlying contours. Our selected target stars
(shown in red) are mainly clustered towards bottom right. Richards et al. (2012) set up the
anomaly score to measure the dissimilarity between the features of the target star against
those of the training set. A higher anomaly score means the star is too dissimilar from the
training set. The reason for this dissimilarity might be inherent to the star (i.e., it might be-
long to a subtype not included in the training set), or it could be external (i.e., due to bad or
incomplete data). This step reduced the total number of stars to ~ 33 000.

Since Schmidt (2013) found irregularities with MACC classification, we cross-matched
this catalog with AGC catalog (described in Sect. II1.2.1) to measure Galactic classical
Cepheids accuracy for MACC. We recovered 380 AGC stars within 30" of MACC stars. Out
of these 380 OGLE-verified Galactic classical Cepheids, 363 were classical Cepheid candi-
dates in the MACC catalog and > 50% of them had a probability of classification > 0.9. The
remaining 17 contaminants did not belong to any single dominant class. Another sample
of ~ 30 stars considered Galactic Cepheid candidates in MACC were absent from AGC and
more than ~ 20 of these had classification probability < 0.6. Therefore, we established that
the MACC classification accuracy for Galactic classical Cepheids with probability > 0.5 and
anomaly score < 101s ~ 90%. The number of stars of each subtype from MACC is presented
in Table 11.4.

I1.1.7 PanSTARRS-1

PanSTARRS-1 37 survey (PS1, Chambers et al. 2016; Flewelling et al. 2020) was designed

for a precise photometric survey of the northern hemisphere. Using a 1.8 m telescope in
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Hawaii, PS1 observes the sky in grizy bands with a 5o~ detection limit below 23 mag for gri
bands. Sesar et al. (2017, hereafter S17) presented a catalog of RRab and RRc stars using
data from PS1 DR1. This catalog was the widest and deepest when published. Over the
4.5-year observation period (see Table I1.2), PS1 acquired ~ 72 observations per star, which

after quality cuts, decreased to ~ 67 observations per star over all bands.

S17 implemented the XGBoost classifier (a gradient tree boosting algorithm, Chen &
Guestrin, 2016) in every step of their three-stage classification model. In the first stage, they
trained an XGBoost classifier on a set of ten variability features computed using PS1 and
WISE photometry (the latter used to help differentiate RR Lyrae stars from QSOs). In the
second stage, they computed multi-band periodograms of PS1 light curves and appended
the first 20 possible periods (and their powers) to the initial feature set and re-trained on this
augmented feature set. In the final step, they used multi-band SDSS griz templates of Sesar
et al. (2010) to fit PS1 light curves. They extracted 20 features from the phased PS1 light
curves and trained the final classifier on 70 features. Consequently, this model computed two
probabilities for every star: scorey, (score.), the probability that a star was of the type RRab
(RRc). We selected stars with score,, > 0.8 and score. > 0.55 as the final PS1 sample. This
sample — comprised of 44 208 RRab and 16936 RRc stars — is > 90% pure and ~ 77%
complete at ~ 80 kpc (see Tables 2 and 4 in S17).

We noticed a few RRab stars in this sample that had a relatively large variability ampli-
tude compared to the overall distribution. In total, we removed 29 stars with Amp, > 1.4
mag. These stars had relatively large amplitudes across all bands and much larger than the
High Amplitude Short Period RR Lyrae from Fiorentino et al. (2015).

S17 showed that the accuracy of template-fit periods is within 2 s for > 80% of the
stars. Therefore, we conservatively assumed period_error to be 0.001% of the measured pe-
riods. Since S17 did not provide individual object identifiers of the stars, we cross-matched
their catalog with the main source table of PS1 survey using a 1 ” matching radius. We ob-
tained errors in magnitudes and coordinates from the source table for all but ~ 10 stars. We
calculated the uncertainties in coordinates using eqns. 8—10 of Pineau et al. (2017). The
astrometric uncertainty floor of 10 mas (c.f. Magnier et al. 2020b) was added to the coor-
dinates’ uncertainties (which have a median of ~5 mas). For stars without a photometric
uncertainty from the PS1 source table, we assumed an uncertainty of 15 mmag, following
Magnier et al. (2020b).

The epoch of the survey was computed to be J2012.5 based on the average epochs of
the individual stars. We assumed the total number of observations per star as ~95% of the
total number of single epoch detections across all filters. This was done to account for the
quality control steps taken by S17. The resultant Npsdistribution could be approximated

with a normal distribution with mean Ny,s= 67, which mimics the median value stated in
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S17. In total, this catalog (referred to as the PS1 catalog hereafter) consisted of ~44 000
RRab and ~ 17000 RRc stars.

I1.1.8 DES DR2

The Dark Energy survey (DES, Dark Energy Survey Collaboration et al. 2016) was designed
to determine the dark energy equation of state and, to this end, it has mapped ~ 300 million
galaxies across the Southern sky. However, the deep sky coverage of DES can also be lever-
aged to probe the Milky Way halo. Stringer et al. (2019, 2021) used the high-quality photo-
metric data (50 detection limit between 23.5-24 mag) from DES Data Release 2 (DR2) to
identify RR Lyrae stars (of type ab). This dataset includes six years of photometry in grizy
bands obtained using the Dark Energy Camera situated at the Cerro Tololo Inter-American
Observatory.

Stringer et al. (2021) applied cuts in color-color space to limit their set to RRab-like stars.
They trained a two-stage random forest-based model on a set of ten variability features. The
first-stage RF classifiers were used to reject non-variable stars and QSOs. In the second-
stage, they fitted multi-band RRab templates of Sesar et al. (2010) to DES griz light curves.
A set of photometric features computed using phased light curves were fed to train another
RF classifier, which computed the final probability of a star being of the type RRab (score,p).
Consequently, they selected only those stars with score > 0.605.

We noticed a global minimum in the distribution of these probabilities at ~ 0.8 (see top
panel of Fig. 11.9). The period vs amplitude distributions (Fig. I1.9, bottom row) of stars
on either side of this minimum show that the higher-probability stars follow the Oosterhoff
dichotomy? quite closely, while majority of the others do not. In the distribution of lower-
probability members (scorey, < 0.8), one can see a peak at ~ 1 day, which possibly arose due
to variability induced by the Earth’s rotation in non-RR Lyrae stars. We will further discus
this sample of stars with DES scorey, < 0.8 in Sect. III.1.1 and II1.1.2.

We used the median of the rescaled uncertainties in single-epoch magnitudes — as in-
cluded in the light curves — as proxy for the photometric uncertainty. The median of these
uncertainties is ~ 5 mmag, reflecting the high quality of both the DES data and the template-
fitting algorithm of Stringer et al. (2021). Abbott et al. (2021) estimated the astrometric
precision of DES coadded images to be ~ 27 mas with respect to Gaia DR2. We assumed
this value as the uncertainty floor for the equatorial coordinates of the 5664 high-probability
RRab stars. For 700 stars common between their catalog and OGLE LMC sample, Stringer
et al. compared the periods estimated by the two surveys and found that ~70 % of the

2The Ootserhoff dichotomy is the presence of two different trends in the period distribution of RR Lyrae

stars in Galactic globular clusters (Oosterhoff, 1939). For a recent review, see Fabrizio et al. (2021).
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plotted in the bottom left panel and those with scorey, > 0.8 are plotted on the bottom right

panel. The points are colored according to their classification probability.



Cross-matching catalogs 45

sample had periods within <5s. Nonetheless, we assumed 0.05% (~ 25s for a 0.5d RRab
variable) as the uncertainty in DES periods. This slightly conservative assumption is justi-
fied in Sect. I1I.1.1.

II.2 Cross-matching catalogs

As all eight catalogs have different angular resolutions, photometric systems, and astromet-
ric epochs (given in Table I1.2), it is imperative to ensure that the cross-matches between
these catalogs are handled carefully. Most of the commonly used algorithms for the cross-
match of stellar catalogs employ a k-d tree (with k=3) for an efficient nearest neighbor search
(Bentley, 1975). For lower dimensions, this algorithm performs O(logn) nearest neighbor
searches. For instance, for cross-match of two stellar catalogs, equatorial coordinates (a, &)
are first converted into Cartesian coordinates (x,y, z) (to avoid the problems of spherical
geometry at the poles). Then, for a given star, its closest neighbor on the 3-d binary tree is
searched for recursively and the best match is the one with the shortest Euclidean distance
(Maneewongvatana & Mount, 1999).

Although this method is extremely efficient, it has a few limitations. It requires either
unitless quantities or quantities expressed in the same units. As a result, the use of quantities
from multiple phase spaces is prohibited. Additionally, it cannot encompass uncertainties
on coordinates unless the distance metric is changed. Therefore, for our cross-match, we

developed a new algorithm we call Bhattacharyya distance-based cross-match (BXM).

I1.2.1 Bhattacharyya distance-based cross-match (BXM)

Instead of using the Euclidean distance as a metric to find the closest neighbor, we employ
the Bhattacharyya distance (Bhattacharyya, 1943, 1946). In essence, the Bhattacharyya dis-
tance measures the true distance between two n-dimensional distributions, while taking their
shapes into account (Kailath, 1967; Aherne et al., 1998). For two multivariate normal dis-
tributions p; = N (i, L;); i € [1,2], the Bhattacharyya distance between them can be

calculated as:

1 _
Dg(p1,p2) = g(m — )" E7 (1 - o)

1 det () (ILL)
+ —In ,
\/det (X1) det(X,)

2

where det(M) denotes the determinant of a matrix M, and the joint covariance X =

% X (X1 +X,). In case the two distributions are identical, D = 0, however, in general,
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Dp follows a I'(n/2, 1/4) distribution, where n is the dimension of the distributions. Prop-
erties of the Bhattacharyya distance and its comparison with the Mahalanobis distance are
discussed in Appendix 1.2.

As Dp involves normalization using the covariance matrices, it is independent of units.
This allows us to incorporate photometry, periods, and the full astrometric covariance ma-
trix in the process of finding the best neighbor. As shown in Fig. II.5, a non-negligible
number of stars in the ZTF catalog (and catalogs from other surveys in general) suffer from
a large correlation in coordinates. Omitting this correlation leads to information loss, under-
estimated probabilities of cross-match, and ultimately, to incorrect cross-matches. Taking
Cov(a, d) into account when cross-matching is critical when: (i) surveys with large pho-
tometric FWHM are involved or (ii) catalogs cover crowded regions or regions of varying
number density or (iii) a systematic difference exists between astrometric epochs of the sur-
veys. These cases and broader applications of this algorithm are discussed in Lala et al. (in
preparation). We briefly outline the core steps of the algorithm here.

For an astrometry-only cross-match (i.e., using the coordinates, their covariance ma-
trix, and proper motions), the mean vector in Cartesian coordinates is composed as fr; =
(xj1,y)12) 1)|j.v=1. Itis an N x 3 matrix, where N is the number of stars in the catalog.

Given the size of our catalogs (and stellar catalogs in general), it is impractical to com-
pute D p for every star against all others. Hence, we first build a k-d tree to get all stars in the
on-sky neighborhood of a given star. In order, to determine the optimal cross-match radius,
dmatch (the largest angular separation between two stars to classify them as a match), we
performed a purity vs completeness test. We define purity as the ratio of number of unique
one-to-one matches to the total number of matches found between two catalogs. Complete-
ness is defined as the ratio of number of unique one-to-one matches to the total number of
stars in the smaller catalog. We run multiple cross-matches for a series of increasing dmatch
in the range 0.1” to 30”. Here, 0.1” was chosen as half of the Gaia FWHM, and 30"
was chosen as the largest FWHM out of all surveys being matched (the MACC FWHM).
dmatch 1 selected as one of the values along the purity-completeness curves as described in
Sect. 11.2.2.

Once the on-sky neighborhood for a given star (say star X) is determined, we compute
probabilities for every neighbor being its match and the one with the highest probability is
selected as its ‘best’” match. The probability that a certain star Y (with coordinates u, and

covariance ) is a match of star X (with coordinates u, and covariance X,) is defined as:

p(D/H) X p(H)
p(D) ’

where H is the hypothesis that two stars are a match, D is the observed data (uy, uy, Xy, Zy).

p(H/D) = (11.2)

p(D) is the probability of observing the data (also termed evidence) and considered a nor-
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malizing factor. The prior probability, p(H), is defined as

I, ifd < dyaeh;
p(H) = (I1.3)
0, otherwise,
where, d is the great-circle distance between the stars coordinates (calculated using the for-
mula given in Vincenty 1975). The likelihood function in Eqn. 11.2, p(D/H), uses the
Bhattacharyya distance as defined in Eqn. I1.1. This likelihood is computed as:

p(D/H) =1-Fr(Dpg,n), (IL.4)

where ¥ is the cumulative distribution function of a I'-variate with shape = n/2 and scale
= 1/4. Thus, combining Eqns. I1.2, I1.3, and I1.4, the posterior probability of star Y being a

match of star X (pmatch) can be computed as:
Pmatch = p(H/D) o« (1 = Fr(Dp,n)) X p(H). L5)
To summarize, the algorithm works as follows for a run in astrometry-only mode:
1. Propagate coordinates to the same epoch if proper motions are available.
2. Perform purity vs completeness test to determine dpqich-
3. Build a kd-tree and form an on-sky neighborhood of all stars within dpach.

4. Select the neighbor with the highest ppacn (or the shortest D g) as the best neighbor.

I1.2.2 Employing BXM

For our cross-match, we used the Gaia SOS catalog (described in Sect. I1.1.5) as the base
survey to leverage its high-accuracy astrometry and cross-matched every catalog against it.
For all eight catalogs considered here, their spherical astrometric covariance matrices were
converted to the Cartesian frame following the equations given in Sect. 1.5.5 of ESA (1997)
and Sect. 3.1.7 of Hobbs et al. (2018). We used the same equations to propagate Gaia DR3
coordinates to the epoch of every other catalog (see Table I11.2).

The results of the cross-match between Gaia and three catalogs (namely DES, OGLE,
and ASAS-SN) are shown in Fig. I1.10. The purity-completeness curve for each pair is plot-
ted in the second column (panels g, A, 17) of Fig. I1.10. For each survey, dmach Was selected
from the top right corner, as a trade-off between purity and completeness.

The determination of dpyacn Was performed on a region-by-region basis to limit the ef-

fects of extinction and varying stellar density. The samples were divided into the following
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Ficure I1.10: Results of Bhattacharyya-distance based cross-match between Gaia and DES
(top), OGLE (middle), and ASAS-SN (bottom). The first two columns (panels a—i) depict
the results from the purity-vs-completeness test. Purity and completeness (as defined in
Sect. 11.2) are plotted against various cross-match radii (dxy in ”) in the panels (a)—(f) of
the first column. With increasing cross-match radius, completeness (Compl.) increases and
purity (Pur.) decreases. This pattern is plotted in the second column (panels g, &, 7) for each
survey. The insets zoom into the region from which the optimal cross-match radius (dmatch)
is chosen. In the third column (panels j, k, [), the probability of two stars being a match
(Pmatch, as defined in Eqn. 11.5) is plotted against their angular separation (d in ”’). This
probability was computed using the astrometry-only mode of BXM (in blue). For OGLE
(panel k), we also present the probability computed when taking variability periods into
account (in red). For a few stellar pairs whose pmaich < 0.01, we compare their periods in

the last column (panels m, n, 0).
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regions: Galactic bulge, disk, halo, and the Magellanic clouds. Their on-sky demarcations
are provided in Appendix 1.3. These divisions distribute the stars according to their on-sky
positions only and do not ascribe full membership to the regions. Naturally, dmagch 1S 1n-
versely proportional to the on-sky number density of stars in a region — the more crowded
the region the smaller the dp,ch. Nevertheless, for the sake of concision, we present the

results of all-sky matches in Fig. I1.10.

The distributions of pmaich against the on-sky angular separation (d) are plotted in panels
(j), (k), (1) Fig. I1.10. As expected, pairs at larger distances have a relatively 1ow pmatch-
These probabilities were computed using just the astrometric part of BXM (i.e., without
periods and photometry but using proper motions). ~ 1% of matched stars have pmaen <
0.01. To confirm whether they are likely to be the same star or not, we compared their periods
and magnitudes. In the last column (panels m, n, o) of Fig. I1.10, we compare their periods.
For OGLE and ASAS-SN, periods of matched stars share excellent agreement. The low
Pmatch Value for these pairs possibly arises from underestimated astrometric uncertainty. For
OGLE, we also show the astrometry+period pmatch Values in red. By incorporating periods
into BXM, the overall pyach values increase and very few stars retain a ppach < 0.01 within
dmatch-

However, for DES, we see the periods are off the identity line for a substantial number
of stars. Stars in these pairs are within 0.08” of each other and also share the same classifi-
cation. However, their periods in DES are inaccurate. Validation of these stars is discussed
in Sect. II1.1.1. Regardless, stars with incorrect period estimates in one survey (due to fewer
Nobs) can lead to genuine matches having very low values of ppnach. Hence, we do not use
periods to compute pmacch for pairs with d < 0.5”. For assessing matches with d > 0.5”,

we used both astrometry and periods.

We collected 330747 unique stars after cross-matching all seven catalogs against the
Gaia SOS catalog. The number of stars contributed by each survey are shown in Fig. II1.11.
Additionally, the fraction of stars that are unique to each survey is shown in the inset panel
of Fig. Il.11. Gaia and OGLE contribute the most stars, while MACC and DES contribute
the fewest. In Fig. I1.12, we plot Gaussian kernel density estimates of magnitudes of unique
stars from each survey. This figure underlines the importance of this compilation. The
unique stars contributed by each survey lie along different magnitude ranges, especially so
those from MACC and DES. The former provides the brightest stars that were probably too
saturated in other surveys, while the latter contributes the faintest RRab stars in the Southern
hemisphere. Overall, ~40% of stars are detected in just one survey (i.e., they are uniquely
contributed stars from each survey). This detection frequency of stars is shown in Fig. I1.13.
It displays the number of surveys (Nsurvey) in which stars are detected and classified. No star

is detected in more than six surveys due to varied observation footprints, detection limits,
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Ficure II.11: Number of variable stars classified by each survey. The Inset panel shows

the fraction of stars from each survey that are unique to it.

and locations of all survey telescopes (given in Table I1.2).

I1.2.3 Cross-match with Gaia DR3 source table

~ 45 000 stars from the seven other surveys were not classified as RR Lyrae stars or Cepheids
in Gaia DR3. These stars most likely have very few observations in DR3 and, therefore, were
not processed by the SOS Cep&RRL pipeline. We cross-matched this non-SOS sample with
Gaia DR3 source table (gaia_source) using CDS XMatch (Boch et al., 2012; Pineau et al.,
2020). We used a cross-match radius of 10” to get a wide on-sky neighborhood of every
star. This ensured that we did not miss out on true counterparts of high proper motion stars.
Firstly, Gaia coordinates were transformed to epochs of all other surveys as described in the
previous section. Then, we used the astrometry-only mode of BXM to find the best Gaia
neighbor.

This step found a Gaia match for all but ~ 2800 stars (~ 0.8% of all stars). The missing
stars either belong to crowded regions where Gaia DR3 has few observations (~ 1000 stars
in the Galactic bulge) or they are in the Galactic halo and outside the detection limits of Gaia
(~ 1100 DES-only RRab stars with gpgs > 21.5 mag). Out of ~ 42 200 stars with a match in
Gaia source table but not in Gaia SOS catalogs, ~ 14 000 have Gaia phot_variable flag
setto ‘VARIABLE’. However, they did not have epoch data in DR3 for detailed classification.
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Ficure I1.12: Magnitude distribution of unique stars from each survey. Only the Milky
Way stars are considered to avoid biases from the Magellanic Clouds sample. V' is a proxy
magnitude. V mag from MACC, ASAS-SN, CSS, OGLE were included. r-band magnitudes
from ZTF, PS1, and DES, and G from Gaia. The median of every distribution is highlighted
and the total number of unique stars with measured respective magnitudes is displayed below
the name of each survey. The different range of magnitudes in which every survey detects

and classifies variable stars highlights the utility of this compilation.
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Ficure I1.13: Detection frequency of stars. Number of stars (Nga,,; X-axis) that are classi-

fied in Ngyrvey number of surveys (y-axis).

We use this homogeneous Gaia astrometry to cross-match our catalog against literature

surveys in Sect. ['V.

I1.2.4 Filtering Gaia DR3

Except for the tables and properties discussed already, Gaia DR3 also provides an abundance
of other data along with their caveats. Here we describe the steps we took to select the best

sample of Gaia properties.

I1.2.4.1 Non-SOS G-band photometry

Given that > 99.1% of stars have a Gaia DR3 match, Gaia can be used as a source of
homogeneous photometry for our catalog. There are two such photometric sources possi-
ble (Hambly et al., 2022): phot_g _mean mag from gaia_source and mean_mag g fov
from vari_summary (similarly for BP/RP photometry as well). The former is computed
as weighted average of the star’s flux over all observations and then converted into magni-
tude. The latter is the unweighted mean of all magnitudes recorded in a star’s time-series.
Eyer et al. (2023, c.f. their Fig. 8.) noted a 0.2 mag bias in phot_g_mean_mag because
it is wieghted with flux uncertainty. This comes about because: when a variable star is
fainter (at a minimum of its light curve), its Poisson flux uncertainty is lower. Therefore, the

weight (inverse of flux uncertainty) will be larger for lower fluxes. Thus, a star’s flux will
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FiGcure II.14: Comparison of flux uncertainty-weighted magnitudes (phot_g_mean_mag,
in blue) and unweighted mean magnitudes (mean_mag_g fov, in red) against Fourier-fit
intensity-averaged magnitudes (int_average_gor G). The residuals AG are plotted against

G magnitude on the /eft panel and their normalized histograms are plotted on the right panel.

be biased towards lower values and, as a result, these stars will have overestimated (fainter)
phot_g mean_mag (or underestimated flux).

To confirm this bias, we computed the residuals of both these magnitudes against the
intensity-averaged magnitudes computed by SOS Cep&RRL pipeline (plotted in Fig. I1.14).
The latter are computed as described in Clementini et al. (2019). First, a Fourier model
is fit to a star’s light curve (taken in magnitudes). Then, this model is converted into
intensity (or flux) for computation of its mean. This mean is then converted back
into magnitude and reported as int_average_ g in the DR3 tables vari_rrlyrae and
vari_cepheid. We note that the residuals for phot_g mean_mag are indeed greater than
those for mean_mag g fov, i.e., overall, mean_mag g fov is a better approximation to
int_average_g than phot_g mean_mag. We noticed a similar pattern for BP/RP pho-

tometry, too.

11.2.4.2 BP/RP photometry

While validating photometric content of Gaia EDR3, Riello et al. (2021) discovered that
about half of the stars fainter than Ggp~ 20.3-20.9 mag are potentially 0.2 mag fainter than
their Gpp value given in DR3 gaia_source. This occurs due to an on-board minimum flux
threshold set on epoch photometry of stars (in order to avoid extreme outliers). Given that
a bias of 0.2 mag in Gpp has considerable effects on the distance of a star computed using
BP photometry, we discarded BP photometry for all stars fainter than Ggp=20.3 mag.

The parameter phot_bp_rp_excess_factor can identify stars with incoherent G-band
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vs BP/RP photometry. It measure the excess flux in BP and RP as compared to that in G-
band. Riello et al. introduced a corrected excess factor, C*, for Gaia DR3. Under this new
formalism, objects with positive C* values (i.e. abnormally higher flux in BP/RP) could
belong to one of these subsets: extended objects, those with anomalous SEDs (quasars or
planetary nebulae), stars whose background flux has been overestimated, high-probability
blended stars. However, they also note that a stringent filter on C* can remove variable stars,
too. Based on its distribution for our sample, we flagged BP/RP photometry of stars with
Cc* > 3.

Riello et al. defined a blending fraction S to tackle the effects of crowding on BP/RP
photometry. We did not see any strong correlation between § and BP/RP photometry of our
stars. Hence, we flagged BP/RP photometry only for those stars whose 5 = 1.0, i.e., all of
their DR3 BP and RP transits were registered as blended.

Gaia Collaboration et al. (2021a) and Torra et al. (2021) introduced transit_ratio,
which measures the fraction of Gaia DR2 transits for an object that were retained in DR3.
For ~ 700 stars with transit_ratio < 1, we flagged their BP/RP photometry. These are
mostly very bright stars (G < 5 mag) or faint stars in crowded regions.

All in all, we flagged BP/RP photometry of stars with:

GBP > 20.3
OR C* >3

(I1.6)
OR transit _ratio <1

OR B < 1.0.

11.2.4.3 Astrometry

Following Fabricius et al. (2021); Lindegren et al. (2012), we filter on
astrometric_excess_noise to remove stars with larger than expected residuals
from astrometric fitting. We flagged astrometry for ~ 9000 stars that satisfied the following

conditions (tailored to our sample):

(astrometric_excess noise > 5
OR astrometric_excess_noise_sig > 2)

(IL1.7)
AND (1 < astrometric_excess_noise <5

OR astrometric_excess_noise_sig > 100).

Similarly, we followed their prescription to identify possible binaries/duplicity signa-
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tures in the processing of the transits. We flagged ~ 400 stars with:

ipd_frac_multi_peak > 2
AND ipd_gof_harmonic_amplitude > 0.4 (I1.8)
AND ruwe > 1.4.

ipd_frac_multi_peak, ipd_gof harmonic_amplitude are computed by the Image Pa-
rameter Determination (IPD) module of Gaia. They indicate the detection of resolved stellar
pairs and asymmetry in the spatial structure of an object’s image, respectively. ruwe is the
renormalized unit weight error and together with the IPD parameters, it helps in filtering out
non-single objects whose Gaia astrometry is unideal.

We combined Eqns. 11.6, I1.7, I1.8 into a single flag we term Gaia_rLAG. This flag is set
to 0 for stars with neither astrometry nor photometry flagged and set to 3 for both flagged.
It is set to 1 (2) if only astrometry (photometry) is flagged. The on-sky distribution of stars
with GA1A_FLAG = 3 is shown in the middle panel of Fig. II.15. Indeed, a majority of them
lie along the Galactic disk and bulge. Impressions of the Gaia scanning law can also be
perceived from the map. In the top and bottom panels of Fig. I1.15, we demonstrate that the
flagged stars have lower Nypsin all three bands as compared to those with GAlA_FLAG <3.
With Gaia DR4, most of these stars will have enough observations and, thereby, astrometry

and photometry of better quality.
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Ficure IL.15: Distribution of number of observations (in G-band, fop; BP/RP bottom) of
stars with Ga1a_FLAG = 3 (i.e., astrometry and photometry flagged, in red) against those
with GAIA_FLAG < 3 (in blue). The middle panel shows an Aitoff projection of the on-sky
distribution of stars with Gaia_rLAG = 3 (in galactic coordinates). The points are colored

according to the number of G-band observations.
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Validation

When it is not in our power to determine what is

true, we ought to follow what is most probable.

— RENE DESCARTES

Given the varying properties of all the surveys and their distinct period-finding and classi-
fication algorithms, it was essential to cross-check these labels for every survey. We com-
pare and validate variability periods and classification of all catalogs with each other in
Sect. III.1.1 and III.1.2, respectively. In Sect. III.2, we validate our catalog’s properties

using other literature catalogs.

II1.1 Internal validation

II1.1.1 Period validation

Here, we discuss how we computed the final period for stars observed in multiple surveys.
We also measure the accuracy of periods by comparing all surveys against each other. As
depicted in Fig. I1.13, ~ 40% of stars were classified in just one survey (i.e., Ngyrvey= 1). We
compare periods of the other ~60% (i.e., ~ 196 000 stars with Ngyvey > 2) to establish an

internal accuracy estimate of the former sample. Moreover, this comparison only includes
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single-mode pulsating stars and leaves out ~ 5000 stars classified as RRd or multi-mode
Cepheids.

The significance of measuring accurate periods (and validating them) can be appreciated
by comparing the light curves presented in Fig. 1.3 with those in Fig. A.1. In Fig. [.3, we
phased the light curves with the “true” period, while in Fig. A.1, the light curves were phased
with an altered period. We changed the “true” periods by 0.05% and the resultant light
curves are drastically different. The effect is more prominent on the shorter-period variables
and less so on the longer-period variables. Therefore, in the following validation, we have
defined different accuracy limits for stars in three distinct period ranges.

We calculated the relative percentage difference (defined for two surveys ‘a’ and ‘b’ as
APZ; = |P,— Py|/P,x100) between periods of all possible combinations of the eight surveys

(g) (= 28). For all 28 pairs, we flagged the stars if PERIOD_FLAG =True, which is defined as:
if AP} >0.1 & P,<1d;

True, orAPy >0.5 & 1d<P,<20d;

PERIOD_FLAG = 1 . (IIL.1)

or AP® > 1.0 & P,>20d;

False, otherwise.

The limits on APZ; are set such that, for a star with P, ~ 0.5 d, Py, is considered close enough
if |P, — Pp| is < 1 min. Similarly, for a star with P, ~ 10d (or 45 d), the absolute difference
has to be < 1 h (or 10h). This step flagged ~4.5% of ~ 196 000 stars with Ngyrvey > 2 (2.7%
of all stars), indicating that at least one survey has a period estimate over the aforementioned
limits for these stars. 3312 (2.5%) out of ~ 129 000 stars with Ngyvey = 2 have PERIOD_FLAG =
True. We selected the final periods for these stars from the survey with greater Nyps. We call
this sample of stars ‘sample A’ and discuss it in Sect. III.1.1.2. Moreover, out of ~ 70 000
stars with Ngyrvey > 3, 5227 (~7.5%) stars have pER1OD_FLAG =True. We describe here how

we assessed periods of these stars.

III.1.1.1 Computing final periods

We encountered the following specific combinations in the PERIOD_FLAG =True sample.
There are ~ 50 cases of a star observed by exactly three surveys and its three estimates
are very close to each other, say, P, < Py < P.. This means, it has APZ; and APZZ within

the threshold set in Eqn. II1.1 but APZQ is not and, hence, the star was flagged. For these

%o
mean,x

for x € (a, b, ¢), was within the threshold. All fifty cases were satisfactory — therefore, we

stars, we computed the Nyps-weighted mean of their periods and checked whether AP

assumed this weighted average as the final period (Prrrcep) for these stars.
A total of X stars with Ngrey=n, for n € [3, 4, 5, 6], have (n — 1) periods consistent

within the limits in Eqn. I11.1, while the n™ survey has an incorrect or aliased period. The



Internal validation 61

TasLE IIL1: Stars with Ngyrvey> 3 that had 1 incorrect period estimate.

Notes. 7 is the number of surveys that X stars are detected in and have PERIOD_FLAG =True.
Only the top three most frequent discrepant surveys for every (n, X) pair are listed here.
A row in this table reads: out of 2982 stars with Ngyvey=3 and PERIOD_FLAG =True, the

discrepant period is contributed by PS1 for 1661 stars.

Most frequent # of stars per
" discrepant survey discrepant survey
PS1 1661
3 2982 Gaia 660
ASAS-SN 213
PS1 817
4 1651 Gaia 271
CSS 220
PS1 279
5 538 CSS 81
Gaia 77
DES 27
6 38 PS1 5
Gaia 4

number of stars X for every n is given in Table III.1. The surveys that are most frequently
the n™ survey (the one with the discrepant period) are PS1, Gaia, CSS, DES (in descending

order of frequency).

Another sample of Y stars observed in exactly n surveys, for n € [4, 5, 6], have (n—2) peri-
ods consistent among each other and 2 discrepant estimates. Y and n are given in Table I11.2.
The two most frequent surveys causing the discrepancy are PS1 and CSS. Furthermore, Z
stars have n=(2, 3, 4) period estimates consistent with each other and m = 2 period estimates
consistent among each other. However, the median periods of both groups are considerably
off. Z for every n is given in Table II1.3. The pair of surveys giving rise to the discrepant

group of m periods most frequently are PS1 and DES.

For all X, Y, and Z stars, we computed their final period as the N,,s-weighted mean
of their consistent periods. The source surveys of these 5227 flagged stars are shown in
Fig. Il1.1. Since Gaia contains the most stars, it has substantial representation in this flagged
sample. It has periods estimated for ~5100 of these 5227 stars. However, the discrepant
period is the one from Gaia only for ~20% (995) of these. On the other hand, DES has a

period estimate for 542 out of these 5227 stars, and it is the source of discrepancy for ~ 84%
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TasLE IIL.2: Stars with Ngyvey> 4 that had 2 inconsistent period estimates.

Notes. n is the number of surveys that ¥ stars are detected in and have PERIOD_FLAG =True.
Only the top three most frequent discrepant surveys for every (n, Y) pair are listed here. A
row in this table reads: out of 42 stars with Ngyrvey=4 and PER1OD_FLAG =True, the discrepant
periods are contributed by PS1 and CSS for 12 stars.

. . #of stars
n Y Discrepant pair ]
per pair
PS1, CSS 12
4 42 Gaia, CSS 8
Gaia, DES 4
PS1, CSS 5
5 15 Gaia, CSS 4
PS1, Gaia 2
DES, PS1 1
6 2
DES, CSS 1

TaBLE IIL.3: Stars with Ngyvey> 4 whose periods were consistent among two groups of
surveys but inconsistent with each other.

Notes. n is the number of surveys that Z stars are detected in and have PERIOD_FLAG =True.
Only the top two most frequent survey combinations for every (n, Z) pair are listed here.
Ngggn is the sum of Nypgin each survey of the combination. A row in this table reads: out of
27 stars with Ngyrvey=4 and PER1OD_FLAG =True, for 7 such stars, ASAS-SN - CSS is the pair

with the greater number of observations, while Gaia-ZTF has fewer observations.

Combination with Combination with  # of stars per
n
greater N\ ™ fewer N3 combination
4 ASAS-SN - CSS Gaia - ZTF 7

CSS - PS1 Gaia - ZTF 5
ASAS-SN - Gaia - ZTF CSS - PS1 6
ASAS-SN - CSS - PS1 Gaia - ZTF 2
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(456) of them. The same value for PS1 is ~ 70%.

To investigate this high discrepancy ratio, we plotted the period from DES against the
final period for these stars (see Fig. I11.2). We noticed the same trend that was illustrated
in Fig. I1.9. Stars with 0.6 < DES score,, < 0.8 form the bulk of the discrepant sample
(219 out of 456 stars). Moreover, 221 stars from this sample are classified as RRc stars in
other surveys. Their classification is discussed in detail in Sect. I1I.1.2. Consequently, we
removed ~ 900 unique DES RRab stars from our catalog that have 0.6 < DES scorey, < 0.8.
We performed a similar investigation for the PS1 sample but did not notice any trend with
their Nops in PS1, classes, or classification probabilities.

Finally, 92 stars have three period estimates all inconsistent with each other (~ 85 in-
cluded a Gaia estimate and have low N,,s). We flagged these stars and provisionally accepted
the estimate with the highest N as the best period. Overall, ~ 188 000 stars detected in
more than one survey have pEr1oD_FLAG =False. Their final periods were computed as the

Nobs-weighted average of the survey periods.

II1.1.1.2 Results of validation

We present a summary of the validation results in Table I11.4. As indicated in column (c)
of this table, at least > 65% stars from each survey were compared against at least one other
survey during our validation. We combined the stars with discrepant period estimates (i.e.,
PERIOD_FLAG =True) listed in Tables III.1-II1.3 and computed the error rate for all surveys.
For a given survey S, this rate is defined as the number of stars for which it has a discrepant
period divided by the total number of stars in this survey that are also detected in at least
one other survey (i.e., Ngyrvey>1). In other words, it quantifies the fraction of stars for which
survey S has an incorrect period (based on the limits set in Eqn. III.1) compared to other
surveys. As displayed in Table I11.4, the error rates are notably higher for DES and PSI,

highlighting the challenges of computing periods using sparse, multi-band light curves.

unique

Multiplying these error rates by the number of unique stars from each survey, N,.=,

yields the expected number of stars with discrepant periods (NE:éque) for each specific sur-
vey. We calculated this expected Nll;:éque for every survey’s unique population (Ngyrvey=1).
Similarly, we computed the expected Ntf;l 4 based on stars belonging to ‘sample A’ (defined
in Sect. II1.1.1). These values are presented in Table I11.4. Consequently, we anticipate that
the periods of 927 stars from the Ngyrvey=1 sample of ~ 129 000 stars may be inaccurate ac-
cording to the thresholds set in Eqn. III.1. Similarly, we expect 58 stars in ‘sample A’ to
have inaccurate periods based on the error rates of the surveys from which their period was
selected. As a result, out of a total of ~ 325 000 single-mode pulsating stars in our catalog,
we estimate ~ 1000 stars (0.3%) may have inaccurate final periods at accuracy levels set in
Eqn. II1.1.
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Figure IIL1: Provenance of 5227 stars with Ngvey> 3 that were flagged by Eqn III.1.
The crossed portion of every bar denotes the percentage of stars for which a certain survey
contributes the discrepant period estimate. For instance, out of these 5227 flagged stars,
Gaia has a period estimate for ~ 5000 of them. However, the discrepant estimate is from
Gaia only for 995 of them. This percentage and the number of stars it reflects is shown next

to every bar.
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FiGure IIL.2: DES period (Ppgs) versus final periods in our catalog (PrrLcep) for 456
stars, where DES period is inaccurate with respect to at least two other surveys. The points
are color-coded according to their DES RRab classification probability, score,,. For details
behind the structures of the off-identity line distributions (beat or aliased frequencies), refer
VanderPlas & Ivezi¢ (2015).
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Ficure IIL3: Cumulative distribution of the logarithm of minimum APZ; for ~ 196 000
stars with Ngyrvey>2. Stars are divided into three period ranges shown in the figure: short (in
blue), intermediate (in red), and long (in black). The dashed lines indicate the corresponding
limits for the following representative variables of period ranges: short: 0.5 d; intermediate:
10d; long: 45 d variable.
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Ficure IIL.4: Periods in ASAS-SN catalog (Passn) versus those in OGLE (PogLg) for
RV Tau stars.
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Moreover, to measure the period accuracy with greater stringency, we computed the min-
imum value of APZE for each star across all 28 survey combinations, denoted as min (APZ{;).
This minimum value represents the absolute difference between the two closest period es-
timates for a star divided by one of the estimates. It measures the highest possible internal
accuracy achievable for these periods, assuming that one of the estimates is the ‘true’ period.
We computed this quantity for ~ 196 000 stars with at least two period estimates (Nguryey> 2).
These stars were categorized into three period ranges: short, intermediate, and long. The
boundaries are identical to those set in Eqn. III.1 and are illustrated in Fig. [I11.3. The cumu-
lative distribution of log;, (min (APZ%)) for each period range is plotted in Fig. I11.3.

This analysis reveals that for ~87% of short-period stars, the minimum value of APZ{;
is within ~0.004% (or < 2 s for a representative 0.5 d variable). For stars with periods in

the intermediate range, ~ 86% have min (AP{; ) < ~0.01% (or < 2 min for a 10d variable).

However, for ~ 500 long-period stars, only ~ 66% have min (APZ;) < ~0.2% (or < 2h for
a 45 d variable). This lower accuracy is attributable mainly to two factors.

Firstly, in general, long-period stars require greater Nypsand a longer baseline of obser-
vations to have their variability phase sampled adequately. As a result, surveys with incom-
plete light curves may measure an alias of the ‘true’ period. Secondly, the formal periods
of RV Tau stars are computed as the time interval between two successive deeper minima.
Surveys usually report half of these formal periods, which represent the time interval be-
tween two successive minima, one shallower and one deeper (also called “single” periods).
However, the ASAS-SN catalog reports the formal periods for a subset of RV Tau stars, as
demonstrated in Fig. I11.4 (those lying along the 2:1 line). These factors contribute to the
‘aliased’ peak highlighted in Fig. I1L.3 at log,, (min (APZ;)) ~2 (e, Py =2 X Py).

To improve the overall accuracy of periods even further, we intend to undertake a homo-
geneous analysis, wherein periods will be computed by aggregating all light curves per star

across all bands and surveys.

II1.1.2 Classification

This validation has two primary objectives: (i) to assign a final classification to stars with
conflicting subtypes across two or more surveys (ii) to minimize the number of misclassified
stars in each survey’s unique sample (Ngyrvey=1).

With more observations for a variable star, the probability of estimating its correct vari-
ability period increases. However, this is not the case with classification. As multiple sub-
types share the same period range (listed in Table II.1), a survey can compute the period ac-
curately yet classify the star incorrectly. This occurs because stars exhibit similar light curve

morphologies and overlapping distributions of Fourier parameters, which hinders subtype
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identification based solely on light curves. Moreover, the different classification pipelines
employed by these surveys (given in Table I1.2) are better at classifying a few subtypes than
at others. Therefore, for a star with different classifications in two or more surveys, we did
not select its final class from the survey with higher Nsfor it. Instead, we implemented a
three-step strategy presented here.

Step I: Initially, we used OGLE as the base survey and compared every other survey
against it. For 304 stars with uncertain classification or blending issues in OGLE (O0GLE_FLAG
= 2 or 4), we considered their OGLE class as flexible. Conversely, for the remaining
~ 140 000 OGLE stars, their classification was regarded as absolute. This decision was made
since OGLE has well-populated light curves for these stars and all of them are classified fol-
lowing visual inspection (Udalski et al., 2018; Skowron et al., 2019). Furthermore, OGLE
has a substantial number of stars in common with most of the subtypes from all surveys,
thereby enabling an initial assessment of a significant fraction of stars. Out of the former
304 stars, Gaia (ASAS-SN) confirmed OGLE classification for 245 (20) stars. For 16 of
these stars, their Gaia classification differed from that of OGLE, while the remaining 43
were only detected in OGLE. We did not take into account the latter two samples (59 stars in
total) when assessing the classification accuracy of other surveys. The implications of this
comparison with OGLE are discussed below for every survey.

Step 2: Once the OGLE-based changes were incorporated, we repeated the steps we
took to validate the periods, as discussed in Sect. III.1.1. Briefly, for each star detected
in at least two surveys (out of 200K stars with Ngyvey> 2), we conducted a total of 28
comparisons (equal to (g)) and calculated a corresponding cLAss_FLAG for all stars. For a
star, CLASS_FLAG is set to true if any survey’s subtype classification differs from that of the
others. This step flagged 5928 stars in total, i.e., ~2.9% of stars with Ngyryey> 2, or ~1.8%
of all stars in our catalog. ~ 3000 stars from this sample were classified by OGLE and we
retained their OGLE classification (as justified above).

Step 3: To determine the final classification of the remaining ~ 3000 stars with
CLASS_FLAG = true, we inspected their light curves and compared their positions in the Bai-
ley diagram (period-vs-amplitude distribution) or against period-Wesenheit relations'. This
reclassification is outlined for every survey below.

To provide an overview of the implications of Step 1, we present confusion matrices
comparing the original classification of each survey with that of OGLE in Appendix 1.4.
Similarly, we summarize the results of this validation through confusion matrices plotted in
Appendix 1.5. The latter set of matrices illustrate the comparison between the classification

of the validated and cleaned sample of each survey against the final class reported in our

'We derived new period-Wesenheit relationships for all subtypes and their computation and validation will

be discussed in the upcoming paper of this series.
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Nyar = 115243 | Fo5 = 99.8% | AcCpy = 88.2%

103412 27 10
RR Lyr 100% 0.26% 3%
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ACEP 0.33% 0.08% 56%
RR Lyr DCEP T2CEP ACEP

Class in Gaia DR3

Ficure IILS: Confusion matrix comparing broad classification between Gaia and OGLE.
Precision X 100 (purity) is shown in every cell below the number of stars in percentage. The
lower percentages have been rounded to the second decimal. The purity percentages sum to
100% along every column. Ny ds the number of stars common to both catalogs. Fy 5 and

Accyp, are classification accuracy metrics defined in Sect. 111.1.2.6.

catalog (ClassgrLcep) for ~200 000 stars detected in at least two surveys.
For every survey, we discuss the broad and subtype classification purity. The former
pertains to RR Lyrae stars, classical, Type-II, and anomalous Cepheids and the latter to their

various subtypes. We also outline the changes made to their classification, if any.

IIL.1.2.1 CSS

The CSS catalog overlaps with OGLE mainly towards the outskirts of the Magellanic Clouds
and retains a >99% purity in the RR Lyrae sample (N~ 300). It has very few Cepheids in
common with OGLE to constitute a fair comparison, though 8 DCEP_F stars that it shares
with OGLE are classified as DCEP_F by OGLE as well.

CSS subtypes that have the highest fraction of flagged stars are RRd stars and anomalous
Cepheids. ~75% of stars identified as RRd in Catalina are classified as RRc by at least two
other surveys. After inspecting their light curves in CSS as well as other surveys (mainly
Gaia, ZTF, ASAS-SN), we realized that ~ 15% of Catalina observations for most of these
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Ficure IIL.6: Confusion matrix comparing the initial subtype classification between Gaia
and OGLE. Blocks of broad variability types are highlighted. The properties of the matrix

are similar to those in Fig. II1.5.
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stars had a lower/higher photometric zero-point. This probably caused the CSS algorithm to
misclassify these stars as RRd, confusing the biased observations for secondary periodicity.
Out of ~ 1000 stars classified as RRd by CSS, we retained 151 stars and reclassified the others
as RRc stars. Similarly, ~95% of stars classified as Blazhko stars by CSS were identified as
RRab in other surveys. Along with the aforementioned zero-point issue, a subset of these
stars had incorrect periods in CSS and were therefore misclassified as Blazhko stars (as
predicted by Drake et al. 2017). Nonetheless, we changed the classification for all CSS
Blazhko stars to RRab and flagged them as Blazhko candidates.

94 out of 180 CSS ACEP_F stars are classified as non-anomalous Cepheids by other
surveys. 85 (5) stars out of these 94 stars are classified as RRab stars (BL Her) by more than
two surveys. Given the similar light curve shapes of these subtypes, we flagged these stars
as possible ACEP_F candidates, but classified them as RRab. Additionally, we flagged the
classification of ~ 30 CSS-only ACEP_F stars as uncertain. The classification of a few of

these stars is confirmed during external validation (Sect. II1.2).

I11.1.2.2 ZTF

The broad classification purity for ZTF RR Lyrae sample is >99%. Specifically, ZTF RRab
classification shared a 99% agreement with that in OGLE, however the RRc sample suffered
from ~ 2% contamination of RRd stars. The purity for Type-II Cepheids is 97%, with the
3% contaminants being RR Lyrae stars. As discussed already in Sect. II.1.3, Chen et al.
(2020) did not provide subtype classification for classical Cepheids. Hence, we had used
AGC (Pietrukowicz et al., 2021) to determine DCEP subtypes. Therefore, we do not report
DCEP classification metrics for ZTF.

Furthermore, ZTF did not classify any anomalous Cepheids, but we recovered two
OGLE ACERP stars classified as RR Lyrae in ZTF. Additionally, out of 148 stars that are
classified as BL Her by ZTF, 41 are classified as ACEP_F by at least one other survey (Gaia
or CSS). Our visual inspection could not disentangle their classification. No artifacts were
found in the light curves either. Regardless, we flagged the classification of all 32 ZTF-only

BL Her stars in our collection as uncertain, suspecting a contamination level of ~30%.

II1.1.2.3 ASAS-SN

The broad classification purity for ASAS-SN RR Lyrae sample is >99%. However, focus-
ing on RR Lyrae subtypes, over 99% of ASAS-SN RRd stars are classified as RRab by more
than one of Gaia, PS1, and OGLE. We visually inspected the light curves of these stars and
a significant number of them had noisy ASAS-SN light curves. A fraction of their observa-

tions, phased with the same variability period, followed the same shape as the majority of the
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light curve but was shifted in magnitude (similar to RRd stars in Catalina). Since ASAS-SN
combined data from 20 telescopes, a subset of them might have had a different photometric
zero-point for a period of time, and this bias was possibly detected by their classification
algorithm as secondary periodicity. This affected the fainter RRab stars in the ASAS-SN
V-band catalog the most. However, their periods and photometry across surveys are largely
consistent and additionally, Christy et al. (2022) using deeper g-band data classified these
stars as RRab. Hence, we reclassified the ASAS-SN RRd stars as RRab.

The subtype classification purity for ASAS-SN DCEP_F with respect to OGLE is >95%
and the same for DCEP_10 is 91%. The main contamination sample (~ 5%) in the latter is
multi-mode Cepheids.

~ 240 ASAS-SN Type-II Cepheids in the Magellanic Clouds are identified as classical
Cepheids in OGLE (see Fig. A.2). The ASAS-SN random forest classifier was trained on
photogeometric distances computed using a Milky Way model (Bailer-Jones et al., 2018,
2021). As a result, the distance to the Magellanic Clouds sample was probably underes-
timated and the farther DCEP_F were classified as intrinsically fainter Type-II Cepheids.
Additionally, due to the large ASAS-SN FWHM, the distant sources’ light curves are nois-
ier and fuzzier (T. Jayasinghe, in priv. comm.). Hence, we changed the classification of
these ~ 240 stars to that of OGLE. Furthermore, we dropped all ASAS-SN-only LMC/SMC
Type-II Cepheids.

The photometric uncertainty in ASAS-SN light curves also affected the faintest Type-11
Cepheids (BL Her) in the Milky Way. ~ 35% of ASAS-SN BL Her are classified as DCEP_F
by OGLE (and other surveys). Subsequently, we removed 79 ASAS-SN-only Milky Way
BL Her stars as we could not confirm their classification (due to large uncertainties either in
their Gaia parallax or ASAS-SN photometry). The subtype confusion matrix of the cleaned
ASAS-SN sample against our final classification is presented in Fig. A.8.

I11.1.2.4 Gaia

There are ~ 115000 common stars between OGLE-IV and Gaia DR3 SOS catalog, out of
which only 275 (< 0.23%) stars have dissimilar variability types (see Fig. I1I11.5). When
taking into account the subtypes, the number of disagreements increases to 3919 (~ 3.4%,
see Fig. 111.6).

The Gaia RR Lyrae sample has excellent purity with respect to OGLE (>99.9%;
Fig. I11.5). Only 4 Gaia RR Lyrae stars are classified as Cepheids in OGLE-IV. Taking
subtypes into consideration, the purity for RRab is > 99%, however, the RRc sample suffers
a 5% contamination from RRd stars and a further 1% from RRab stars (see Fig. [11.6). The
latter sample has stars with periods around 0.35 d, which is the range where the light curve

morphology of these two subtypes is quite similar.
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TasLE IILS: Results of the classification validation of RR Lyrae stars detected in at least

two surveys.

Different Unique Expected Expected
Number of -  Same Same ) ] ) )
RR Lyrae Cepheids RR Lyrae misclassified Cepheid
Catalog] Type  Subtype i
subtype stars RR Lyrae  contaminants
Gaia 180637 177856 2781 10 90222 1388 4
ASAS-SN 44864 44465 399 93 4246 37 8
DES 4223 4134 89 3 1438 30 1
PS1 56274 55956 318 79 4754 26 6
CSS 40267 39747 520 26 1359 17 1
ZTF 44924 44317 607 43 1022 13 1
MACC 1617 1615 2 5 56 1 1

TasLE II1.6: Results of the classification validation of Cepheids detected in at least two

surveys.
Different ) Expected Expected
Number of —»  Same Same . RRLyrae  Unique . i
Cepheid . Misclassified ~ RR Lyrae
Catalog] Type  Subtype stars Cepheids . i
subtype Cepheids contaminants
Gaia 13472 12421 1051 53 1377 107 5
ASAS-SN 2700 2444 256 40 384 35 5
CSS 206 185 21 87 136 9 40
ZTF 1397 1334 63 7 75
MACC 515 500 15 0 48 1 0

Additionally, 280 stars in the SMC classified as RRc by Gaia, show signs of secondary
periodicity in OGLE light curves and are classified as RRd by the latter. We adopted the
OGLE classification for this sample.

Over ~25% of the Gaia RRd sample is classified as RRc stars in ZTF, CSS, PS1,
and ASAS-SN. After incorporating the updated periods of Gaia RRd stars from Table 2
of Clementini et al. (2019), we compared the ratio of these periods against the periods of
RRc stars from the above listed surveys. It became evident that these ground-based tele-
scopes were unable to detect the weaker fundamental modes in light curves of these stars
(with fundamental mode period ~ 0.48d). However, the first overtone periods of Gaia RRd
stars and the periods of RRc stars from the other surveys were found to be in agreement. As
a result, we retained the Gaia classification for these stars.

The Gaia DCEP sample is >99% pure with only about 30 contaminant stars each from
RR Lyrae, Type-II Cepheids, and ACEP samples from OGLE. While the DCEP_F subtype

classification purity is 98%, for DCEP_10 it stands at ~ 85%. The main source of contami-
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nation in the latter is multi-mode Cepheids (~ 8%). Similarly, 10% of Gaia DCEP_mul are
classified as either DCEP_F or DCEP_10 by OGLE. As discussed in Ripepi et al. (2023),
with more observations in Gaia DR4, the detection efficiency of multi-mode pulsations in
Cepheids will improve significantly.

The broad classification purity for Gaia Type-II Cepheid sample is > 97%. Most of the
contaminants are identified as DCEP in OGLE. Regarding the subtype classification, OGLE
is the only survey (of the ones included here) which identifies pW Vir stars and based on
their samples, it seems ~ 10-20% of Milky Way-LMC W Vir stars show strong signatures
of pW Vir variability. Therefore, unsurprisingly, we found that ~ 7% of Gaia W Vir stars
matched with OGLE pW Vir stars. Furthermore, the Gaia BL Her and RV Tau samples
share a >98% agreement with their respective OGLE samples.

In the Gaia SMC sample, we recovered 115 anomalous Cepheids that are identified
as DCEP in OGLE. The periods of these stars from both surveys agree to within 0.03%,
confirming they are highly likely to be true matches. Thus, the ACEP classification in the
SMC is sub-optimal (as can be confirmed in Fig. F.3 of Ripepi et al. 2023). As discussed
by Ripepi et al. (2023), the line-of-sight elongation of the SMC led to inaccurate absolute
magnitude estimates of these stars and hence, the SOS pipeline confused them as ACEP. We
accepted the OGLE classification for these stars. Besides, OGLE, on average, has 10 times

more observations than Gaia for these stars (470 vs 43).

III.1.2.5 MACC, PS1, DES

Barring one OGLE ACEP_F and two RRc stars, MACC and OGLE shared a 100% agree-
ment for broader and subtype classification (see Fig. A.7). However, we found six out of 18
BL Her stars in MACC identified as ACEP_F in Gaia and CSS. By checking their position
in period-Wesenheit diagrams, we adopted ACEP_F as their class for three of these stars.
Two other BL Her stars are classified as ACEP_F by literature studies using space-based
data (discussed in the next section). Therefore, we flagged ten MACC-only BL Her stars as
possible ACEP_F candidates.

Out of 6784 common stars between PS1 and OGLE, only 16 have disagreeing classes
(see Fig. A.4). While Sesar et al. (2017) identified these 16 as RR Lyrae stars, OGLE-IV
classified them as Cepheids (8 Type-1I Cepheids, 6 ACEP, 2 DCEP). For the 6768 stars
identified as RR Lyrae stars by both surveys, only 32 stars have dissimilar subtypes. 12 (9)
OGLE RRc (RRab) stars are identified as RRab (RRc) by PS1, while 11 of PS1 RRab/c
stars were classified as RRd by OGLE. With respect to the final classification, the false
discovery/subtype confusion rate of PS1 is ~ 1% for RRab and ~ 2% for RRc stars.

The broad classification purity for the DES catalog is > 99% with just 2 out of 801
common stars with OGLE identified as ACEP by the latter. Although Stringer et al. (2021)
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only identified RRab stars, we found ~ 7% (1%) contamination from RRc (RRd) stars (see
Fig. A.3). The DES RRab stars classified as RRc stars in OGLE occupy the expected location
of the latter in the Bailey diagram. ~ 55% of these stars have a DES classification proba-
bility between 0.6 and 0.8. These numbers largely remain the same when we extend the
comparison to the final classification sample. Therefore, regarding the DES RRab stars with
DES scorey, < 0.8, we either removed them if they were detected only in DES or adopted
the classification of other surveys in which they are detected. As depicted in Fig. 11.9, this
cut did not unfairly omit many true RRab stars. The confusion matrix of the cleaned DES
sample against our final classification is shown in Fig. A.9.

Consequently, the classification of ~ 100 stars remains uncertain, they could belong to
one of these classes: ACEP_F, BL Her, RRab. These stars make up ~ 5% of all Cepheids
with cLASS_FLAG =true in our catalog (~ 0.6% of all Cepheids) and have not been included
in the numbers listed in Table I1.4. A few of these stars are assigned a definitive class in the
next section. For the rest of them, their uncertainty persists. During our analysis, we did not
re-fit any light curves using a Fourier model. However, with a detailed Fourier analysis of
the rich light curves of Gaia DR4 or other space-based observatories like TESS and Kepler,

their classification can be disentangled.

I1I.1.2.6 Summarizing results of classification validation

With every confusion matrix, we report Fgas the global accuracy measure of a survey’s
classification with respect to either OGLE or the final classification in our catalog (shown in
Appendices 1.4, 1.5, respectively). The multiclass Fj score is selected as the accuracy metric
because our comparisons are a case of multiclass classification, with heavily imbalanced
classes. This imbalance arises as RR Lyrae stars vastly outnumber the Cepheids. The Fg

score (Rijsbergen, 1979) is defined as:

precision - recall
Fg=(1+p%

) II1.2
(B2 - precision) + recall (-2)

where £ is the weighting parameter. We use S = 0.5, which means we assign double the
weight of recall to precision. For our catalog, per-survey purity (precision) is more important
than completeness (recall). While a survey could be less complete for a particular subtype,
our compilation ensures that the final catalog achieves the maximum possible completeness
with respect to the literature. We also computed the measure Balanced Accuracy (Accpy))
defined as the average of recall and true negative rate for every survey. However, this score
gives equal weight to both precision and recall (its shortcomings are illustrated in Fig. [11.10).
Nonetheless, we report both values for all surveys.

These scores estimate the classification accuracies of each survey for the
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Ngurvey = 2sample of ~200000 stars. We retrieve F(l; ?Lcep > 97.5% for the cleaned

samples of all catalogs except DES, for which F(li ?Lcep ~96.3%.

As done while validating periods, we use the contamination rates found in this
Nsurvey = 2 sample to estimate the minimum number of contaminants or misclassified stars
in the Ngyrvey=1 sample, i.e., the unique population of each survey. These findings are pre-
sented in Table III.5 for the RR Lyrae stars and in Table I11.6 for the Cepheids. Based on
these estimates, we anticipate a minimum of ~ 1512 stars out of ~ 125000 RR Lyrae stars
with Ngrvey=1 may have the wrong subtypes, i.e., confusion between RRab, RRc, and RRd
classification. Since Gaia contributes the highest number of unique RR Lyrae stars in the
halo ~90 000, it has the largest presence in this estimation. We expect a contamination of
~ 1400 stars in its unique RR Lyrae sample, with most of the confusion caused by undetected

RRd stars (whose classification is impeded by low Nypsin Gaia DR3).

Similarly, out of ~4100 unique Cepheids contributed by all surveys, we estimate ~ 155
may be misclassified as the wrong Cepheid subtype and a further ~ 51 may be RR Lyrae stars.
Thus, we estimate a maximum classification accuracy for the sample of Ngyrvey=1 Cepheids
to be ~ 95% and the same for the Ngyrvey=1 RR Lyrae sample to be ~ 98.5%. These estimates
are corroborated through comparisons with external catalogs, as discussed in the following

section.

Additionally, we are currently working on a stacked ensemble of recurrent and deep neu-
ral networks trained on light curves and newly derived light curve-related features of these
stars. Based on preliminary results, we achieve ~97% accuracy in automatic classification
of Cepheids of various subtypes. This architecture will be presented in a future work of this

series.

Figures 1.8, II1.9 depict the on-sky distributions of ~311000 RR Lyrae stars and
~ 18 000 Cepheids included in our catalog. The light curves of a randomly selected member
of each subtype are presented in Fig. [.3. Figure 1.4 shows the Bailey diagrams plotted with
amplitudes in the Gaia G-band (left panels) and the OGLE I-band (right panels) for our
target subtypes.

I11.2 External validation

Here, we compare the internally-validated classification and periods in RRLCep against lit-
erature studies focused on RR Lyrae stars and Cepheids. We also cross-match against cata-

logs of variable stars of subtypes not considered here in Sect. I11.2.5.
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III.2.1 Galactic Classical Cepheids List

Along with their own detections, the OGLE collaboration has verified and collated Galactic
classical Cepheids from multiple other surveys (Pietrukowicz et al., 2021). They reclassified
these stars after inspecting the light curves. This catalog is an excellent sample to assess the
Cepheid classification accuracy of the surveys included here. This sample mainly helps in
estimating survey-specific classification accuracy for Cepheids in the regions where OGLE
itself has no data. Their collection (called AGC henceforth?) includes 3666 Cepheids, out of
which 1651 are primary OGLE-IV detections and a further 379 that have been first detected
by other surveys but contain OGLE-IV data. In total, this list contains 1636 stars that have
not been observed by OGLE. While Ripepi et al. (2023) did find possible contamination by
binaries (c.f. their Fig. 18) in the DCEP_10 sample of AGC, the classification accuracy for
AGC is expected to be quite high (>97%).

II1.2.1.1 Cross-match

We noticed that the AGC star with DR3 source_id=2163847439043169408 was included
twice, once each as DCEP_F and DCEP_10. In its source catalog (i.e., Ripepi et al. 2023), it
was identified as DCEP_10, hence we considered that as its final classification and removed
its other entry from AGC. We cross-matched 3665 AGC stars against our catalog and recov-
ered all but 15 Cepheids using a 10” radius®. 3642 out of the 3650 matched stars have the
same Gaia DR3 counterparts as found by Pietrukowicz et al. and our algorithm. Six more
have a Gaia match in both AGC and our catalog but the matched source_ids are different.
For instance, for the star V890 Ara, AGC has source i1d=5948221021378490496 as its
counterpart, while we have source_id=5948221017072011776. Though the star matched
by us is 4.3 away, it has the same period (in MACC and ASAS-SN) and magnitude (in
Gaia) as V890 Ara. On the other hand, the AGC-matched star is 7 magnitudes fainter.
Based on similar comparisons for the remaining five stars with conflicting source_ids, we
retained the star matched by us as the Gaia DR3 counterpart (although the differences were
less stark). Finally, three faint stars in the bulge (with I > 19.5) do not have a Gaia counter-
part in either AGC or our catalog.

Out of the 3650 matched stars, there are seven stars that are classified as Type-II Cepheids
by OGLE but identified as classical Cepheids by AGC. Six out of these seven stars do not
have any properties flagged by OGLE, while one (a W Vir-type star) has uncertain clas-

2as short for AllGalCep — which is the name of this list as stored on the OGLE database.
3Pietrukowicz et al. (2021) used 0.5 " as the common matching radius to construct the AGC catalog, and out

of 3650 matches with our catalog, only eight had an angular separation > 0.5”". We confirmed these matches
were indeed true by comparing their variability periods and mean magnitudes. All eight of these originated
either from MACC or ASAS-SN, whose FWHMSs are > 15”.
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sification. However, ASAS-SN and Gaia both have classified this star as W Vir, too. We
retained the original OGLE classification for all seven stars and removed them from AGC (P.

Pietrukowicz, in priv. comm. confirmed that these stars are non-DCEP and will be removed
from AGC).

III.2.1.2 Stars present only in AGC

We investigated the plausible reasons for missing 15 stars that were unique to AGC. One of
these 15, the star with OGLE-ID=OGLE-GD-CEP-1834 (I ~ 13.3 mag) has source_id=
5546611475768394112 as its Gaia DR3 counterpart in AGC. This Gaia star is 74" away
and 5 magnitudes fainter (phot_g mean _mag ~ 18.85 mag). On the other hand, we
have source_id=5546611514435107328 as its Gaia DR3 match, which is less than 0.1”
away and of comparable brightness (phot_g_mean_mag ~ 13.7 mag, phot_rp_mean_mag
~13.4 mag). Therefore, we assumed that this star’s coordinates in AGC are probably in-
accurate and, hence, it was missed in our cross-match. Subsequently, we were left with 14
unmatched AGC stars.

Four of the remaining 14 stars are from MACC (Richards et al., 2011) and we had re-
jected them while collating the survey catalogs as their classification probability in MACC
was < 0.5. This also reaffirmed that the cuts we had applied in Sect. II.1.6 did not lead to
the omission of many true positives. Three of the remaining 11 stars were identified only
in ASAS-SN as variables of subtypes other than RR Lyrae and Cepheids. Out of the seven
stars left, six are brighter than G=6.5mag, which meant they were probably too saturated
in the surveys we have included. The last star present in AGC but missing from our cata-
log is a multi-mode disk Cepheid discovered by Turner et al. (2009) as a Polaris analogue.

Consequently, we included all 14 of these into our catalog.

I11.2.1.3 Period Validation

We computed PERIOD_FLAG (as defined in Eqn. III.1) for all AGC matches with our catalog
and found excellent agreement. Only four stars (out of ~ 3600 single mode pulsators) have
PERIOD_FLAG = True and the Median(AP? ) for all stars is < 0.001% (or < 5's for a 4-day

variable).

II1.2.1.4 Classification

Table II1.7 shows the results of the comparison of the classification in our catalog against
that in AGC and we describe its details below.

Gaia: 3047 Gaia SOS stars are included in AGC, out of which 167 stars’ classification
has been altered (i.e., ~5.4% of the sample). 44 of these were classified as non-DCEP by
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TasLE II1.7: Comparison of the classification of each catalog with AGC.

Common N, with same N, with different

Catalog # of non-DCEP
Ngtar subtype DCEP subtype
RRLCep 3643 3600 (~ 98.9%) 24 (0.6%) 19 (0.5%)
ASAS-SN 960 838 (~ 87.2%) 74 48
CSS 5 0 0 5
Gaia 3047 2880 (~94.5%) 123 44
OGLE 2030 2027 (~99.9%) 2 1
ZTF 1195 1164 (~97.4%) 0 31

Nyar = 3643 | Fo5 = 99.2% | Accpy = 33.0%
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Ficure III.10: Confusion matrix of our classification against the Galactic classical
Cepheids catalog of Pietrukowicz et al. (2021, AGC). Here the percentages shown in ev-
ery cell are recall values per subtype. 3640 out of 3643 stars common between the catalogs
share the same subtype classification. This comparison also illustrates how Fgis a better
metric than Accy, for assessing imbalanced multiclass classification in case of uneven num-

ber of classes.
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SOS. The rest were classified as DCEP but with differing subtypes. A further 191 stars clas-
sified as classical Cepheids only by Ripepi et al. (2023) and located close to the Galactic
disk are not included in AGC. Pietrukowicz et al. (in priv. comm.) confirmed that they vi-
sually inspected the light curves of these stars and their unambiguous classification requires
greater Nypsin Gaia. These stars could be anomalous Cepheids or spotted stars which are
easily confused with DCEP_10 due to their sinusoidal light curves. Ultimately, this means
that the possible contamination/subtype misclassification in the Gaia Galactic DCEP sample
is ~11%, i.e., (167 + 191) / 3238.

ASAS-SN: There are 838 common stars between AGC and the stars we selected from
ASAS-SN. ~87.2% of the stars are identified as the same subtype in both, while 122 stars
have a different classification. Moreover, 157 of these 838 stars are classified only in ASAS-

SN and not in any other survey. AGC has reclassified 29 (18%) of them.

Besides these 838 common stars, there are 14 ASAS-SN-only stars included in AGC,
for which we did not include any ASAS-SN data. We did include these stars as Cepheids
from other surveys but did not include the ASAS-SN properties of these stars. The reasons
behind this are: (a) 5 out of 14 were classified as Cepheids (3 stars) or RR Lyrae stars (2
stars) in ASAS-SN but their classification probability is <0.45. As discussed in Sect. I1.1.4,
we only selected variables with classification probability > 0.5 and, given that this omitted
just 3 out of 838 true positives, this only reaffirmed our decision. (b) The remaining 11 are
not identified as Cepheids in ASAS-SN.

Furthermore, 79 ASAS-SN-only stars are not present in AGC. Pietrukowicz et al. (in
priv. comm.) confirmed these are non-DCEDP stars, as explained above for the Gaia sample.

Therefore, the Galactic Cepheid classification accuracy in ASAS-SN amounts to ~ 76%.

Others: ZTF classical Cepheid subtypes were adopted from AGC as mentioned in
Sect. II.1.3. Hence, we only investigated whether any stars classified as RR Lyrae or Type-1I
Cepheid by ZTF have been reclassified in AGC as DCEP and there are none. CSS did not
observe the Galactic disk but has 5 non-DCEP in common with AGC at high Galactic lati-
tudes. We adopted AGC classes for all of these. Pietrukowicz et al. also reclassified three
OGLE stars (2 DCEP_10, 1 RRab) as multi-mode DCEP by analyzing their ZTF photome-
try. We also removed ten OGLE-only Cepheids that Pietrukowicz et al. found to be artifacts
as their OGLE photometry was contaminated by nearby brighter stars. Finally, there are no
PS1- or DES-discovered RR Lyrae stars identified as DCEP in AGC.

RRLCep: While the aforementioned component catalogs have their respective classifi-
cation accuracies, overall, our validated catalog (RRLCep) shares ~ 98.9% agreement with
AGC. Out of 43 stars with disagreeing classification between our catalog and AGC, 24 are
classified as classical Cepheid of different subtypes and 19 are non-DCEP stars. This results

in overall classification accuracy for our catalog Fyy 5 = 99.2% (see Fig. I11.10). We adopted
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AGC classification for 43 stars, consequently resulting in a highly pure collection of Galactic
classical Cepheids. As discussed in Sect. I11.2.1.2, RRLCep initially contained all but 14
stars from AGC, resulting in a completeness of 99.7%. These missing stars were added to
our catalog to make it as complete as possible.

We also cross-matched our catalog against the literature misclassified Classical Cepheids
list maintained by OGLE®. This list consists of 46 stars and we found 31 stars in common with
our catalog. Only four stars have a different class in our catalog — two classical Cepheids
from Gaia are identified as rotational variables and two ASAS-SN DCEP_F are classified
as ACEP_F. We changed the class of the latter two and removed the former two stars from
our catalog. The remaining 15 stars from this list, for which we did not find a match in our

catalog, are neither Cepheids nor RR Lyrae stars.

II1.2.2 Stripe 82 RR Lyrae stars

To validate the classification of the RR Lyrae sample, we cross-matched our catalog against
the highly pure RR Lyrae catalog in the SDSS Stripe 82 region (Sesar et al., 2010). This
catalog, called S82 henceforth, contains 483 RR Lyrae stars with at least 15 observations in
the SDSS g-band and selected using color cuts (see Eqns. 14 in Sesar et al. 2010). They
visually inspected light curves of all 483 stars and confirmed their classification. They also
estimated the catalog to be 100% complete within ~ 120 kpc.

We found 477 RR Lyrae stars in common with S82 (within 2”) and no contamination
from any Cepheids. The confusion matrix between S82 and our classification is shown in
Fig. III.11. 473 stars share the same subtype classification. One star identified as RRc by
S82 is identified as RRab by five surveys in our catalog. This star has the lowest number of
observations in S82 and, therefore, was likely misclassified by them. Similarly, three stars
identified as RRab by S82 are classified as RRc by at least three surveys in our collection.
We retained the original classification of these stars.

We computed pERIOD_FLAG (as defined in Sect. II1.1.1) for all 477 stars and found ex-
cellent agreement (see Fig. I11.12). APZ{; for 95% of stars is < 0.001% (or < 0.5s for a
0.5-day variable). However, there are 21 stars that have pERIOD_FLAG = True. The number
of observations in S82 for these stars lies in the first quartile of the Nypsdistribution. After
inspecting their light curves, we decided that the final period in our catalog (estimated by
multiple surveys) was accurate for 19 stars. The remaining two stars (circled in Fig. I11.12)
were detected only in PS1 in our catalog, and S82 had the greater number of observations

for these stars as well as a better-fitting period. Except for the latter two, we retained the

4http://www.astrouw.edu.pl/ogle/ogle4/0CVS/Cepheid_Misclassifications/Other/

allGalCep.txt; their coordinates were retrieved from Simbad and Vizier.


http://www.astrouw.edu.pl/ogle/ogle4/OCVS/Cepheid_Misclassifications/Other/allGalCep.txt
http://www.astrouw.edu.pl/ogle/ogle4/OCVS/Cepheid_Misclassifications/Other/allGalCep.txt
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Ficure II1.11: Confusion matrix of our classification against the RR Lyrae catalog of Sesar
et al. (2010, S82).
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Ficure II1.12: Comparison of periods from our catalog (RRLCep, on the x-axis) against
those from the RR Lyrae catalog of Sesar et al. (2010, S82; on the y-axis). Two stars high-
lighted in blue had inaccurate period in our catalog and the source survey for both of these
stars was PS1. The rest of the stars off the identity line (in gray) have inaccurate periods

in S82. A possible reason for this is that these stars have fewer g-band observations in S82
(N obs,g)-
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original periods for all 475 stars.

Six stars were present in S82 but are missing from our catalog. Four of these are located
beyond 105 kpc, one of them at ~ 91 kpc, and one at ~ 16 kpc. Since all surveys have dif-
ferent observation footprints and detection limits, the completeness of our catalog is highly
inhomogeneous (generally worse in high-extinction regions). Nevertheless, when compared
with S82, our RR Lyrae catalog is essentially complete within ~ 100 kpc and 99.9% com-
plete at ~ 130 kpc.

However, our catalog consists of 137 RRab and RRc stars in Stripe 82 that are missing
from the Sesar et al. (2010) catalog. 50 of these have been classified as RR Lyrae stars by
more than one survey and are unlikely to be false detections. We examined their light curves
and confirmed their original classification. At the time of the release of S82 catalog, these
stars probably did not have enough Nsin SDSS data to qualify for the assessment of Sesar
et al. (2010).

II1.2.3 Space-based observations

While there are no large literature catalogs of Type-II and anomalous Cepheids (beyond the
ones we have collected), we combined the below listed catalogs to validate their classifi-
cation. They employed rich light curves from either TESS or Kepler/K2 and undertook a
high-order Fourier analysis.

Plachy et al. (2021) analyzed 26 literature variable stars using well-populated TESS light
curves and provided new classifications and period estimates for them. They concluded that
the star RV Men, classified as RRab in MACC, is actually a rotational variable. We removed
this star from our catalog. Except for this star, there were four stars whose classification in
our catalog was uncertain as all their parent surveys had classified them differently (either
RRab, BL Her, or DCEP_F). All four stars were classified as anomalous Cepheids by Plachy
et al.. Overall, the highly precise periods calculated by Plachy et al. agreed well with the
final periods in our catalog, with |Prgsss — PRRLCep| < 1074 d (~ 8 s) for all stars.

Jurkovic (2018) used literature data to analyze 59 stars previously classified as BL Her
stars. By undertaking Fourier analysis of their light curves, they published new classifi-
cations and periods for them. We recovered 58 stars in their catalog and have the same
classification for 55 of them. The three stars with new classification are one anomalous
Cepheid and two pW Vir stars. Periods for all 58 stars agreed within 1073 d. Finally, we
added the missing BL Her star V617 Ara from Jurkovic (2018) to our catalog.

Similarly, Jurkovic et al. (2023) used precise light curves from Kepler and K2 to perform
a higher-order Fourier analysis of 12 Type-II and anomalous Cepheids. We found all 12 stars

in our catalog and the classification for 11 of these agreed with that of Jurkovic et al. (2023).
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They reclassified one ASAS-SN DCEP_F as ACEP_F and we adopted their classification

for this star. The periods for all stars agreed within 1073 d.

I11.2.4 Blazhko modulations and multiple periodicity

Several literature studies using OGLE-IV/TESS observations have investigated the presence
of long-period trends and period/amplitude modulations in Cepheids and RR Lyrae stars.
We flagged stars that exhibited Blazhko modulations or multiple periodicity in these studies,
according to the scheme laid down in Table III.9.

Netzel et al. (2018) discovered the Blazhko effect and/or additional frequencies in ~ 700
OGLE RRc stars in the Galactic bulge. 53 of these stars even exhibited multiperiodic
Blazhko modulations. We set ExT_cLAss_FLAG = 1 for these stars. Similarly, Netzel &
Smolec (2019) analyzed an updated sample of OGLE bulge RR Lyrae stars and detected
additional frequencies in a further 1034 RRc and 11 RRd stars. Furthermore, Rathour et al.
(2021) performed detailed frequency analysis of OGLE-IV Milky Way classical Cepheid
light curves. They discovered 35 candidates of multi-mode Cepheids in the single-mode
sample (i.e., DCEP_F, DCEP_10). Given the low amplitudes of the additional modes,
they suspected some of them might have been triggered by the 1-day rotation period of
the Earth. Hence, we did not change the classification of these stars but proceeded to set
EXT_CLASS_FLAG = 2 for them.

Smolec et al. (2023) performed a high-order frequency analysis of OGLE Magellanic
Clouds DCEP_10. They discovered a dominant secondary radial mode in 71 stars and weak
secondary non-radial modes in ~ 1000 stars. We changed the classification of the former
sample to DCEP_mul. In the latter sample, Soszynski et al. (2019b) had flagged ~ 200 of
them for secondary periodicity during their analysis as well. Moreover, Smolec et al. also
detected periodic modulation, akin to the Blazhko effect, in 27 DCEP_10 stars. All these
stars can be retrieved from our catalog by selecting stars with EXT_CLASS_FLAG = 1 or 2.

Benkd et al. (2023) used two years of TESS data to analyze light curves of 670 Galactic
RRc stars. They detected the Blazhko effect in 68 stars, thereby setting a 10.4% incidence
rate of this phenomenon in Galactic field RRc stars. They detected additional frequencies in
2 82% of their sample, preferentially in stars with longer periods. We removed 23 stars that
were blended in their data and cross-matched the remaining 647 against our catalog. These
consisted of 633 RRc, 3 RRab, and 3 RRd stars, and 8 stars they classified as non-RR Lyrae.
We recovered 643 stars within 3” in our catalog, out of which four are classified as eclipsing
binaries by Benkd et al.. We removed these stars from our catalog. Two stars identified by
them as RRd stars were classified as RRc in our catalog. We accepted their classification

for these stars. The remaining 637 stars’ subtype classification is in complete agreement.
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Moreover, ~ 96% of the stars’ periods agreed within 107 d. Stars exhibiting the Blazhko
effect or non-radial pulsation modes in their data were flagged accordingly in our catalog
(see Table I11.9).

Skarka (2013) collected 407 Blazhko RR Lyrae stars in the Galactic field from the liter-
ature. We found 400 matches with periods agreeing within 10~* d. All 400 are classified as

the same class in our catalog. We flagged these stars appropriately.

III.2.5 Variable stars of similar light curve shapes

We collected literature catalogs of other variable subtypes whose light curve morphology
is similar to that of RR Lyrae stars and Cepheids. These variable stars can be distributed
into the following broad types: short-period pulsating stars, long-period variables (LPV),
eclipsing binaries, and rotational variables. Their subtypes are listed in Table I11.9. Here we
describe the provenance of the external catalogs and their stars found in common with our
catalog. While establishing the classification purity of these external catalogs is beyond the
scope of this study, this step helps us flag possible contaminants. The flagging scheme is
outlined in Table II1.9.

I11.2.5.1 Gaia variables from other SOS pipelines

We cross-matched against the Gaia long-period variables catalog validated by Lebzelter
et al. (2023) and recovered 131 matches. Interestingly, 33 out of these 131 are RRab stars
discovered by OGLE. The separation between their coordinates is <1”, so we flagged them
for future follow up. Given the difference between the periods of these subtypes, these stars
might be exhibiting Blazhko modulations. We also found 12 stars in our catalog which have
a close counterpart in the Gaia rotation modulation stars catalog (Distefano et al., 2023).
As expected, there are ~ 4000 RRc (and ~ 500 RRab) stars which are identified as eclipsing
binaries by Gaia (Mowlavi et al., 2023). Furthermore, there are 22 DCEP_10 stars identified
only by the Gaia SOS pipeline that are also classified as eclipsing binaries by Gaia (as
opposed to 80 that were found by Eyer et al. 2023, c.f. their Fig. 6). Finally, there are
19 matches between our catalog and the Gaia close companion (Gomel et al., 2023) and
main-sequence oscillator catalogs (Gaia Collaboration et al., 2023b). All flags from these

comparisons are encoded into EXT_CLASS_FLAG as listed in Table II1.9.

1I1.2.5.2 OGLE Collection of Variable Stars

Except for the RR Lyrae stars and Cepheids included here, OGLE also monitors and clas-
sifies other variable stars. Specifically, we focused on the following subtypes: ¢ Scuti vari-
ables (DSCT), eclipsing binaries (ECL), and long period variables (LPV). We recovered



External validation 89

TasLE IIL.8: Provenance of variable stars collected from the OGLE Catalog of Variable
stars. The classes are DSCT: ¢ Scuti, ECL: eclipsing binaries, and LPV: Long Period Vari-
ables.

References.

(1) Poleski et al. (2010); (2) Pietrukowicz et al. (2020); (3) Soszynski et al. (2021);
(4) Pietrukowicz et al. (2022); (5) Soszynski et al. (2022); (6) Pietrukowicz et al. (2013);
(7) Pawlak et al. (2016); (8) Soszynski et al. (2016a); (9) Soszynski et al. (2009);
(10) Soszynski et al. (2011); (11) Soszynski et al. (2013); (12) Iwanek et al. (2022).

Class  Subtypes/Modes Nstar Source

Single mode
DSCT 30204 1-5
Multi mode

Contact
ECL Non-contact 510782  6-8
Ellipsoidal
Mira
LPV Semi-regular 177360  9-12
OSARG

their catalogs from the OGLE Collection of Variable Stars (OCVS) and assimilated ~ 30 000
DSCT, ~510000 ECL, and ~ 177000 LPV stars. These samples were gathered from both
OGLE-III and OGLE-IV (Udalski et al., 2008, 2015) and their provenance is given in Ta-
ble II1.8. The number of common stars found with these catalogs and how to retrieve them
are illustrated in Table I11.9.

I11.2.5.3 Other variable star catalogs

The ASAS-SN catalogs (Jayasinghe et al., 2018; Christy et al., 2023), Catalina catalogs
(Drake et al., 2014, 2017), and the ZTF catalog (Chen et al., 2020) consist of variable stars
of other subtypes, too. We cross-matched against each of them and flagged the common stars
following Table II1.9. These stars were not removed altogether as the false discovery rates
of variable stars of these subtypes have not been validated by us. Nonetheless, the flagged
stars should be treated cautiously.

Green et al. (2023) used TESS data to classify and characterize ~ 15 000 ellipsoidal bi-
naries. Based on spectroscopic observations of a subset, they estimated the purity of their
catalog to be 83 + 13%. Given their high completeness for systems with orbital periods less
than 1 d, we cross-matched our catalog to find any RR Lyrae stars classified as ellipsoidal
binaries by them. We recovered ~ 200 such RR Lyrae stars (190 of type RRab), out of which
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Ficure II1.13: Comparison of variability periods from our catalog (RRLCep, on the x-
axis) against ellipsoidal binaries orbital periods from Green et al. (2023, on the y-axis). The
points are colored according to the probability of being ellipsoidal binaries (Scoreey). 95%
of stars lie along the 2:1 line (shown in gray). These stars were removed from our catalog

and the rest were flagged as candidate ellipsoidal binaries.

~ 160 (18) are ASAS-SN-only (CSS-only) detections. ~95% of ASAS-SN-only sample’s
variability period is equal to half of the orbital period of the ellipsoidal binary, as shown
in Fig. II1.13. We removed all ASAS-SN and CSS-only detections that lie along the 2:1
line (168 stars) in Fig. [11.13 and flagged the rest (31 stars). The latter sample, anyway, has
relatively lower probability of being ellipsoidal binaries (Score.y) in Green et al. (2023).

II1.2.6 Non-stellar contaminants

Due to the shape of their light curves, RR Lyrae stars can sometimes be confused with Active
Galactic Nuclei (AGN). To rid our catalog of possible non-stellar objects masquerading as
variable stars, we retrieved and cross-matched against the following catalogs.

Gaia Collaboration et al. (2023a) described the extragalactic content released in Gaia
DR3 as part of the tables galaxy_candidates and gso_candidates. We used the queries
listed in Tables 11 and 12 of their article to generate pure samples of high-probability galaxy
and QSO (Quasi-stellar objects) candidates. However, Storey-Fisher et al. (2023) found
numerous non-QSO objects in the latter sample. By combining Gaia data with unWISE
photometry (Schlafly et al., 2019, described in detail in Sect. IV.1.1.1), Storey-Fisher et al.
published a cleaner sample of ~750 000 quasars brighter than G ~ 20 mag. They named
this catalog Quaia.

Gaia DR3 also contained the first Gaia catalog of variable AGNs which was validated by
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Nyar = 304
Galaxy 7 3
3]
2
3 QSO 57 1 1
ks
S
2 Var. AGN 40 17
g
Z.
AGN 18 16 46 1 2

RRab RRc RRd DCEPF BLHer RV Tau
Class in RRLCep

FiGcure II1.14: Confusion matrix of our catalog (RRLCep) against the non-stellar objects
catalogs described in Sec. [11.2.6. Var. AGN here stands for the variable AGNs from the
GLEAN catalog (Carnerero et al., 2023).

the AGN Specific Object Study module (Carnerero et al., 2023). They cleaned this sample
by using the AGNs that form the Gaia Celestial Reference Frame 3 (Gaia Collaboration
etal., 2022, Gaia-CRF3) and the cleaned sample (called GLEAN) is expected to be < 95%
pure. Except for these four all-sky samples, we also collected the region-limited but highly
pure and complete SDSS DR16 quasar catalog (Lyke et al., 2020). This collection was
formed using data from the extended Baryon Oscillation Spectroscopic Survey of SDSS-1V
and consists of ~ 700 000 QSOs. It suffers only ~ 1% contamination and is 99.8% complete.

We found a total of 304 non-stellar objects in our catalog (~ 0.09%) and their confusion
matrix is shown in Fig. I1I.14. As expected, 83% of the matched stars are RR Lyrae stars. We
removed 246 RR Lyrae stars from our catalog (~0.07%) that matched against at least one
of Quaia, GLEAN, Gaia-CRF3, galaxy_candidates, or SDSS quasar catalog. Finally,
we flagged 58 stars (comprised of 50 Cepheids, 7 RRab, and 1 RRc stars) that only had a
counterpart in the table gso_candidates. Due to the relatively low purity of this sample, we
did not remove these stars, but instead chose to flag them. Interestingly, this flagged sample
includes 46 DCEP_F stars identified by Gaia. These stars are split between Andromeda
(M31) and Triangulum (M33) galaxies (see panels f and g in Fig. III.15). After inspecting

their G-band light curves, we decided to retain them as Cepheids in our catalog.
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Ficure III.15: Sky maps (in galactic coordinates) of stars flagged into various classes
by external validation. Blue dots in every panel denote the flagged stars. The value of
EXT_CLASS_FLAG i$ given in parenthesis above every plot. In panel e, the red dots are those
Cepheids and RR Lyrae stars that are highly likely to be in eclipsing binaries and have
EXT_CLASS_FLAG = 61 (i.e., from Hajdu et al. 2021) or oGLE_FLAG=2. In panels f and g,
the white dots are non-flagged Cepheids in M31 and M33 from Gaia and blue dots denote
those DCEP_F that are flagged as QSOs only by gso_candidates.
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I11.2.7 Summarizing external validation

In summary, we collected ~ 18 million objects from various literature surveys and flagged
12 632 stars in our catalog. The complete provenance of this external validation is listed in
Table I11.9. On-sky distributions of flagged stars are shown in Fig. III.15. A total of 1164
RR Lyrae stars (ExT_cLass_FLAG = 1) are flagged as Blazhko candidates and ~ 2600 stars
(EXT_CLASS_FLAG = 2) are flagged as stars showing additional periodicity. We intend to study
their impact on period-luminosity(-metallicity) relations and distances of these subtypes (see
for e.g., Prudil & Skarka 2017).

291 RR Lyrae stars are flagged as short-period variables (mainly ¢ Scuti-type,
EXT_CLASS_FLAG = 3). We reiterate that we did not validate the classification of short-period
variables’ external parent surveys. Nevertheless, assuming a perfectly clean sample, and
given the RR Lyrae population in our catalog (~ 311 000), we estimate that the maximum

contamination from other short-period variables in our RR Lyrae sample may be ~ 0.08%.

The long-period variables (EXT_cLAss_FLAG = 4) mainly overlapped with DCEP_F and
RV Tau stars in our catalog. Similarly to the short-period variables, we anticipate that the
maximum contamination from other long-period variables in our sample of DCEP_F and

RV Tau stars may be ~ 2%.
~30 non-OGLE W Vir stars are flagged as rotating variables (ellipsoidal-type,

EXT_CLASS_FLAG = 5). These stars could belong to pW Vir class, as we expect ~ 10% uniden-
tified pW Vir stars in the non-OGLE W Vir sample. ~ 6500 RR Lyrae stars and ~ 300
Cepheids are flagged as eclipsing binary candidates (ExT_cLass_FLAG = 6). As RRc stars
are easily confused as eclipsing binaries (due to their sinusoidal light curves), they form the
bulk of this sample (~5700). Using light-travel time effects and observed—calculated dia-
grams, Hajdu et al. (2021) found 87 RRab stars in binary systems in the Galactic bulge region
(these stars have EXT_cLASS_FLAG = 61 in our catalog). A similar investigation of the remain-
ing ~ 1100 non-RRc stars can confirm whether these stars are misclassified as pulsating stars
or components of binary systems. However, disentangling pulsations from eclipses of these
stars is beyond the scope of this work. Nevertheless, they make for an excellent follow-up
sample, as pulsating stars in eclipsing binaries are a hotbed for employing asteroseismology
and orbital dynamics simultaneously (Murphy, 2018; Lampens, 2021). Given their presence
in binary systems, dynamical masses and radii of these pulsating stars can be calculated (in-
dependent of stellar models) to a high level of precision and accuracy. These parameters, in
turn, can be used to compute precise asteroseismology models for these stars, enabling de-
termination of their ages and atmospheric parameters (such as effective temperature, surface

gravity, metallicity) with great accuracy.

~70% of the 246 RR Lyrae stars that we removed from our sample as likely non-stellar
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objects are classified only in PS1 or DES. Therefore, non-stellar objects are preferentially a
source of contamination in stars classified using sparse multi-band light curves. This finding
is especially relevant for LSST, since in its initial data releases, the fainter and hitherto unde-
tected objects will only have a few observations. Hence, it becomes imperative that before
running a RR Lyrae classification pipeline on sparse multi-band light curves, the sample
should be cleaned of AGN candidates.
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Auxiliary Data

Laziness is nothing more than the habit of resting

before you get tired.

— JULES RENARD

Computation of stellar orbits in the Milky Way requires six stellar parameters: coordinates
(a, 8), proper motions (u,cos(0), us), distance, and radial velocity (v;,s). With Gaia DR3,
we get coordinates for 299.1% of stars in our catalog, all at the same epoch. It also pro-
vides proper motions for >96% of them. After applying the quality control cuts described
in Sect. I1.2, we get high quality proper motions for ~ 90% stars. In this chapter, we describe
how ancillary data from other literature surveys complement our catalog and help us com-
plete the aforementioned 6-d phase space. Additionally, for every auxiliary cross-match, we

outline the quality control steps we took to ensure retention of high-quality data.

In Sect. IV.1, we outline how we accrued complementary optical and NIR photometry
from multi-band, wide-field surveys. In Sect. IV.2, we discuss our cross-matches with low-
and high-resolution spectroscopic surveys. We describe the reddening maps that we cross-
matched with to measure extinction to our stars in Sect. [V.4. Finally, we present a detailed

algorithm with novel modifications for determining LMC/SMC membership in Sect. ['V.3.

97
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IV.1 Photometry

IV.1.1 IR photometry

As discussed in Chapter I, RR Lyrae stars and Cepheids are excellent distance indicators,
having been used as standard candles for over a century. However, no single survey in our
complement has observed all the stars. Hence, the distance estimates for these stars com-
puted using respective period-luminosity relations will be heterogeneous. Furthermore, for
the fainter stars from every survey and the stars affected by reddening, photometric uncer-
tainty can be > 0.05 mag, thereby reducing the precision of distances. Therefore, getting
photometry from other optical surveys with homogeneous coverage of large parts of the sky
and substantial number of observations can be highly beneficial.

Similarly, utilizing IR photometry, the dependence on metallicity (Bono et al., 2010;
Bhardwaj et al., 2023) and reddening uncertainties can be minimized (Freedman & Madore,
2010; Matsunaga et al., 2006, 2011). For instance, the classical Cepheid sample from an
early version of this catalog was used to trace the Milky Way spiral arms (Lemasle et al.,
2022). To minimize the effect of extinction in the Galactic disk, we had used WISE pho-
tometry to determine distances of that sample. This enabled us to model spiral arms in an
hitherto unexplored region of the galaxy.

An important outcome of collecting IR photometry for these stars is the construction of
their light curve templates. NIR templates of a few subtypes of these stars have been com-
puted (Braga et al., 2019; Inno et al., 2015; Bhardwaj et al., 2017). However, given the over-
lap between WISE and JWST (James Webb Space Telescope) filters, WISE MIR templates
can be used to phase JWST observations for RR Lyrae stars and Cepheids (Gavrilchenko
et al., 2014). For stars with multiple observations in JWST, such templates can be used to
identify these variable subtypes. Therefore, we augment our catalog with photometry from

the following surveys.

IV.1.1.1 WISE

Schlafly et al. (2019) reduced five years of data from WISE/NEOWISE missions (Wright
etal., 2010) using crowdsource and produced the unWISE W1, W2 band-merged co-added
catalog. This catalog is significantly deeper and better-resolved than the AIIWISE all-sky
atlas (Cutri et al., 2021). We cross-matched our catalog with unWISE using a 6.5” cross-
match radius (corresponding to unWISE FWHM), and recovered 90% matches within 3”.
We retained unWISE photometry only for those stars that satisfied the following criteria:
-1 < WI1-W2 < 1.3 (loosely based on the width of the classical instability strip), the PSF
quality factor > 0.5 (which ensures at least half of the pixels covered by the PSF contributed
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to this detection). We removed those stars whose W1(2) _info_flag indicated a problem
with the PSF when being processed by crowdsource (corresponding to bits 0, 3-7, for
details, c.f. Schlafly et al.). Additionally, we also discarded stars that were either saturated
or contaminated by a bright neighbor. These stars were identified as the ones that had at
least one of the unWISE flag bits set to true. Consequently, we amassed unWISE W1, W2
photometry for ~ 175 000 stars. They all have at least ~ 65 observations in both W1 and W2
bands, with a median Nyps~ 130.

We also cross-matched our catalog with the CatWISE2020 catalog of Marocco et al.
(2021). A couple of differences between unWISE and CatWISE catalogs are explained
here. While unWISE performs astrometry and photometry of WISE/NEOWISE images in-
dependently in W1 and W2 bands, CatWISE performs it jointly for both the bands. On
one hand, CatWISE2020 is based on 6-year full-depth unWISE coadds and its photometry
was performed using the AIIWISE pipeline. On the other hand, the PSF photometry algo-
rithm crowdsource was used by Schlafly et al. (2019) for unWISE photometry. Hence, we
decided to cross-match with both and assess their accuracy for our target stars. We cross-
matched with CatWISE2020 stored at Vizier, since source coordinates in this version have
been corrected for the positional offsets discovered by Marocco et al. (2021). We recovered
a CatWISE candidate for ~ 255 000 stars within 5.5” (corresponding to two WISE pixels).
Out of these, we selected ~ 191 000 stars that met the following criteria: (a) their photometry
was not contaminated either by artifacts or nearby sources and, (b) they had > 4 photometric
measurements of S/N>3 in both W1 and W2 coadds.

To estimate the difference between these two catalogs, we compared their photometry
with the Fourier-fitted mean magnitudes computed by the WISE variable stars catalog (Chen
et al. 2018)!. We recovered ~ 4300 stars in common with the Chen et al. (2018) catalog.

We compare unWISE and CatWISE photometry against that of Chen et al. (C18) in
Fig. IV.1. We notice that unWISE magnitudes compare positively with C18 Fourier-fit pho-
tometry as compared to CatWISE photometry, especially for W1 (top panel) and the color
WI1 - W2 (bottom panel). For W2, the scatter in CatWISE W2 - C18 W2 (AW2, the resid-
uals) is fairly low as well. Photometry for brighter stars is missing from unWISE but it is
available and well-behaved in CatWISE. However, for both W1 and (W1-W2), the residuals
for fainter stars in unWISE are considerably smaller as compared to those in CatWISE. For
this reason, we had utilized unWISE photometry to compute distances to a sample of classi-

cal Cepheids in the Milky Way, and used their Galactocentric positions to trace the Galactic

IThis catalog was not used as one of the input catalogs in our study as they did not provide
subtype classification for our target stars. Moreover, the OGLE team suggested that there might
be ~39% contamination in the classification of the Chen et al. Galactic Classical Cepheid sample.
Refer here: http://www.astrouw.edu.pl/ogle/ogle4/0CVS/Cepheid_Misclassifications/Chen_
et_al_Nature_Astronomy/NATURE_ASTR.dossier


http://www.astrouw.edu.pl/ogle/ogle4/OCVS/Cepheid_Misclassifications/Chen_et_al_Nature_Astronomy/NATURE_ASTR.dossier
http://www.astrouw.edu.pl/ogle/ogle4/OCVS/Cepheid_Misclassifications/Chen_et_al_Nature_Astronomy/NATURE_ASTR.dossier
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spiral arms (Lemasle et al., 2022).

IV.1.1.2 2MASS

Skrutskie et al. (2006) released the Two Micron All Sky Survey (2MASS) Point Source
Catalog which included all-sky NIR photometry for over 470 million stars. We pro-
cured 2MASS counterparts for our stars using the Gaia DR3x2MASS neighborhood ta-
ble (tmass_psc_xsc_best_neighbour). We recovered ~ 136 000 matches out of which
~29 000 were flagged out based on quality control flag recommendations prescribed in the
2MASS user guide.? We briefly discuss them here. JHK s photometry was retained only for
those stars whose band-specific flags followed the following criteria: Read flag=2 (to keep
only those stars for which PSF photometry was performed), Photometric Quality flag
= A, B, or C (to ensure photometric S/N >5), Blend flag = 1 (to select isolated sources
which were fitted using a single profile), Contamination flag = 0 (to avoid sources af-
fected by nearby artifacts or stars), Galaxy contamination flag = 0, and Ext Key =
null (to avoid contamination from sources from the 2MASS Extended Source Catalog).
More than 75% of these rejected stars were located across the Galactic bulge and disk, indi-
cating that crowded regions were affected the most (probably due to the 2.5-3” FWHM of
2MASS images).

Consequently, we only selected ~ 84 000 stars that were identified in > 5 frames in every
band, and in > 2 of which they had a > 30 measurement. These steps ensured that the
JHK s magnitudes were of the highest quality and as close to the mean magnitudes of stars

as possible, given the arbitrarily-timed observations across the variability phase.

IV.1.1.3 VISTA

The VISTA Hemisphere Survey (VHS, McMahon et al. 2013), the VISTA survey of the
Magellanic Clouds (VMC, Cioni et al. 2011), the VISTA Variable in the Via Lactea survey
(VVV, Minniti et al. 2010) collectively observe the entire Southern celestial hemisphere
using the ESO VISTA telescope. These surveys provide much deeper coverage in the JHK s
bands as compared to 2MASS. We gathered both Fourier/template-fit mean magnitudes from
the corresponding studies listed below as well as the unphased mean magnitudes that are
included in the source table of these surveys.

Specifically, we assimilated template-fit mean magnitudes for LMC Cepheids and
RR Lyrae stars from Ripepi et al. (2022) and Cusano et al. (2021), respectively. These
studies used VMC observations of literature variable stars to measure YJK s-band magni-

tudes for ~ 33 000 stars in our catalog. While Ripepi et al. (2022) provide Fourier-modeled

2See https://www.ipac.caltech.edu/2mass/releases/allsky/doc/secl_6b.html#origphot.


https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec1_6b.html#origphot
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Ficure IV.1: Comparison of CatWISE (in blue) and unWISE (in red) photometry against
Chen et al. (2018, C18) magnitudes. The top left panel displays the distribution of the resid-
ual AW1 = unWISE/catWISE W1 - C18 W1 as a function of C18 W1. Similarly, the middle
left and bottom left panels show the same distributions for W2 and color W12 (= W1 - W2),

respectively. Normalized histograms of these residuals are shown for both catWISE (in blue)

and unWISE (in blue) in the right panels.
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variability amplitudes, Cusano et al. (2021) do not. We measured these quantities from
the light curves used by them. On average, both these samples contain light curves with
Nobs ~ (5,5,15) in (Y, J, Ks) bands, which are enough to determine the mean magnitudes
with an uncertainty < 10 mmag (discussed in detail in Sect. V.1.1).

Similarly, for the stars in the VVV footprint (the Galactic bulge and disk), we ac-
crued their Fourier-fit ZY JHK s-band magnitudes and amplitudes from the VIVACE catalog
(VIrac VAriable Classification Ensemble, Molnar et al. 2022). We found ~ 38 000 stars in
common with VIVACE, with > 98% classified as RR Lyrae or Cepheids in VIVACE as
well. However, this sample includes only ~ 50% of the RR Lyrae stars in VIVACE and only
~ 10% of the Cepheids. Due to inherent challenges in classifying these stars using NIR light
curves, we intend to include the VIVACE-only stars into our catalog after visual inspection.

Except for these ~ 70,000 stars from the aforementioned catalogs, we collected VISTA
photometry from merged catalogs of VVV DRS and VMC DR6? for a further ~ 30 000 stars,
totaling to ~ 110 000 stars with VISTA photometry.

Furthermore, we gathered YJHK s photometry from VHS DRS for ~ 88 000 stars in the
Southern (celestial) halo. While VMC and VVV tie their photometry to the Vega system,
the VHS photometry is released as AB magnitudes. We transformed the latter to the Vega
system using the conversions listed in Appendix D of Gonzadlez-Ferndndez et al. (2018).

We retained NIR photometry only for those stars that did not contain any bad pixels
in their default aperture or exhibit any other grave problems (like saturation) during their
photometry. This was ensured by selecting only those stars which had post-processing error
flag XppErrBits < 16, where X is the filter being used. Furthermore, we selected only
those sources that were primary photometric objects and had a high probability of being a
star. With this, we assembled VISTA photometry for ~ 134 000 stars.

As depicted in Fig. IV.2, 2MASS and the VISTA surveys complement each other by
contributing NIR photometry for brighter and fainter stars, respectively. Stars brighter than
~ 12 mag in JHK s are saturated in the VISTA images but measured accurately by 2MASS.
However, the detection limit of 2MASS is ~ 16.5 mag, while the VISTA surveys go ~ 3 mag

deeper.

IV.1.2 Optical Photometry

The Rubin Observatory Legacy Survey of Space and Time (LSST) will observe the sky
in SDSS ugrizy filters (Ivezic¢ et al., 2019). Therefore, Cepheid and RR Lyrae period-
luminosity(-Wesenheit) relations in these filters can be applied to LSST data. Our input

surveys provide photometry in the filters listed in Table I1.2. Only three surveys compute

Shttps://www.eso.org/rm/api/vl/public/releaseDescriptions/194
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Ficure IV.2: Normalized histograms of 2MASS (blue) and VISTA photometry (red).

Fourier-fit light curve magnitude in griz bands, namely PS1, DES, and ZTF. However, the
PS1 catalog (Sesar et al., 2017) included here only contains RRab and RRc stars, and the
same applies to the DES sample (Stringer et al., 2021). While the ZTF catalog (Chen et al.,
2020) does contain Cepheids, it is limited to the g- and r-bands only. Therefore, to accumu-
late photometry in ugrizy bands for as many stars as possible, we cross-matched against the
following catalogs. These enable the computation of PL/PW relations and template creation

in a filter complement similar, and therefore, easily applicable to the LSST.

IV.1.2.1 DECam Surveys

Beyond the Dark Energy Survey, the Dark Energy Camera (DECam, Flaugher et al. 2015)
is used to conduct multiple other surveys. They all observe complementary parts of the sky
in all or a subset of ugrizy bands. We include data from DELVE, DECaPS, SMASH, and
the NOIRLab source catalog for our stars. The descriptions of these DECam surveys and

the steps taken to clean their data are outlined below.

The DECam Local Volume Exploration Survey (DELVE, Drlica-Wagner et al., 2021)
reprocesses archival DECam images and reduces new observations in regions with |b| >10°.
The DECam Plane Survey (DECaPS, Saydjari et al. 2023) is complementary to DELVE
DR2 (Drlica-Wagner et al., 2022) as it contains observations of the Galactic plane in grizy
bands. However, since DELVE DR2 is a catalog level coadd, its detection limit towards the

Magellanic Clouds is shallow as compared to SMASH (Survey of the MAgellanic Stellar
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History, Nidever et al. 2017)#. Hence, we also cross-matched against SMASH and preferred
their observations for stars common between SMASH and DELVE DR2.

The NOIRLab Source Catalog (NSC, Nidever et al. 2021), similar to DELVE, re-
processed most of the public images available in the NOIRLab astronomy data archive’.
DELVE, DECaPS, and SMASH combined, cover almost the same region in the sky as NSC
DR2. However, there are a few differences between them. While DELVE also contains new
observations, the NSC does not. The NSC DR2 contains photometry in ugrizy and DECam
VR bands, as compared to griz bands for DELVE. Nidever et al. (2021) processed the NSC
DR?2 data using a custom pipeline built by Nidever et al. (2018), while DELVE DR2 (Drlica-
Wagner et al., 2022) used the pipeline built by the DES Data Management team (Morganson
et al., 2018). In light of these differences, we cross-matched against all the aforementioned
surveys to assess their performance against Fourier-fit magnitudes.

For all matched stars from DELVE, DECaPS, and SMASH, we applied the following

filters. We retained a star’s photometry in a band X (from ugrizy) if:

* PSFFWHM <107”;

e > 3 detections with S/N > 5;

e fracfluxx>0.75 (to ensure > 75% of the PSF-weighted flux originates from the

source and not its neighbors);

* quality_factor > 0.99 (to ensure > 99% of the pixels with a non-zero weight over

a5” x 5” region are not affected by any artifacts;

* parent_flag = false (to remove unresolved stars);

* extended_class = 0 (to remove contamination from extended objects).

In addition to the cuts mentioned above, for NSC DR2, we avoided highly-reddened
regions by retaining only those stars with Schlegel et al. (1998) E(B-V) < 1 mag (as rec-
ommended by Nidever et al. 2021). Consequently, we recovered ~ 191000 stars from
DELVE+DECaPS+SMASH and ~ 131000 stars from NSC DR2. Approximately, 100 000
stars are common to both catalogs. The unique stars in the former are mostly located in

regions of newer observations, which were unavailable to Nidever et al. (2021).

4However, DELVE-MC, a sub-survey of DELVE not included in DR2, will increase this depth beyond that

of SMASH (A. Drlica-Wagner, in priv. comm.).
Shttps://datalab.noirlab.edu/index.php
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IV.1.2.2 PS1 and ATLAS

To complement the DECam surveys in the Northern sky, we cross-matched our catalog
against Pan-STARRS1 37 and Medium-Deep surveys (PS1 DR2). This cross-match also
allows us to garner PS1 photometry for stars absent from Sesar et al. (2017) RR Lyrae cata-
log. We retained PS1 magnitudes for stars with quality_flag > 0.99 and > 5 observations
in one of grizy bands. Ultimately, PS1 DR2, in conjunction with DECam surveys and NSC
DR2, provide griz magnitudes for the entire sky. However, to account for their limited Nops,
we cross-matched against the ATLAS variable stars catalog.

The Asteroid Terrestrial-impact Last Alert System (Tonry et al., 2018, ATLAS) uses
four telescopes of 0.5 m diameter each to detect asteroids up to a limiting magnitude of
~19.5 mag. Heinze et al. (2018) published the first catalog of variable stars based on high-
NobsATLAS data. They classified stars into broad variability types after Fourier-fitting their
ATLAS light curves. We cross-matched against this catalog to gather their Fourier-fit o and
¢ magnitudes, which are based on PS1 filters. We selected stars with at least 40 observations
in both o- and c-bands and at least 30 of which were identified as ‘good’ by their Fourier-
fitting routine. Furthermore, we confirmed that stars’ photometry was minimally affected
by their neighbors, by selecting only those stars with proxSTAT = 1. Following Eqn. 2 of
Tonry et al. (2018), we converted the ATLAS o, ¢ magnitudes to PS1 gri magnitudes. We
will assess these magnitudes and those from DECam surveys against gri from Sesar et al.
(2017) in a future work.

IV.2 Spectroscopy

IV.2.1 Radial Velocity

The last dimension required to complete 6d phase space data for our stars is the line-of-sight
velocity (vies , also commonly referred to as radial velocity). For pulsating stars, the mea-
sured vjog contains two components: one arising due to the systemic motion of the star with
respect to the solar system barycenter (v,), and the other due to expansion and contraction of
the stellar atmosphere, which is driven by the pulsations. By measuring a star’s v, multiple
times over its phase, a radial velocity curve (RVC) can be computed and the mean of this
RVC estimates the star’s barycentric velocity, v,. To compute v,, using just a few observa-
tions, RVC templates are employed to phase these measurements. Such templates are readily
available for RR Lyrae stars (Sesar, 2012; Braga et al., 2021) and classical Cepheids (Ko-
vacs et al., 1990; Marconi et al., 2017; Gallenne et al., 2019), but very rarely for Type-II
or Anomalous Cepheids. We have not applied any template correction to the velocities we

amassed from the surveys discussed below. We foresee incorporating these templates into
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an advanced version of the catalog later. The epoch velocities we accumulate here can also

aid in the construction of the first RVC templates for several subtypes.

IV.2.1.1 Data Collection

We gathered v, estimates from eight spectroscopic surveys. Here, we describe the quality
control steps we undertook to ascertain that the gathered vj¢ values are of high quality.

The Radial Velocity Spectrometer (RVS) onboard Gaia measures v for stars brighter
than Grys ~ 14 mag, (Katz et al., 2023). We discarded RVS vy estimates for stars with
(Grvs — G) < —3 as their spectra are likely to suffer from contamination by a nearby source
or their images have underestimated background fluxes (Babusiaux et al., 2023). Similarly,
following Eqn. 1 of Babusiaux et al. (2023), we rescaled v, uncertainties for both the bright
(8 < Grys < 12) and faint stars (Grys > 12). In total, RVS v estimates are available for
~ 10600 stars in our catalog.

Gaia DR3 also contains epoch vj,s measurements for ~ 1800 stars from this sample
which have > 7 epoch vj,s measurements. Ripepi et al. (2023); Clementini et al. (2023)
phase-folded and Fourier-fitted RVC of these stars and computed the average vjos . This av-
erage is indicative of the barycentric velocity, any systematics notwithstanding. We used
these SOS vy values over those from DR3 source_table for the common stars.

LAMOST low- (Cui et al., 2012; Deng et al., 2012; Zhao et al., 2012) and medium-

resolution (Liu et al., 2020) surveys obtain spectra for millions of stars in the Northern sky.
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We gathered vos determinations from the eighth data release (DR8) of LAMOST for ~ 6200
stars. For this sample, we selected low-resolution vos measurements for those stars with
S/N > 3 in R-band spectra and medium-resolution vy estimates for stars with zero flags in
R-band spectra (rv_r_flag = 0).

As part of SDSS-I and SDSS-II, the Sloan Extension for Galactic Understanding and
Exploration (SEGUE) obtained low-resolution spectra covering almost the entire optical
range. Lee et al. (2008) developed the SEGUE Stellar Parameter Pipeline (SSPP) to measure
Vlos and atmospheric parameters. We procured SSPP vy estimates for ~4100 stars in our
catalog after limiting our sample to stars with S/N > 3 and zwarning = [0, 1, 4], to limit
low-quality spectra and bad template fits.

The Apache Point Observatory Galactic Evolution Experiment (APOGEE), as part of
SDSS DR16, released NIR spectra for ~ 400 000 stars located across both the hemispheres
(Jonsson et al., 2020; Ahumada et al., 2020). Following Price-Whelan et al. (2018), we dis-
carded v for those stars for which either starflags contained one of: PERSIST_HIGH,
PERSIST JUMP_P0OS, PERSIST JUMP_NEG, VERY BRIGHT NEIGHBOR, LOW_SNR,
BAD_PIXELS or aspcapflags was set to STAR_BAD. These flags make sure that the spectra
were calibrated without any major problems and that the measured stellar parameters are
reliable. We accrued APOGEE v values for ~ 200 stars in our catalog.

To remove stars whose epoch vy values were derived with low confidence from the
RAVE DR6 sample (Radial Velocity Experiment; Steinmetz et al. 2020), we followed
Kordopatis et al. (2013) to limit the sample to only those stars that have S/N > 5,
uncertainty(vios ) < 8 km s~!, absolute value of zero-point correction to vips < 10km s,
and Tonry-Davis R correlation coefficient < 10. These cuts eliminated RAVE stars with er-
roneous mean vy estimates, and ultimately returned high-confidence vy for ~ 150 bright
stars in our catalog.

The Galactic Archaeology with HERMES (GALAH) survey obtains high-resolution
spectra of the Southern sky. With its third data release (Buder et al., 2021), it re-
leased ~ 700000 spectra of bright stars. From this sample, we only selected stars with
Vios computed either by Zwitter et al. (2021) or by the GALAH SME pipeline. We fur-
ther limited our sample to stars with un-flagged stellar parameters by setting the constraints
recommended by Buder et al. (2021): flag_sp =0, flag_feh =0, and snr_c3 > 30.

Li et al. (2019) carried out targeted spectroscopic follow-up of Galactic streams using
the Anglo-Australian Telescope. We accrued vio,s measurements from this catalog for ~ 300
stars. A detailed analysis ascribing these stars to their parent streams will be pursued in a

future work.

The Gaia-ESO Public Spectroscopic survey (GES; Gilmore et al. 2012; Randich et al.
2013) used the ESO spectrographs UVES and GIRAFFE to obtain high-resolution spectra
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FiGcure IV.5: Normalized histograms of phot_g_mean_mag for all stars in our catalog (in

red) and for those with a (v}os) estimate (in blue).

suited for chemical abundance analysis. In its final data release® (Gilmore et al., 2022, DR
5.1), GES released vjo,s measurements for ~ 115000 Milky Way stars. We retrieved GES
Vlos €stimates with S/N > 3 for 125 stars in our catalog.

We also accumulated v, from the general star catalog hosted by Simbad in its BASIC
table. Eliminating v, estimates from the aforementioned surveys already collated, and those
with the poorest quality measurements (rvz_qual = E), we amassed vy for ~ 1900 stars
from Simbad. The survey that contributed the highest number of v}, estimates is the Bulge
Radial Velocity Assay of RR Lyrae stars (BRAVA-RR; Kunder et al. 2012, 2020).

IV.2.1.2 Combining and validating v

For all surveys, we removed v, estimates for stars with |vies| > 600km s, to limit the
number of extragalactic contaminants (see, e.g., Prudil et al., 2022). For stars with multiple
V1os Measurements across surveys, we computed the uncertainty- and Nyps-weighted mean,
(vi0s) » and median of all epoch v}, measurements. We also report the standard deviation in
their epoch velocities, o (vjos), and the uncertainty on the median. As done for Gaia DR2
(Sartoretti et al., 2018) and DR3 (Hambly et al., 2022), the uncertainty on the median, o, ,

O-Vlm = \/EO- (VIOS) ’ (IVI)
‘ 2 [vépoch

where Nepoch is the number of epochs across surveys.

is computed as:

Shttps://www.eso.org/rm/api/vl/public/releaseDescriptions/210
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Consequently, we accrued (vios) for 19947 stars. To validate these, we use the Gaia SOS

Fourier-fit sample whose average vi,s measurements are good estimates of v,, (as discussed

non-Gaia

earlier). We computed (v}\”

) by taking into account all surveys except Gaia (neither the
SOS vy nor the source_table estimates were considered). We found 619 stars in common
between this non-Gaia sample and the Gaia SOS sample. Their 1:1 comparison is shown
in Fig. IV.3 (left panel). As expected, given the content of both velocities, there are a few
outliers whose uncertainties do not account for the difference between the two quantities.

However, the overall agreement is good. This agreement is measured in the middle panel of

Fig. IV.3. Here, we plot the residuals Avio, , computed as (vio"@) - 305 “against vJOS .

The points are colored according to the amplitude of their RVC, Amp(vios ), as computed

by the SOS Cep&RRL pipeline and provided as peak_to_peak_rv. We see the expected

non-Gaia

pattern in this figure, wherein (v}

SOS
Y

) for stars with smaller amplitudes is relatively closer
to v>”" than those with larger Amp(vios ), 1.€., their Aviyg are relatively tightly distributed

around 0 km s~! (though not symmetrically).

The normalized distribution of the residuals, Aviy, is shown in the right panel of
Fig. IV.3. It has a mean of ~ —2 kms~! and is biased more towards negative values. This
bias results from the interplay between the sampling bias in our collection and the out-of-
phase nature of Cepheids and RR Lyrae stars’ radial velocity curves with respect to their
light curves. Specifically, when a Cepheid or RR Lyrae star is brightest along its variabil-
ity phase, it exhibits the lowest vios. As the spectroscopic surveys are S/N-limited, a star’s
randomly timed observations will be biased towards the times when it is brighter. Conse-
quently, the average of arbitrarily collected epoch vjo of a star will be biased towards lower
values. Therefore, in our sample, we find that the distribution of Avj, is not symmetrically

distributed around 0 km s~!, but biased towards negative values.

We also computed the variability index proposed by Katz et al. (2023) to measure the
RVC coverage of stars from the DR3 gaia_source sample. This variability criterion is
defined as rv_chisq_pvalue < 0.01 and rv_renormalised_gof > 4. This index marked
~90% of the stars in our sample (with at least 10 transits in Gaia DR3) as variable, thereby

suggesting good coverage across the variability phase.

We emphasize that the final velocities we report include Gaia velocities as well — both
SOS velocities for ~ 1800 stars and RVS velocities from Katz et al. (2023) for a further
~ 8000 stars. We also reiterate that the final velocities have not been phased using templates.
Nevertheless, the on-sky distribution of these velocities readily reflects the expected bipolar
distribution due to the Sun’s peculiar motion in the Milky Way. This distribution is shown

in the bottom panel of Fig. IV.4 for ~ 14 000 stars with at least 2 epoch measurements.

The magnitude distribution of stars with a (vos) estimate in our catalog is shown

in Fig. IV.5. Naturally, brighter stars are preferentially observed in spectroscopic sur-
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veys and this is reflected in our collection. Moreover, as Cepheids are intrinsically
brighter than RR Lyrae stars, a greater proportion of the former’s sample is present in our
(v10s) complement. Specifically, we collected (vios) for 5% of RR Lyrae stars, while the
fractions for classical Cepheids, Type-II Cepheids, and anomalous Cepheids are ~ 19%,
~35%, ~ 15%, respectively. Following a similar trend, more than half of the brightest Type-
IT Cepheids (RV Tau) have a (vjos) determination in our catalog (~ 56%), while only ~ 15%

of the faintest (BL Her) are covered.

IV.2.2 Iron-Abundances

We also collected iron-abundances ([Fe/H]) measured by these surveys using high-resolution
spectra. However, the added challenges in measuring [Fe/H] as compared to vg , warrant a
greater degree of quality control than the one we undertook. Nevertheless, we include the

unvalidated [Fe/H] estimates for ~ 8300 stars in our catalog.

IV.3 Substructure Membership

The satellite galaxies of the Milky Way, that is, the Large and Small Magellanic Clouds, have
been used as primary calibrators of PL/PW laws for over a century (Leavitt, 1908; Leavitt &
Pickering, 1912). Independently, the distance to these Irregular galaxies has been computed
using geometric methods (detached eclipsing binaries, in particular) to 1 — —2% accuracy
(see Pietrzynski et al. 2019 for the LMC and Graczyk et al. 2020 for the SMC). As a result,
the Magellanic Clouds’ classical Cepheids are a significant rung of the extragalactic distance
ladder (Riess et al., 2019a). In addition to the classical Cepheids, the Magellanic Clouds
are hosts to all our target subtypes, as shown in Chapter II. The extensive observations of
the OGLE survey have resulted in an almost complete census of our target subtypes in the
Magellanic Clouds.

Except for the Magellanic Clouds, the Milky Way subsystems, namely, open clusters
(OCs), globular clusters (GCs), and dwarf spheroidal galaxies (DGs) are also hosts of our
target stars (Bailey, 1902; Ceraski, 1905; Irwin, 1955; Zinn & Dahn, 1976; Clement et al.,
2001; Dias et al., 2002). Given their small line-of-sight depth (Baumgardt & Vasiliev, 2021;
Martinez-Vazquez et al., 2017; Hunt & Reffert, 2023), coupled with the fact that the distance
to these subsystems is usually known to a precision and accuracy of 1% or better (Vasiliev &
Baumgardt, 2021; Cantat-Gaudin et al., 2020), they can be used as independent calibrators of
PL/PW relations of our target subtypes (and references therein Bono et al., 2007; Bhardwaj,
2022; Ngeow et al., 2022b,c,a). Furthermore, they can also be employed to validate PL/PW

relations trained on other calibrators like the LMC or Gaia parallax sample.
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The membership lists of the OCs, GCs, and DGs are readily available (discussed below).
Furthermore, the use of different methods and membership criteria lead to few differences
in the attribution of certain stars to a given cluster. Hence, provisionally, we rely on liter-
ature membership lists to ascribe subsystem membership to our stars. Since most of these
lists are primarily based on Gaia (E)DR3, they are generally incomplete towards the cen-
ters of highly-dense systems (particularly GCs and DGs). To increase this completeness, in
Lemasle et al. (in prep.), we present a compilation of variable stars detected in dedicated
photometric follow-up surveys that are present in the literature. In this quoted study, we per-
form a precursory cleaning of literature catalogs of GCs and DGs and use BXM (developed
in Sect. I1.2) to cross-match these dense catalogs with each other. However, in the current

work, we used the membership lists only from the studies that are discussed here.

IV.3.1 Open Clusters

We accrued open cluster members from (Castro-Ginard et al., 2022; Cantat-Gaudin & An-
ders, 2020; Cantat-Gaudin et al., 2020), (Reyes & Anderson, 2023), (Hunt & Reffert, 2023),
and Medina et al. (2021). They provide membership lists of OCs in the Milky Way, along
with the mean distance, age, extinction, and radial velocity of the cluster. We summarize
these analyses here.

Cantat-Gaudin & Anders (2020) fed Gaia DR2 data to the unsupervised membership
assignment algorithm called UPMASK (Krone-Martins & Moitinho, 2014). Cantat-Gaudin
et al. (2020) built on the Cantat-Gaudin & Anders (2020) membership lists of 1481 open
clusters by combining them with literature catalogs and characterizing them with deep learn-
ing. They released a list of 1867 open clusters with reliable ages and distance modulus.

Castro-Ginard et al. (2022) employed a custom algorithm they call 0Cf inder (Castro-
Ginard et al., 2018) on Gaia EDR3 data to detect and characterize 1274 new open clusters.
This list includes the new discoveries made by them using Gaia DR2 data (Castro-Ginard
et al., 2020). In essence, they utilized a clustering algorithm termed DBSCAN (Density-
based spatial clustering of applications with noise) to detect overdensities in the Gaia astro-
metric photometric space. Consequently, they leverage Gaia photometry (with deep learn-
ing) to characterize the detected open clusters using synthetic isochrones.

Hunt & Reffert (2021) compared the performance of DBSCAN, Hierarchical DBSCAN
(HDBSCAN) and Gaussian mixture models (GMM) for unsupervised cluster detection in
Gaia DR2 data. They concluded that HDBSCAN is the most sensitive algorithm albeit
it requires post-processing to eliminate false positives. Consequently, in Hunt & Reffert
(2023), they employed HDBSCAN on Gaia EDR3 data and validated their results using a

Bayesian neural network. They released a list of 4105 high-confidence clusters (including
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open clusters, moving groups, and globular clusters), out of which 739 were new discoveries.
A distinct advantage of their algorithm over that of Cantat-Gaudin et al. (2020) is the ability
to recover true members even away from the cluster core. This is borne out of the fact that the
UPMASK algorithm used in the latter analysis has the highest detection efficiency towards
the central regions.

We cross-matched RRLCep with these catalogs and recovered 58 classical Cepheids in
54 open clusters. We were able to recover 13 pairs out of 19 high-probability pairs of Reyes
& Anderson (2023). The on-sky distribution of these clusters is shown in Fig. As shown in
Reyes & Anderson (2023) these cluster Cepheids make for an excellent calibrator of PL/PW

relations.

IV.3.2 Globular Clusters and Dwarf Galaxies

Vasiliev & Baumgardt (2021) published membership lists of Galactic globular clusters
(GGCs) using data from Gaia DR3 providing a homogeneous set of distances to ~ 170 GGes.
Baumgardt & Vasiliev (2021) combined these distance estimates with those available in the
literature to compute highly precise and accurate GGC distances and their respective mem-
bers.

Vasiliev (2023) predicted that 7 classical MW DGs (c.f. e.g, McConnachie 2012 and
Martinez-Vazquez et al. 2017 for properties of these galaxies and Gallagher & Wyse 1994;
Grebel et al. 2003 for a broader review) were formed in the Magellanic Clouds and were
caught in Milky Way’s potential during the first infall of the Clouds > 5 Gyr ago. Neverthe-
less, for our analysis, we considered these seven galaxies as part of the Milky Way halo. We
relied on the membership lists of Gaia Collaboration et al. (2018b) and gathered distances
to individual galaxies from the compilation of Huang & Koposov (2021).

In total, we found 2168 RR Lyrae stars and 72 Type-1I and anomalous Cepheids in 63
Milky Way GCs and DGs. We reiterate that this list is by no means complete. For instance,
our catalog includes ~ 100 RR Lyrae stars in w Centauri (NGC 5139, presented in Fig. [V.6).
However, in the same system, Braga et al. (2016) classified ~ 180 RR Lyrae stars by lever-
aging over two decades of photometry. Similarly, using a 4 m telescope, Navarrete et al.
(2017) classified secen Type-1I Cepheids in w Cen, five of which are also recovered in our
catalog (see Fig. IV.7).

This incompleteness in our catalog is due to the crowded nature of w Cen’s central re-
gions. As a result, the membership list of Baumgardt & Vasiliev (2021), which is based
on Gaia (E)DR3 itself, is incomplete. Furthermore, the high stellar density also affects the
ability of other ground-based, all-sky surveys to probe the interior regions of w Cen, thereby

hampering their variable star identification. A comprehensive membership list per cluster
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FiGure IV.6: Number distribution of RR Lyrae stars in the globular clusters of the Milky
Way. The x-axis represents the name of the cluster in the format NGC XXXX. Only the top

20 clusters with the largest RR Lyrae population are shown here.

and dwarf galaxy will be presented in Lemasle et al. (in prep.). Nevertheless, these member
stars present an invaluable preliminary sample for an independent calibration and validation
of PL/PW relations (see, e.g., Ngeow et al. 2022a,b,c).

IV.3.3 The Magellanic Clouds

In contrast with these stellar systems, the Magellanic Clouds membership lists are few and
far between (see discussion in Gaia Collaboration et al., 2021b).

To ascertain which stars in our catalog are part of the Magellanic clouds, we compared
their positions and proper motions against those of the Clouds. We employed the strategy
outlined here to assign XMC (LMC/SMC) membership.

Step 1: We initially selected XMC stars based only on their coordinates as discussed in
Chapter II and detailed in Appendix 1.3.

Step 2: From these preliminary samples, we removed all the stars with @ /o > 8 deem-
ing them foreground contaminants, where @, 0 are Gaia DR3 parallax and its uncertainty.
This limit in parallax S/N did not remove any stars from the central regions of the clouds,
while it eliminated ~ 220 (70) stars towards the LMC (SMC) outskirts. More than ~ 95%
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Ficure IV.7: Same as Figure V.6 but for Type-II Cepheids.

of these stars are RR Lyrae and they have G < 16 mag, while the core LMC RR Lyrae

population is fainter than G ~ 18 mag.

Step 3: We employed the Minimum Covariance Determinant estimator (MCD,
Rousseeuw 1984; Rousseeuw & Driessen 1999; explained below) to estimate the on-sky
center (g, 6g) of XMC.

Step 4: To avoid measuring distances in spherical geometry, we transformed equatorial
coordinates (@, 0) to orthographic cloud-centric coordinates (x, y). Given the limited angular
size of the Clouds, coupled with the absence of stellar distances, it is adequate to use a 2-d
orthographic projection over a 3-d (x, y, z) gnomonic projection (c.f. Gaia Collaboration
et al. 2018b). Following Jacyszyn-Dobrzeniecka et al. (2016); Iwanek et al. (2018); Gaia
Collaboration et al. (2021b), we computed x, y as:

x = cosd sin(a — ap)
IV.2)
y = 8ind cos §y — cos d sin dp cos(a — ).

Here, g, d¢ is the center of the XMC as determined in the previous step.

Step 5: Similarly, to leverage Gaia astrometry, we converted the stellar proper motions

along RA and Dec (u,+, us) to their orthographic components (i, 1) as follows:
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Uy = Mo+ cos(@ — ap) — is Sin 6 sin(a — ap)
My = Ho+ sin ¢ sin(a — ayp) Iv.3)

+ s (cos & cos dg + sin d sin 6 cos(a — @p)).

Step 6: For the final selection of members, we calculated the Mahalanobis distance (D yy)
between every star and the XMC center in both phase spaces: the coordinates (x, y) and
proper motions (i, iy). We determined the centers and shapes (covariance matrices) of
these distributions using the MCD estimator. Essentially, the MCD aims to identify the
largest subset of stars that contribute to the lowest covariance within the sample. This esti-
mator is immune to outliers and considered highly robust when Ny, > 5 X d, where d is the
dimensionality.

Step 7: To estimate the center (uy 0, iy,0) and the shape (o) of the XMC (uy, py)
distribution, we updated the scikit-learn (Pedregosa et al., 2011) implementation of the
MCD algorithm (Rousseeuw & Driessen, 1999). This updated version incorporates the un-
certainty covariance matrix (X, ) for each star and is, consequently, more robust as com-

pared to the original implementation.

Step 8: The measured proper motion uncertainty covariance matrix X, ., was trans-

formed to X, | using the following Jacobian matrix:
cos(a — ayp —sin ¢ sin(a — ap
J=| (. ) . (. ) , ava4)
sin &g sin(a@ — @g) €08 cos dg + sin o sin oy cos(a — ap)
in this equation:
_ T
X =X IVv.s5)

Step 9: We tried using the updated MCD estimator to compute the center (xg, yo) and the
shape (Xy,) of the XMC orthographic coordinates. This approach took into account both
the uncertainties on coordinates and the correlation between coordinates and proper motions
(i.e, the full 4 x4 covariance matrix). However, this did not lead to a significant difference as
the Gaia coordinates are measured to high precision, and the correlation between coordinates
and proper motions is only marginal. Hence, the final estimation of (xo, yo) and X, o did

not include the per-star uncertainties.

Step 10: Finally, we computed Dy ; (for j from 1 to N,) as:

D), =Ay,; 0 AT
jM,xy XY_»I XY,J . ’ (IV.6)

M, pixy = A#xya./ Z,uxy,j,joint Hxy]
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Ficure IV.8: On-sky map of stars towards the Magellanic Clouds (in equatorial coordi-
nates). Left: Stars selected as members of the Magellanic Clouds (blue). Right: Subtracted

map of the same regions depicting the Galactic halo stars (in red).

where,

Ay =[x, y71" = [x0, yol”

Auryj = Lo iy 17 = [0, p1y01" (IV.7)
(Z#Xy,j + Z,uxy,O)
Z[ny’j,joint = ) .

Here, th follows a y? distribution with 2 degrees of freedom, therefore, the probability
of membership p’/ can be computed as: p/ =1 — F (Dj ,2), where F' is the cumulative
distribution function. We removed any star with either pf;y < 0.001 or pf; < 0.001.
xy
After removing the stars on the basis of proper motions, we noticed that ~ 5% of stars less
than 1° from the XMC center were classified as non-XMC members. A possible reason for
this is that in these crowded central regions, the proper motion solutions in Gaia DR3 are
inaccurate. Therefore, we excluded stars less than ~ 1° from the XMC center from proper

motion filtering.

Consequently, we selected ~ 48 000 stars as LMC members and ~ 11 000 as SMC mem-
bers. Their on-sky and orthographic maps are presented in Figures IV.8 and IV.9. In
Fig. IV.8 this, we display the XMC subtracted maps of the Magellanic regions, which prove
that our selection is quite pure and complete. Furthermore, this selection will be made even

more robust by taking individual stellar distances into account in Chapter V.
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FiGgure IV.9: Orthographic projections of the LMC (top row) and the SMC (bottom row)

member stars. The stars are colored according to their proper motions along the orthographic

components: p, (left column) and p, (right column). These proper motions have been cen-
tered and their mean values are listed above the color bar of each panel. The maps in the
top row are consistent with the maps produced by Gaia Collaboration et al. (2021b) for the

entire LMC population and were discussed in Fig. [.11.
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IV.4 Extinction

An essential component in the computation of period-luminosity relations is the extinction
to each star (A). Since their release, the 2-d reddening map of Schlegel et al. (1998) —
commonly referred to as the SFD map — is the de facto reddening map used by most stud-
ies. However, with better data and modern methodologies, 3-d maps focused on a specific
Galactic region (like the disk) or 3-d all-sky maps have been produced. Here, we describe

the latest reddening maps that we used to garner an extinction estimate for our stars.

IV4.1 The Milky Way midplane

By combining Gaia DR3 parallax and 2MASS photometry, Lallement et al. (2019, 2022)
estimated extinction within 0.8 kpc of the Galactic midplane. As discussed by Babusiaux
et al. (2023) and presented in Ulla et al. (2022), this monochromatic extinction Aq at 5500
approximates Ay fairly well for regions with Ag < 2.5 mag. Hence, for stars near the disk
(mainly DCEP), we assimilated extinction from Lallement et al. (2022) 3-d map”’. The dis-
tance we used to retrieve this 3-d extinction was derived using PW relations computed in the

next chapter.

IV.4.2 The Magellanic Clouds

Red Clump stars exhibit a narrow range of intrinsic luminosities and effective temperatures
borne out of their evolutionary stages. By leveraging the theoretically calculable intrinsic
colors of such Red Clump stars, Skowron et al. (2021) produced a detailed reddening map
of the Magellanic Clouds. This map, which quantifies reddening as E(V — I), yields greater
accuracy and resolution towards the central regions of the Clouds compared to the SFD map.

We extracted E(V — I) estimates from this map for ~ 50 000 stars in the Magellanic Clouds.

IV.4.3 All-sky map

For the rest of the sky, we used the 3-d extinction map from Bovy et al. (2016). This map
is a combination of the following maps: Green et al. (2019) map based on Pan-STARRS
and 2MASS photometry which covers three-quarters of the sky, Marshall et al. (2006) map
based on 2MASS data towards the Galactic disk, and the COBE-DIRBE-based Drimmel
et al. (2003) map for stars at higher latitudes in the Southern hemisphere.

We converted reddening measurements from these maps to extinction in various bands
using Table 6 of Schlafly et al. (2016) and Table 3 of Wang & Chen (2019). We used the latter

7https://explore-platform.eu/sda/g-tomo
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table to compute the total-to-selective extinction ratios that constitute the various Wesenheit
indices of our PW relations. These relations and Wesenheit indices are presented in the next

chapter.
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The major reason for setting a goal is for what it
makes of you to accomplish it. What it makes of
you will always be the far grater value than what

you get.
— Jim Roun

One of the major applications of our catalog is the computation of highly precise and accurate
period-luminosity (PL) and period-Wesenheit (PW) relations (also called Leavitt laws in
honor of the pioneering works of Henrietta Leavitt, Leavitt 1908; Leavitt & Pickering 1912),
thereby determining high-quality distances to RR Lyrae stars and Cepheids. For a recent
Gaia DR3-based review of the Leavitt laws, refer Groenewegen (2023).

To compute such relations for our stars, the required inventory includes: mean magni-
tudes (preferably Fourier-fit or phase-corrected using templates), variability periods, red-
dening law, reddening map (only for PL relations), calibrators (stars with known distance
or parallax), and correctly estimated uncertainties on each of these quantities. Given this
inventory, the PL/PW laws computed from them also depend on the model used to fit the
relations. Many traditional methods either do not take the uncertainties into account or they
can only afford an incomplete treatment of these errors.

In this chapter, we present both the ingredients (in Sections V.1-V.3) and the model that

were used to fit over 500 different PL/PW relations. Each one of these relations is based
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on exclusive ingredients (like the photometry) and hence, warrants a detailed validation.
Within the time-frame of this thesis, 200 period-Wesenheit relations have been validated.
We present the results of these 200 precise PW relations in Sect. V.5 and also discuss their

internal validation in Sect. V.6.

V.1 Mean magnitudes

Through the data aggregation performed in Chapters II and IV, our catalog contained mean
magnitudes of stars in over 50 bands. A subset of these were used to construct Wesenheit
indices described in the next section. Here, we outline the steps that we took to ensure

appropriate uncertainty estimation of these quantities.

V.1.1 Uncertainty on mean magnitude

We estimated the total formal uncertainty, o, , on the apparent mean magnitude in band
x (my) following Madore & Freedman (2005), Scowcroft et al. (2011), and Neeley et al.
(2015) as:

2 2

Omy = O-phot + T
where,
(V.1)
ZNobs,x 2
_ i=1 i,phot,x _ Ampx
Ophot = and JOfit =

N, obs,x m .

Here, 07 phot,x 18 the photometric uncertainty associated with the i™ observation in band x.

In cases where the epoch observations were inaccessible, and only a single average esti-

OTavg, phot

V Nobs,x ’

Furthermore, we assumed that the apparent magnitude of a star follows a uniform (or rectan-

mate (Tayg, phot) Of the photometric uncertainty was available, we calculated ophor as
gular) distribution U (mx - %, my + %), where Amp, is the peak-to-peak amplitude
in band x. Under this assumption, the uncertainty on the mean magnitude, o «, 1S computed
as given in Eqn. V.1. We justify this assumption below.

The eight constituent surveys of our catalog provide either Fourier-fit (OGLE, Gaia,
ZTF, ASAS-SN, CSS, MACC) or template-fit (PS1, DES) mean magnitudes. Thus, o,
for these surveys is equal to ophorx (as defined in Eqn. V.1). This treatment was adopted
for all surveys except Gaia, as the bootstrapped uncertainty estimation (Andrae, 2010) as
implemented by the SOS Cep&RRL pipeline (Clementini et al., 2023; Ripepi et al., 2023)
already accounts for the photometric uncertainty.

However, in Chapter 1V, we cross-matched our catalog with ancillary surveys such
as 2MASS, VISTA surveys, WISE, and DECAM surveys. These surveys provide NIR
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FiGcure V.1: Uncertainty on mean magnitude as a function of variability amplitude (Ampy,
left) and number of observations (Nops,y, right) in OGLE V-band. Here, V is the Fourier-
fit intensity-averaged magnitude and V’ is the arithmetic mean of the observed magnitudes.
The absolute difference of these two quantities (plotted on the y-axis) quantifies oy, i.€.,
the error on mean magnitudes that are not corrected for phase (using templates). oy’ is

defined in Eqn. V.1 and its dependence can be decomposed into Ampy and Ngpsy, With

1
VNobs,V

upper limits computed as: (1) ‘/_ Y (shown in blue) for stars with Nopsy = 1 and (ii)

(red) for stars with Ampy = 1 mag.
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(ZYJHK ), MIR (W1, W2), and optical (ugrizy) magnitudes that are complementary to
the Fourier/template-fit magnitudes included in our catalog. However, these magnitudes are
not corrected for phase (using templates or Fourier models) but are computed either using
co-added images or those that are an arithmetic mean of all observations. This crude averag-
ing induces another source of uncertainty (on top of the photometric uncertainty ophot,x) in
the photometry of variable stars. This uncertainty is modeled as o7, as defined in Eqn. V.1,
and its dependence on the amplitude and number of observations is presented in Fig. V.1,
using OGLE V-band photometry as an example.

For stars with fewer than 10 V-band observations in OGLE-IV, their mean V-band mag-
nitudes (hereafter denoted as V for concision) are computed using templates generated from
their /-band Fourier fits (I. Soszynski, in priv. comm.). For a star with > 10 photometric
epochs, its V-band magnitude is calculated by fitting a Fourier model to the V-band light
curve itself. These mean magnitudes (V') are intensity-averaged. Specifically, their Fourier
model (in magnitudes) is converted to a flux scale, and the average of this flux is converted
back to magnitudes and reported as V. In Fig. V.1, we compare this intensity-averaged V
magnitude to V’, where we computed V” as a simple mean of all measured magnitudes for a
star (uncorrected for phase).

We demonstrate here that the observed absolute difference |V’ — V| can be used to ap-
proximate the theoretically defined o y-. Here, oy represents the error that should be
incorporated into V’ under the assumption that the Fourier-fit V is the “true” magnitude of
the star and follows the uniform distribution defined above. Under this assumption, oy,
specifically, can be computed as (following Eqn. V.1) \/%. Therefore, |V’ — V| should
exhibit a similar dependence on the amplitude and number of observations.

This dependence is readily apparent from Fig. V.1. Here, we plot the distribution of
|V’ — V| against Ampy (in the left panel) and Ny v (right panel). Naturally, with increasing

amplitude, the error on uncorrected-for-phase V’ magnitude increases. The blue line in this

1
Vi2’
assuming Nopsy = 1. With increasing number of observations per star, one expects the

panel has a slope of and it sets the upper limit on |V’ — V| (for a given amplitude),
difference between V' and V to diminish. This effect is discernible in the left panel itself,
where, for stars with ~ 10 observations, we observe |V’ — V| < 0.1.

However, this effect becomes more evident in the right panel, where we see that |V’ — V|
scales down with \/m (depicted as the red line). The points in this panel are color-coded
based on their Ampy values. This pattern reaffirms the finding from the left panel that stars

with larger amplitudes exhibit larger |V’ — V| values, for a given number of observations.
Ampy,

——— (= ofiry’).

S Nobs,V( fit,y”)

Thus, in the absence of Fourier-fit intensity-averaged mean magnitudes, o (equal to
Amp,.

V 12N0bs,x

Combining these two dependencies, yields |V’ — V| =

) should be included as a significant source of uncertainty for magnitudes computed
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as a mean of randomly-timed observations.

V.1.2 Amplitude ratios

To compute 7, , both Amp, and Ngps ¢ are required. In cases where neither the amplitude
nor the epoch photometry were accessible, we used newly-derived amplitude ratios to es-
timate Amp, and compute oy Inaccurate amplitude ratios can potentially be a source of
systematic bias arising due to blending/crowding (see, for e.g., Riess et al., 2020; Sharon
et al., 2023) and therefore, their computation warrants a detailed report which is beyond the
scope of the current analysis. Nevertheless, one such amplitude ratio is discussed below and
the rest (along with their dependence of metallicity and period) will be presented in a future
work.

As discussed in Chapter IV and Lemasle et al. (2022), the unWISE co-added W1, W2
photometry (Schlafly et al., 2019) offers a better approximation of Fourier-fit mean magni-
tudes of Chen et al. (2018), compared to CatWISE photometry Marocco et al. 2021. How-
ever, the Chen et al. (2018) variable star catalog only contains ~ 4300 stars in common with
our catalog, while the unWISE 5-year coadds provide high-quality W1, W2 measurements
for ~ 180000 stars (see Paper I for a description of the quality control steps). Therefore, to

mp

estimate o, for the unWISE sample, we computed the amplitude ratio %, where Ampw

mp,

represents the amplitude of the Fourier model employed by Chen et al. (201 8) to fit WISE
light curves. We computed this ratio independently for all variability types in our catalog,
and for all available Amp, measurements. We found these ratios to be consistent across
variability types, with a standard deviation of about 0.1 magnitudes.

For instance, we obtained imTp;VI' ~ 0.49 + 0.11 (standard deviation) for ~ 800 stars com-
mon between the Chen et al. (2018) and OGLE catalogs. Additionally, when calculated for
~ 3300 stars in common with the Gaia catalog, we get /:nr;—?VG‘ ~0.37+£0.11. These esti-
mates are consistent with f;l—p;j ~ 1.32 + 0.18, which was calculated using ~ 112 000 stars
common between the OGLE-IV and Gaia DR3 catalogs. When not possible to compute
them using our data, we used literature amplitude ratios like those from Braga et al. (2018)

and Bhardwaj et al. (2020).

V.1.3 Count-Rate Nonlinearity

Count-Rate Nonlinearity (CRNL, c.f. Riess et al. 2019b) affects NIR observations per-
formed using HgCdTe detectors, like those on HST WFC3. Riess et al. (2019a) take this
effect into account (estimated to be 0.75% per unit dex or flux ratio) when applying HST
NIR PL relations trained on the LMC Cepheids to SNe Ia host galaxies. However, for the

VISTA NIR observations included here, we do not correct for this effect on the basis of two
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factors (J. M. Irwin, priv. comm.). Firstly, first-order CRNL corrections are performed by
the photometric reduction pipeline of VIRCAM (Irwin et al., 2004; Neeser et al., 2016).
Secondly, post-correction residual nonlinearity is below the measured photometric uncer-

tainty.

V.2 Wesenheit Indices and Reddening Law

We used the apparent magnitudes to construct the Wesenheit indices, W, that are listed in
Table V.1. Madore & Freedman (1991, in their Appendix B) illustrated the theoretical ad-
vantages of using the Wesenheit index (Madore, 1976, 1982). In essence, W, by definition,
is independent of reddening towards a star and only depends on the reddening law of the
parent system.

Under a three-band formalism, with magnitudes (say) A, A2, and A3, (where A, the ef-
fective wavelength of a filter, represents the magnitude in that band), the Wesenheit index is
defined as (Madore, 1982):

W/l],/lz,/lg, = /ll - R : (/12 - /13)
R = Ay /E(12 — 43).

(V.2)

Here, A,, is the extinction in band 1 and E(A, — A3) is the reddening or the color excess
in band 2 with respect to band 3. R, also termed as the total-to-selective extinction ratio,
is called the Wesenheit coefficient hereafter. Its value is defined by the reddening law and
the effective wavelengths of the filters. While such an index is usually denoted as W/’llz' 15
we chose an alternative simpler representation owing to the number and variety of Wesen-
heit indices included here. These indices, their component magnitudes, and the respective
Wesenheit coefficients, R, are listed in Table V.1.

We follow the Wesenheit formalism wherein for all indices used here, we have 1, > 41 >
A3. In the event that three different magnitudes are unavailable, we defined a 2-band Wesen-
heit index with 41 = A3. These conditions are satisfied by all the indices listed in Table V.1,
except for Wi g rp. For this index, by design we set 11 = A, to assess its performance
against the other Gaia index, i.e., Wi pp Rp-

We constructed W for our stars following the extinction law from Wang & Chen (2019,
hereafter WC19) with the total-to-selective extinction ratio Ry = 3.16 + 0.15. The effect
of using different reddening laws on the computation of distances was investigated by Riess
et al. (2022). They concluded that: when applying PW relations trained on one galaxy
to another, it is better to use a Wesenheit system based on the same reddening law across

different galaxies (due to large uncertainties in data). In order to use a host-specific reddening
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TaBLE V.1: Wesenheit indices used in this thesis.

Notes. Wy, 1,1, is the Wesenheit index constructed using the magnitudes A1, A2, A3 listed in
the column ‘Magnitudes’. The coefficient R and its uncertainty o are used to computed W
as defined in Eqn V.2

w Magnitudes (1, 12,43) R og x 10°
Ws.BP.RP G,BP,RP 1.91 15
We.c.rp G,G,RP 3.945 21

Wrv.1 (OGLE) 1,V,I (OGLE) 1.506 15
W, ¢.r (DES) r,g,r (DES) 2.048 18
W, ¢.i (DES) r,g,i (DES) 1.325 9
Wi, (DES) i,r,z (DES) 1.664 16
Wiy (DES) i,r,y (DES) 1.437 14
W, o.r (ZTF) r,g,r (ZTF) 2.048 25
W, . (PS1) r,g,r (PS1) 2.702 32
W, . (PS1) r,g,i (PS1) 1.6 14
Wiz (PS1) i,r,z (PSI) 1.764 14
Wiy (PST) i,r,y (PS1) 1.402 11

Wks.7.xs (2MASS) Ks,J,Ks (2MASS)  0.473 6
Wa.s ks (2MASS) H,J,Ks (2MASS)  0.794 38
Wks.7.xs (VISTA) Ks,J,Ks (VISTA)  0.503 9
Wy ks (VISTA) J,Y,Ks (VISTA) 0.951 31
Wh.sxs (VISTA) H,J,Ks (VISTA) 0.845 45
Wwa.wiw2 (unWISE) W2, W1, W2 (unWISE) 2.0 14

law, one first needs to take into account the intrinsic color of the stars. However, the small
width of the instability strip, coupled with the uncertainties on the observed quantities, leads
to only marginal improvements in distance determination. Hence, we used the WC19 law
and the subsequent Wesenheit coeflicients listed in V.1 for stars in the Milky Way and the
Magellanic Clouds.

V.2.1 Selection of Wesenheit indices

The number of two-band or three-band W that can be constructed using all the different
magnitudes included in our catalog is quite large. In our current undertaking, we set up 25
different W that are a mix of commonly used indices as well as those indices that have not
been explored before. Furthermore, a PW relation for many of our subtypes in most of these

indices has never been computed. Thus, this analysis presents the first ever PW relations for
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a large number of (variability subtype-Wesenheit index) combinations.

V.2.1.1 Gaia Indices

We recollect the different nature of the three sets of Gaia magnitudes (initially described
in Sect. I1.2). Firstly, the Fourier-fit mean magnitudes from SOS Cep&RRL pipeline that
are intensity-averaged. Secondly, the mean_x_mag from vari_summary table computed as
an unweighted arithmetic mean of the epoch fluxes. Lastly, the phot_x_mean_mag from
gaia_source calculated as an uncertainty-weighted average of the epoch magnitudes.

The first set of magnitudes is available only for the stars classified as RR Lyrae stars
or Cepheids by Clementini et al. (2023) or Ripepi et al. (2023). However, the second set
of magnitudes is available for all the stars in which any variability is detected by the Gaia
general variability pipeline (Eyer et al., 2023). Furthermore, the gaia_source magnitudes
are available for all the stars detected by Gaia with a large enough S/N (Gaia Collaboration
etal.,2023c). As aresult, the availability of these sets of magnitudes is successively greater,
that is many more stars have a gaia_source magnitude than an SOS magnitude. However,
the accuracy of these magnitudes is also successively worse.

With future Gaia data releases, almost all the stars in our catalog will have a Fourier-fit
magnitude. However, until then, for stars classified as variable in the literature but not by
Gaia, can the gaia_source magnitudes (or the vari_summary magnitudes) be used as a
proxy for the ‘true’ apparent magnitudes of these stars? To answer this question, we fit two
PW relations in all three systems. Specifically, we constructed W gprp and Wi G rp using

each of the three sets of magnitudes resulting in six different Gaia indices.

V.2.1.2 VISTA Indices

Much like the Gaia photometry, we have both the Fourier/template-fit and the unphased
VISTA NIR magnitudes that were discussed in Sect. IV.1.1.3. Thus, just like the Gaia in-
dices, we computed two sets of PW relations for the three VISTA indices listed in Table V.1.

The ones that are based on the phase-corrected magnitudes are suffixed with ‘fit’.

All in all, we constructed 25 different Wesenheit indices for all the stars in our catalog.

V.3 Calibrators

We employed two independent calibrators for computing our PW relations, namely, the

Large Magellanic Cloud and the Gaia DR3 parallax sample.
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V.3.1 LMC members

The LMC members of our catalog were selected based on the methodology presented in
Sect. IV.3. The distance to these objects was adopted as the one computed by Pietrzynski
et al. (2019) using detached eclipsing binaries, i.e., dpmc = 49.591 £ 0.616 kpc. Alter-
natively, the distance modulus of the LMC (upmc) = 18.477 + 0.026 mag. We used this
distance modulus, along with the apparent Wesenheit index (referred to as W), to compute

the absolute Wesenheit Wabs as:
W = W — pimc. (V.3)

Furthermore, for the LMC DCEP sample, we used the geometric model from van der
Marel & Cioni (2001), Jacyszyn-Dobrzeniecka et al. (2017) to correct for the inclination of
the LMC disk. The inclination and the angle of the line of nodes of the LMC disk were
adopted from Ripepi et al. (2022). Due to the dispersed (and symmetric) 3-d distribution of
the other subtypes, this model was not applied to their photometry.

V.3.2 Parallax

For stars in the Milky Way, we leveraged their Gaia DR3 astrometry. Specifically, following
Arenou & Luri (1999) and Luri et al. (2018), we computed the astrometry-based luminosity
(ABL) of the stars using their Gaia parallax. ABL is defined as:

ABL = @ - 1092%-2, (V4)

where @ is the parallax (in mas). While Gaia (specifically its DR3) presents significant ad-
vancements in the computation of stellar parallaxes, the accuracy of these parallaxes dwin-
dles quickly beyond 5 kpc (see, for e.g., Gaia Collaboration et al., 2023c; Bailer-Jones et al.,
2021). Moreover, some stars with a good astrometric solution in Gaia can contain negative
parallaxes (Lindegren et al., 2021b). This necessitates the use of the ABL formalism when
dealing with Gaia parallaxes. An additional advantage of this formalism is that the ABL is
a linear function of the parallax and thus, the Gaussian uncertainty on the parallax can be
propagated conveniently (Luri et al., 2018).

We used this ABL as a proxy for the absolute Wesenheit for the Milky Way stars. More-
over, we limited our sample to only those stars with gaia_rLaG< 3 (see I1.2), which ensured

parallaxes of only astrometrically well-behaved stars were used.

V.4 Summarizing the combinations

Collectively, the ingredients described in the preceding sections allowed us to compute 25 X

2 = 50 different PW relations for each subtype in our catalog. We derived these PW relations
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Y

t(a + BX, Y error + o, v)

Ficure V.2: The Bayesian regression model used to compute the PW relations. Here, X is
the predictor variable, i.e, the decadic logarithm of the period and X_error is its measurement
uncertainty. Similarly, Y and Y_error are the absolute Wesenheit and its uncertainty. N is
the number of stars and N denotes a normal distribution. The other model parameters are
defined in Sect. V.5.

only for the following single-mode pulsators: DCEP_F, DCEP_10, RRab, RRc, (BL Her +
W Vir), all Type-II Cepheids (i.e, BL Her + W Vir + RV Tau), ACEP_F, and ACEP_10.
The inclusion of RV Tau stars in the PL/PW relations of Type-II Cepheids is still a matter
of debate (see, for instance Bhardwaj, 2020, and references therein), we decided to fit two
relations for Type-II Cepheids: one with RV,Tau stars and one without. Unfortunately, the
paucity of RV Tau stars precludes the fitting of a high-confidence PW relation on their sample

alone (the ‘high-confidence’ regime is defined in the next section).

All in all, we could ideally fit 25 (Windices) X 2 (calibrators) X 8 (subtypes) = 400 PW
relations. However, based on the availability of the data, it was only possible to compute
220 PW relations out of these. The remaining 180 combinations either cannot be computed
as certain surveys like those based in the Northern hemisphere did not observe the LMC, or

the data was available but only for fewer than ten stars of a certain subtype.

192 relations out of these 220 PW relations were classified as high-confidence and are

presented (and validated) next.

V.5 Model Fitting

For each of the PW relations, we used the absolute Wesenheit index, W2, as the predicted
(dependent) variable, and the period as the predictor (independent) variable in the model

presented in Fig. V.2. Here, we expound on the intricacies of this Bayesian model.
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A period-Wesenheit relation is formulated as:
W = o + 8- log,o(P), (V.5)

where P is the period (in days), and a and S are the intercept and the slope of the relation,
respectively. To fold in the measurement uncertainties on the W2 and the period, and to be

immune to outliers, we assumed
WS < t(a + B -log,o(P), o, v). (V.6)

Here, t is a Student’s t-distribution centered on the measured value of the absolute Wesen-
heit. o is the standard deviation of this distribution and it quantifies the intrinsic scatter
(dispersion) of a given PW relation. The parameter v is the degrees of freedom of the dis-
tribution and governs its shape. A v value > 30 results in an approximation of the Gaussian
distribution. However, in the presence of outliers, v can be ~ 1. In this case, the tails of a
Student’s t-distribution are quite heavy. Therefore, for a given mean value, more weight can
be allotted to the outliers just by lowering the value of the v parameter. This ensures that the
model is not biased by the contaminants.

This property of our model is pivotal in ensuring bias-free PW relations as both our
calibrators carried varying degrees of imperfections. For instance, the LMC sample con-
tained line-of-sight interlopers of almost all subtypes, but especially so of RRab- and RRc-
subtypes. More importantly, the Gaia parallax sample was riddled with large uncertainties
and many outliers. As proven below (in Sect. V.6), our deployed model overcame these
challenges and derived derive a large number of highly precise and accurate PW relations.

Equation V.6 constitutes the likelihood distribution of our Bayesian model. As illustrated
in Fig. V.2, the priors for both @ and 5 were set to uninformative normal distributions with
a mean of 0 and standard deviation = 30. The prior for v was set to follow a I'(2,0.1)
distribution following Juarez & Steel (2010), while the same for the intrinsic scatter followed
a half-Cauchy distribution with scale parameter set to 10 (Gelman, 2006).

The posterior distributions were sampled using an extension of the Hamiltonian Monte
Carlo algorithm (HMC; Duane et al. 1987), i.e., the No-U-Turn Sampler (NUTS; Hoffman
& Gelman 2011). The commonly-used Markov Chain Monte Carlo (MCMC) sampler relies
on the Metropolis-Hastings algorithm to sample the posterior phase space. The Hamil-
tonian Monte Carlo sampler sidesteps the time-consuming random walk behavior of the
Metropolis-Hastings algorithm by computing the gradients of the distribution. These gradi-
ents are equivalent to the momenta of a physical system that constitute its time-invariant
Hamiltonian (hence the name). These first-order gradients allow the HMC sampler to
quickly converge on the target distribution, even in the presence of many dimensions and

multi-modality. The HMC algorithm is parameterized by two quantities: (i) the size of the
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sampling step (jump-size between one sample point and the next) and (ii) the total number of
such steps. The NUTS extension of the HMC auto-tunes these parameters at practically neg-
ligible overhead cost. For an in-depth explanation of this sampler, refer Hoffman & Gelman
(2011).

We sampled the posterior space for long enough to ensure a high effective sample size
(> 1000 generally, c.f. Sorensen et al. 1995; Gelman et al. 2015) in both the central and
the tail regions of the distributions (Vehtari et al., 2019), thus ensuring a high-confidence

uncertainty determination of model parameters.

While we visually checked the convergence of the MCMC chains only for a subset of the
models, we did set a pretty restrictive limit on the rank-normalized Gelman-Rubin statistic
R (Gelman, 2006; Vehtari et al., 2019). We resampled the posteriors with different initial
values, and with longer burn-in, until the model achieved R < 1.005 for every parameter.
This ensured that the MCMC chains were mixed well and the posterior phase space was
explored efficiently. Finally, we included only those relations with the Monte Carlo standard
error (MCSE, Kruschke 2015) < 0.005 for both @ and 3, thereby retaining PL/PW laws from
models with reliable posterior estimates. MCSE quantifies the uncertainty induced due to
a discrete sampling of the continuous posterior distribution and this threshold ensures that

the tails of posterior distribution were sampled effectively.

From the combinations discussed earlier, we present 192 PW relations and their model
parameters here and in Appendices B and C. These relations satisfied all the aforementioned
criteria and were therefore, classified as ‘high-confidence’ relations. The PW relation of the
LMC DCEP_F stars based on WgthP,RP is plotted in Fig. V.3. The black solid line denotes
the relation and the gray shaded region represented the 96% confidence interval. The nar-
rowness of this interval underlines the precision of the PW relation as it is quantified by
the uncertainty of the model parameters. These parameters, along with the number of stars
used in the fit, and the Wesenheit coeflicient used to construct the corresponding Wabs are
displayed on each PW plot. This annotated information facilitates an easy application of
a particular law. The similar LMC-based P—ng?EP,RP plots for the other subtypes are pre-
sented in Figures V.4-V.10. For a systematic comparison of different PW relations of the
same subtype, their model parameters are listed in Table V.2 for the LMC DCEP_F sample
(and in Table V.3 for the Milky Way DCEP_F sample). Similarly, the LMC-based relations
of the other subtypes are plotted in Appendix B: Sect. 2.1, and their model parameters are

listed in Appendix C.

The PW relations of the Milky Way stars (based on Gaia parallax) are presented in
Appendix B: Sect. 2.2 and their parameters are aggregated in Appendix C.



Model Fitting 133

| [a =-2.483 +0.006 | 8 = -3.325 £ 0.009 | o = 0.052 + 0.002}

Nyar = 2320
~8 " Subtype: DCEP_F
| Calib.: LMC .
R =1910(15) Al

abs
W sp rplmag]
&

0.0 0.5 1.0 1.5 2.0
P
logio(73)

Ficure V.3: Period-Wesenheit relation of the LMC classical Cepheids pulsating in the
fundamental mode (DCEP_F). The x-axis is the decadic logarithm of the variability period
(in days). The y-axis represents the absolute Wesenheit index constructed using the Fourier-
fit intensity-averaged Gaia magnitudes computed by the SOS Cep&RRL pipeline (Ripepi
et al., 2023; Clementini et al., 2023). The distance modulus of the LMC was adopted as the
one computed by Pietrzynski et al. (2019): 18.477 +£0.026 mag. The model parameters (and
their uncertainties) and the Wesenheit coeflicient, R, used to construct the Wesenheit index
are displayed on the top. The uncertainty (x1000) on the Wesenheit coefficient is given in

parentheses.
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Ficure V.4: Same as Fig. V.3 but DCEP_10 stars.
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FiGure V.5: Same as Fig. V.3 but for RRab-type stars.
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FiGure V.6: Same as Fig. V.3 but for RRc-type stars.
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FiGure V.7: Same as Fig. V.3 but for BL Her and W Vir stars.
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Ficure V.8: Same as Fig. V.3 but for Type-II Cepheids.
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Ficure V.9: Same as Fig. V.3 but for ACEP_F stars.
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Ficure V.10: Same as Fig. V.3 but for ACEP_10 stars.
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TaBLE V.2: Model parameters of the LMC DCEP_F PW relations.
w a B o Nitar
Ws BP.RP —2.483 £ 0.006 -3.325+0.009 0.052 +0.002 2320
Ws.G.rP -2.938 £ 0.007 -3.305+0.011 0.06 +£0.003 2322
We Bprp (mean_x_mag) —2.506 + 0.006 —3.321 +£0.009 0.069 +0.002 2443
Wi G rp (mean_x_mag) —2.989 + 0.008 -3.274 +£0.012 0.093 + 0.003 2443
W sprp (phot_x_mean_mag) —2.497 +0.009 -3.343 +0.013 0.004 + 0.003 2471
Ws o rp (phot_x_mean_mag) -3.009 +£0.016 -3.273 +£0.023 0.006 = 0.005 2472
Wiv.1 (OGLE) —2.565 £ 0.006 —3.299 +0.009 0.055 +0.002 2312
Wks.7.ks (2MASS) -2.626 £ 0.012 -3.223 +£0.018 0.146 + 0.004 1973
Wy .y ks (2MASS) -2.647 £ 0.012 -3.262 +£0.017 0.123 £ 0.003 1956
Wks.s.xs (VISTA) -2.599 + 0.006 -3.268 + 0.01 0.065 + 0.002 2035
Wi y.ks (VISTA) -2.623 +0.008 -3.239+0.013 0.09 £ 0.003 2023
Wks.7.kxs (VISTA; fit) —2.597 £ 0.006 —3.283 +£0.009 0.059 +0.002 2290
Wy ks (VISTA; fit) -2.611 £0.008 -3.276 £ 0.012 0.078 + 0.002 2263
Wwa.wi w2 (unWISE) -2.433+0.014 -3.2+0.02 0.159 £0.006 2107
TaBLE V.3: Model parameters of the MW DCEP_F PW relations.
w a B o Ngtar
Ws BP.RP —2.307 £ 0.044 -3.696 + 0.058 0.009 + 0.001 1139
W6 .G rP -2.744 + 0.06 —3.011 £0.083 0.017 £0.001 1139
W¢ BpRrp (mean_x_mag) —2.341 £0.043 -3.673 £0.056 0.009 + 0.001 1166
We.g.rp (mean_x_mag) —2.788 + 0.058 —-2.981 +0.08 0.016 +0.001 1168
W sprp (phot_x_mean_mag) -2.366 +0.038 -3.642+0.05 0.009 +0.001 1175
W o rp (phot_x_mean_mag) —2.76 +0.056 -3.031+0.077 0.016 £0.001 1177
Wiv.1 (OGLE) —2.364 +£ 0.088 —-3.553 +£0.135 0.016 +£0.001 357
W, g.r (ZTF) —1.248 £ 0.094 -3.508 + 0.14 0.026 + 0.003 310
Wks.7.ks (2MASS) —2.347 £ 0.064 -3.308 £0.097 0.012 +0.001 638
Wy .y ks (2MASS) -2.372 £ 0.068 -3.277 £0.106 0.012 £ 0.001 591
Wks.7.ks (VISTA) —3.781 £ 0.216  0.598 + 0.254  0.066 + 0.009 146
Wwa.wi,w2 (unWISE) -2.291 £0.109 -2.904 +0.191 0.017 £0.003 317
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V.6 Validation of Distances

V.6.1 Computing the distance modulus

By combining Equations V.2, V.3, and V.5, we computed the distance modulus to our stars
as:
=W _W=qa+p- log,y(P)-W. (V.7)

The uncertainties on each of these parameters along with the intrinsic scatter of the
PW relation (o) were used to construct a common covariance matrix. These sources of

uncertainties (and their nature, i.e., statistical or systematic) can be summarized as:
1. Uncertainty on a (syst), 8 (stat)
2. 0 / VNgar (syst; Riess, A. G., in priv comm.)
3. Uncertainty on the period (stat; estimated in Chapter II)
4. Uncertainty on the mean LMC distance modulus from Pietrzynski et al. (2019, syst)
5. Uncertainty on the apparent Wesenheit W, which included:

(i) Uncertainty on the mean magnitudes (stat; see V.1)

(i1) Uncertainty on the Wesenheit coefficient and the reddening law (stat; see
Sect. V.2)

Using this covariance matrix and the mean vector of Eqn. V.7 as the parameters of a
multivariate normal distribution, we generated 10° realizations of u per star. The mean and
standard deviation of these Monte Carlo samples were assumed as the u and o, for a given
star. This process resulted in (say) 50 different distance modulus estimates per star. The true

number for many subtypes is less than 50 due to the reasons discussed earlier.

V.6.2 Validation method

In the following validation, for the sake of clarity and brevity, these distance modulus es-
timates are referred to as distance estimates. Nevertheless, we performed the validation on
the distance modulus itself and not the distance, as the uncertainties are Gaussian in nature
only for the former.

We undertook a preliminary internal validation of these distance estimates, by computing
the mean distance of the stars in our LMC sample and comparing it with that from Pietrzyriski
et al. (2019). To compute the mean distance of the LMC sample, we employed a Gaussian

Mixture Model (GMM) based on the extreme deconvolution algorithm (XD, Bovy et al.
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2011). This XD-GMM model estimates the underlying ‘true’ density of a distribution, even
in the presence of data generated from one primary data source and multiple other noise
sources. It affords a complete treatment to data with heteroskedastic uncertainty covariance
matrices, which is the case for our distance estimates.

The number of components (Gaussian distributions) needed to be fit is the main param-
eter of such an XD-GMM model. For a subset of our PW relations, we performed 3-fold
cross-validation to determine the optimal number of components between 1 and 5. We also
examined the Bayesian Information Criterion (BIC) for each run of the cross-validation. In-
variably, the best cross-validation score (or the lowest BIC) was attained by the model with 2
or 3 components, with most of the weight (> 85%) attributed to a single component. More-
over, the secondary distributions in all cases were flat, or in other words, had large standard
deviations. This was unsurprising as the selection of our LMC sample was quite thorough.
Furthermore, the origin of the additional distributions can be explained by taking into ac-
count the following noise sources: (1) even after weeding out possible interlopers using Gaia
astrometry, some stars in the line-of-sight of the LMC (and not true members of the LMC)
persisted. (ii) The photometry of a sample of stars towards the crowded central regions of
the LMC was saturated or affected by blending (e.g, Jacyszyn-Dobrzeniecka et al., 2016,
2017). Hence, these stars could also contribute to the secondary ‘noisy’ distributions.

Regardless, for every set of distance estimates (i.e, every PW relation), we fit 5 identical
XD GMM models each, with the number of components equal to 2 and 3. The final distance
estimate of the LMC was computed as the median of the means of the primary distributions
of each XD-GMM run. The uncertainty on this final determination was computed as the
median of the uncertainty on the distance of each star in the respective sample. This mean
estimate and its corresponding uncertainty are compared with the ‘true’ LMC distance in
Figures V.11-V.18 for each subtype and for all their LMC-based PW relations.

V.6.3 Discussion

As expected, the PW relations based on Fourier-/template-fit mean magnitudes led to most
accurate estimations of the LMC distance. Nonetheless, even the PW relations based on
unphased mean magnitudes (computed as a simple mean of randomly-timed observations),
we were able to derive them with high accuracy. For instance, the PW relations based on the
OGLE and Gaia SOS Fourier-fit magnitudes resulted in a ~ 99% accurate and better than
2% precise distance estimate to the LMC.

However, even when using the biased gaia_source magnitudes (see Sect. I1.2), we
were able to achieve a distance that was ~ 97% accurate, though less precise. The loss of

precision is by design and necessary. To account for the bias in these magnitudes (as they
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Ficure V.11: Internal validation of the LMC DCEP_F PW relations. The three magnitudes

listed for each comparison were used to construct the Wesenheit index for the respective

relation. The solid and dotted red lines represent the “true” distance modulus (18.477 mag)

and its uncertainty (0.026 mag) as computed by Pietrzyniski et al. (2019). respectively.
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DCEP_10 (LMC sample)
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FiGure V.12: Same as Fig. V.11 but for DCEP_10 stars.
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FiGure V.13: Same as Fig. V.11 but for RRab stars.
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RRc (LMC sample)
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Ficure V.14: Same as Fig. V.11 but for RRc stars.
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FiGure V.15: Same as Fig. V.11 but for BL Her and W Vir stars.
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Type-II Cepheids (LMC sample)
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FiGure V.16: Same as Fig. V.11 but for all Type-II Cepheids, i.e.,; BL Her, W Vir, and
RV Tau stars.
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Ficure V.17: Same as Fig. V.11 but for ACEP_F stars.
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ACEP_10 (LMC sample)
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Ficure V.18: Same as Fig. V.11 but for ACEP_10 stars.

were weighted with their uncertainties), we had added a systematic error of 0.05 mag for each
star. Our Bayesian model was able to find an accurate fit by taking this inflated uncertainty
into account.

We also highlight the importance of constructing a Wesenheit index using the correct
formalism. The performance of the PW relations based on the Wesenheit defined as W =
G — R - (G — RP) is systematically worse than that of the correctly-defined W¢ pp rp. This
inaccuracy is also directly proportional to the intrinsic dispersion of the fits. For instance,
for the DCEP_F relations (see Fig. V.11), the LMC distance modulus based on W G rp
index is quite accurate. However, for the Type-II (or anomalous) Cepheids, this estimates is
more than 10~ away from the expected ‘true’ value. Moreover, the performance of Wg g rp
is progressively worse for the mean_x_mag and phot_x_mean_mag photometry, even more
so than that for W gp rp index.

Due to their high intrinsic brightness and their concentrated location in the disk of the
LMC, the DCEP_F PW relations resulted in the most accurate and precise estimates of the
LMC distance. We have computed independent and almost just as accurate relations for the
DCEP_10 sample (see Fig. V.12 and Tables C.1 and C.2). These relations can form the
basis for a more active inclusion of DCEP_10 stars in the extragalactic distance scale.

The LMC RRab PW relations based on the DES Wesenheit indices grossly underestimate
the distance to the LMC (see Fig. V.13 and V.14). This shortcoming can be explained by
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considering the fact that DES only observes the exterior regions of the LMC. The DES LMC
sample only consists ~ 700 RRab stars, a good number of them might belong to the Milky
Way anyway. Nevertheless, the Milky Way RRab grizy PW relations based on the ZTF and
PS1 data agree quite well with each other. Moreover, our relations represent the first-ever
computation of RR Lyrae PW relations that also include the y-band (see Tables C.3— C.06).

The RRab PW relations based on the VISTA photometry in the LMC also represent a
breaking point of our Bayesian model. As the fraction of outlier in this relation (see for e.g.,
Fig. B.49) is > 30%, the contaminants bias the relation to lower distances. As a result, the
VISTA-based LMC distance modulus estimates are underestimated (see Fig. V.13).

We detect a marginal difference in both the slope and the intercept of the two sets of Type-
IT Cepheids PW relations that we computed. The ones without RV Tau stars are validated
in Fig. V.15 and listed in Tables C.7 and C.8. And the relations including RV Tau stars are
validated in Fig. V.16 and their model parameters are given in Tables C.9 and C.10. These
differences are usually smaller than the average intrinsic scatter of their PW relations.

Due to the paltry number of the anomalous Cepheids and the lack of their high S/N
Gaia parallax, no Milky Way ACEP_F or ACEP_10 PW relation was classified as high-
confidence by our criteria. Furthermore, owing to their evolutionary stage, the anomalous
Cepheids are not bound by a well-defined mass-luminosity relation (Caputo et al., 2004;
Ripepi et al., 2014). As a result, their PW relations are generally more dispersed. Neverthe-
less, their ‘high-confidence’ PW relations are listed in Tables C.11 and C.12 ad a validation
of their LMC relations is presented in Figures V.17 and V.18.

Overall, many of the grizy, NIR, and MIR PW relations presented here have been com-
puted for the very first time.

The remarkable level of agreement between our LMC distance estimates and the
geometrically-determined estimate from Pietrzynski et al. (2019) underlines the accomplish-

ment of the primary goal of this dissertation.
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Summary and Future Outlook

And the day came when the risk to remain tight in
a bud was more painful than the risk it took to

blossom.
— ANaI1s NIN

Here, I present a qualitative overview of the results achieved over the course of this disser-

tation. I also elaborate the applications of the catalog that will be pursued in due course.

VI.1 Summary

— We combined catalogs of RR Lyrae stars and Cepheids from eight optical photometric
surveys resulting in a collection of ~311 000 RR Lyrae stars and ~ 18 000 Cepheids
in the Milky Way and the Magellanic clouds. The number of stars of various subtypes
are listed in Table 11.4.

— We developed a new cross-match algorithm based on Bhattacharyya distance that al-
lowed us to incorporate the astrometric covariance matrix as well as the variability

periods in finding the best match of a star across surveys.

— Based on ~ 5.6 x 10° comparisons of period estimates from all surveys against each

other, we showed that for ~ 87% of stars with P < 1d, their periods are measured
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accurately within 2 s. Similarly, periods are measured within 2 min (or 2 h) for ~ 86%
(66%) of stars with 1 < P < 20d (or P > 20d). We also discussed how aliased peri-
ods due to low Ngps, and the inconsistency in reporting the “single” vs formal periods
for RV Tau stars, lead to a lower overall accuracy of longer-period variables (DCEP_F,
RV Tau). Overall, we showed how sparse, multi-band light curves contribute the high-

est fraction of relatively lower accuracy periods.

We conducted similar comparisons to validate the classification of stars across surveys.
After using the OGLE catalog as a control sample, we visually inspected light curves
of stars with inconsistent classification. By using Fy 5 as the classification accuracy
metric, we estimated a classification accuracy of over 96% for all surveys. Based on
the contamination rate of each survey, we anticipate that a minimum of ~ 1800 stars

out of ~ 130 000 unique detections across surveys may have the wrong subtype.

We validated these estimates by comparing our catalog against literature catalogs of
similar subtypes and periods from TESS and Kepler light curves. We found that
the classification accuracy is ~98% for Galactic classical Cepheids and > 99% for
RR Lyrae stars in the SDSS Stripe 82 region. While this collection is essentially com-
plete with respect to the literature, we did not estimate its absolute completeness in
the Milky Way with respect to simulations, nor did we attempt to model the convolved

selection function of these surveys.

We established quality control criteria for Gaia DR3 astrometry and photometry tai-
lored to RR Lyrae stars and Cepheids and flagged ~ 40 000 stars with high astrometric
noise and contaminated BP/RP photometry. We also flagged ~ 10000 stars that are
detected as variable stars of other subtypes in literature catalogs. Additionally, we
removed ~ 1000 stars that are highly likely to be one of ellipsoidal binaries, spotted
stars, or non-stellar objects (QSOs, variable AGNs, etc.). Specifically, we found that
a small number of RR Lyrae stars classified using sparse, multi-band light curves are

likely mistaken non-stellar objects.

In light of applications to LSST and JWST, we cross-matched our catalog against op-
tical and IR surveys to obtain photometry in ugrizy, JHKs, and W1, W2 bands. We
retrieved epoch line-of-sight velocity estimates from nine spectroscopic surveys and
discussed biases in the average velocities by comparing them against barycentric ve-
locities. Additionally, we assimilated high-resolution spectroscopic [Fe/H] estimates

for ~ 8300 stars in our catalog.

We outlined an extensive procedure to select the LMC and SMC population. As part

of this algorithm, we introduced the modifications we made to the MCD estimator to
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make it more robust by incorporating measurement uncertainties into it.

— We presented a detailed report on the computation of the uncertainties on mean mag-

nitudes, in the limit of low number of random-phase observations.

— We discussed the construction of a Bayesian regression model that is immune to out-
liers and elaborated the criteria we employed to ensure a meaningful determination of

model parameters.

— We computed 192 new period-Wesenheit relations for these stars under this probabilis-
tic framework, resulting in ~ 50 distance estimates per star. Many of these relations

have been computed for the very first time.

— We used the distance to the LMC sample to validate these PW relations, wherein the
mean distance modulus of the LMC was computed using a suite of cross-validated

extreme deconvolution-based Gaussian mixture models.

V1.2 Future OQutlook

This collection can be used as a high-quality training sample for supervised classification
of RR Lyrae stars and Cepheids. The catalog has also been selected to be used during the
commissioning of the LSST data (Ivezi¢, 7., in priv. comm.).

Moreover, we envision numerous use cases of this catalog, a subset of which we have
already undertaken and will be presented in upcoming works of the series RRLCep: A

catalog of RR Lyrae stars and Cepheids. These are:

— In “Paper III. The effect of metallicity on PL/PW laws of Cepheids and RR Lyrae
stars”, we study the metallicity dependence of the PL/PW relations for our target
subtypes. The context for this analysis is: Groenewegen & Lub (2023), based on
spectral energy distributions and the bolometric luminosities of classical Cepheids,
predict zero to marginal dependence of the DCEP PL laws on metallicity (i.e., the
slope of the metallicity term y ~ 0). However, Breuval et al. (2021) predicted a
wavelength-dependent non-zero metallicity dependence. Furthermore, Breuval et al.
(2022) predict a wavelength-independent non-zero y. To systematically test this in
numerous bands, we have collected Cepheid iron-abundances from the Hocdé¢ et al.
(2023) compilation of literature high-resolution spectroscopic [Fe/H] estimates. Sim-
ilarly, Crestani et al. (2021) released high-resolution spectroscopic metallicity esti-
mates of over 10 000 RRab and RRc stars in the MW and the Magellanic Clouds. The
metallicity dependence of RRL PL/PW is well-known (Catelan & Smith, 2015) but
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calibrated in only a few bands. We will present new calibrations of this effect in over

20 bands and 10 unique Wesenheit indices.

For Type-II and Anomalous Cepheids, the magnitude of the y term is usually accepted
to be quite small if not zero. However, no such result is based on high-resolution
spectroscopic estimates of individual stellar metallicities as these have been measured
only for a few subtypes of these Cepheids. We have collected the first-ever high-
resolution spectra of ~ 100 Milky Way Type-II and anomalous Cepheids. The iron-

abundances of this sample will be used to robustly estimate vy for these subtypes.

Under the same Bayesian formalism presented here, we have computed new photo-
metric metallicity relations for RR Lyrae stars using the comprehensive collection
of [Fe/H] estimates from Crestani et al. (2021) and the globular cluster sample that
was described in Chapter IV. The distances from the current version of the catalog
have been used to identify members stars of Milky Way stellar streams, while their
new photometric [Fe/H] estimates have been used to characterize the substructures.
These results will be presented as the third installment of our other series “Milky Way

archaeology using RR Lyrae stars and Type-II Cepheids”.

With the advent of spectroscopic surveys like WEAVE (Dalton, 2016), 4AMOST (de
Jong et al., 2019; Ibata et al., 2023), MOONS (Cirasuolo et al., 2020), thousands of
these stream RR Lyrae stars in this catalog will garner a vjo4 estimate for the first time.
The new measurements, combined with the ones we have already collected (along with
precise distances of these stars), will enable dynamical studies of the Galaxy covering
even larger distances (Prudil et al., 2022; Han et al., 2022). Furthermore, upcoming
high-resolution spectra of Type-II Cepheids and RR Lyrae stars will also facilitate
chemical tagging of the many intricate substructures that constitute the Milky Way
halo (Naidu et al., 2020; Bonaca et al., 2021; Prudil et al., 2021), thereby determining

their origins.

The sample of Galactic classical Cepheids in this catalog is more complete than the
one we used in Lemasle et al. (2022) to trace the Milky Way spiral arms. Addition-
ally, in the quoted analysis, we had used photometry from 5-year unWISE Coadds.
However, Meisner et al. (2022) have released more precise W1, W2 magnitudes us-
ing 9-year unWISE coadds. These magnitudes will help in determining distances to
a larger sample of DCEP with better precision, thereby reducing the uncertainties in

our spiral arms model.

In Pipwala et al. (in prep.), we empirically proved that Type-II Cepheids can be used

as accurate distance indicators (> 99%) in the Local Group by employing them to
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compute distances to the Andromeda galaxy. These distances were determined using
PL/PW relations that were trained on the LMC sample of the current catalog and
followed the same methodology that was detailed in Chapter V. We will build on this
affirmative result by combining Type-II Cepheids and RR Lyrae stars and computing
their joint IR PL/PW relations.

— We have combined literature catalogs of RR Lyrae stars and Cepheids identified in
Galactic globular clusters and dwarf spheroidal galaxies from dedicated photometric
surveys (not included here). These stars will be appended to the current catalog in
the future and will improve the completeness within these subsystems even further.

A homogeneous analysis of cluster members will be presented in Lemasle et al. (in

prep.).

— The zero-point offset in Gaia DR3 parallaxes has been a matter of hot debate (see
discussion in e.g., Groenewegen 2023). The zero-point correction computed by Lin-
degren et al. (2021a) tends to over-correct the parallax for Cepheids (e.g., Riess et al.,
2022) and RR Lyrae stars (see, e.g., Bhardwaj, 2022). The Milky Way PW relations
presented in Chapter V enable a systematic estimation of the Gaia parallax zero-point
offset. We will pursue this in “Paper I'V. Estimating the zero-point offset in Gaia DR3

parallaxes.”

— Inmy collaboration with B. Madore and W. Freedman, the contents of this catalog will
be used to compute period-luminosity-color relations that provide robust individual

stellar distances.

— The Bhattacharyya distance-based cross-match algorithm that was developed here will
be used to cross-match LSST multi-band catalogs of the Galactic bulge regions in my

post-doctoral research.

I am certain that beyond these endeavors, the catalog holds significant potential that I am
yet to foresee. Hence, the entire catalog will be released publicly along with a data model to
facilitate its use by the community. Over time, I anticipate that this catalog and the methods
outlined here will contribute significantly to the fields of Milky Way archaeology and near-
field cosmology.






Supplementary Information I

In this appendix, we include the supporting material for the Chapters II and III.

1.1 Light curves phased with altered periods
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OGLE /-band light curves phased using altered periods (Pjjerea = P — 0.0005P).
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1.2 Bhattacharyya Distance

While the commonly used methods either employ the Euclidean distance or the Mahalanobis
distance (like in Pineau et al. 2017; Marrese et al. 2017, 2019), we used the Bhattacharyya
distance as the metric for our cross-match algorithm. In an n-dimensional space, the Eu-
clidean distance measures the separation between two points and the Mahalanobis distance
measures the separation between a point and a distribution. Analogously, the Bhattacharyya
distance measures the separation between two n-d distributions characterized using their
means and covariance matrices. As shown already (and repeated here for continuity), for
two multivariate normal distributions p; = N(u;, X;); i € [1,2], the Bhattacharyya dis-

tance between them can be calculated as:

1 .
Dp(p1,p2) == (1 — )" 71 (1 — p2)
8

| ( det () ) (A.1)
+ —1In ,
2 \det(Z)) det(Z,)

X

=

where det(M) denotes the determinant of a matrix M, and the joint covariance X =
(X1 +X)).

In case the two distributions are normally distributed but with identical covariance ma-
trices, the Bhattacharyya distance is proportional to the squared Mahalanobis distance. The
squared Mahalanobis distance between a point p; = (x;,y;) and a bivariate distribution

qg = N(u, X) in 2-d space is computed as:

Dy(pisq) = (Ixe, 1" = )" =7 ([xi, yil" = ) - (A.2)

In some studies, the Mahalanobis distance is sometimes used to measure the distance
between two distributions. The way to include the covariance matrix of the second distribu-
tion in Eq. A.2 is by using the joint covariance matrix. The latter is computed by taking the
average of the two covariance matrices (X = %). However, for cases in which the sys-
tematic error between the coordinates is larger than the statistical uncertainty, Dp is better
than D, at encapsulating the ‘true’ distance between such a coordinate pair. As a result, in
cross-matches where the propagation of coordinates to the same epoch using proper motions
is not possible or when this propagation is inadequate when astrometric uncertainties are un-
derestimated, D g can effectively account for these inadequacies even without synthetically
broadening coordinate uncertainties (see Appendix Al of Marrese et al. 2017). Therefore,
we selected D g as the metric around which to build our algorithm.

Moreover, since Bhattacharyya distance enables the comparison of the shape of the astro-

photometric ellipse, it can be a employed to match galaxy catalogs. We will discuss these
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TaBLE A.1: Parameters of the ellipse for each region.
Notes.
(1) Galactic co-ordinates of the center in J2016 epoch. (2) Semi-major axis of the ellipse

(along 7). (3) Semi-minor axis of the ellipse (along b).

(lo, bo) 1 a2 b3

(deg) (deg) (deg)
LMC 280.46,-32.75 12 10
SMC 302.96,-43.98 8.5 9
Bulge 2,1 22 33

Region

applications and the difference in its performance against that of the Mahalanobis distance

in a forthcoming publication.

1.3 On-sky demarcations of substructures

We distributed stars into samples of the following regions: LMC, SMC, Galactic bulge, disk,
and halo. Three ellipses (with parameters listed in Table A.1) were used to categorize stars
into LMC, SMC, and Galactic bulge regions. Outside of these regions, stars with |b| < 20°
were classified as disk stars, with the halo sample comprising of the remaining stars. The
halo sample contains stars from many Milky Way dwarf galaxies, globular clusters, and M31
and M33 galaxies.

These categories were assigned solely on the basis of the boundaries listed here and do
not imply full membership. This categorization was undertaken only to account for varying

line-of-sight number density of stars in the these regions.

1.4 Confusion matrices against OGLE classification



Confusion matrices against OGLE classification

155

Class in OGLE-IV

Nyar = 7386 | Fos = 93.3% | Accpn = 63.2%

oy 7

RRc

RRd

DCEP_F

DCEP_10

DCEP_mul

BL Her

W Vir

pW Vir

RV Tau

ACEP_F

ACEP_10

102 S D)
100% 0.53% 3%
: ]
0.23% 92% 0.7%
2 17 1
0.04% 2% 0.25%
! W 76 % s
0.02% 2% 53% 50% 40%
. 5 G -
0.08% 0.77% 2% 89% 8%
9 7 12 23 1
0.19% 1% 1% 5% 0.7%
9 7 41
0.96% 1% 28%
11 93 4
1% 47% 3%
3 2 3
0.32% 1% 1%
7 1 68
0.74% 0.51% 56%
2 11 5
0.04% 1% 3%
8 2
0.17% 0.31%
] < > < Q & <& N
& & & s > < <
A2 < < Q A
& & ¥ <

Class in ASAS-SN
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1.5 Confusion matrices against final classification in our

catalog
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Supplementary information 11

In this appendix, we present the PW plots of all the subtypes based on the LMC (Sect. 2.1)
and the Gaia parallax sample (in Sect. 2.2).

2.1 Period-Wesenheit relations trained on the LMC sam-

ple

2.1.1 Gaia DR3 gaia_source uncertainty-weighted magnitudes

163
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FiGure B.1: Same as Fig. V.3 but with a Wesenheit index constructed using unweighted
Gaia magnitudes as given in the Gaia DR3 vari_summary table, namely,mean_g_mag_fov,

mean_bp_mag, and mean_rp_mag.
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Ficure B.2: Same as Fig. B.1 but DCEP_10 stars.
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Ficure B.3: Same as Fig. B.1 but for RRab-type stars.
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Ficure B.4: Same as Fig. B.1 but for RRc-type stars.
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FiGure B.6: Same as Fig. B.1 but for Type-II Cepheids.
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Ficure B.7: Same as Fig. B.1 but for ACEP_F stars.
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Ficure B.8: Same as Fig. B.1 but for ACEP_10 stars.
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2.1.2 Gaia DR3 vari_summary mean magnitudes
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Ficure B.9: Same as Fig. V.3 but with uncertainty-weighted Gaia magnitudes as given
in the Gaia DR3 source_table, namely, phot_g _mean_mag, phot_bp_mean_mag, and
phot_rp_mean_mag. An additional uncertainty of 0.05 mag was assumed in these magni-

tudes to account for the bias found by Eyer et al. (2023) and also illustrated in Fig. I1.14.
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Ficure B.12: Same as Fig. B.9 but for RRc-type stars.
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FiGure B.16: Same as Fig. B.9 but for ACEP_10 stars.
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Ficure B.18: Same as Fig. B.17 but DCEP_10 stars.
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Ficure B.19: Same as Fig. B.17 but for RRab-type stars.
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Ficure B.20: Same as Fig. B.17 but for RRc-type stars.

Wi, (OGLE)[mag]

-6 . . . . .

\a =-1.131 £ 0.016 |3 =-2.473 £ 0.019 | o = 0.075 + 0.009] ¢
5T Nyar = 193

Subtype: BL Her + W Vir °
-4 Calib.: LMC °

R =1.506(15)
3t
ot
N

.
00 02 04 06 08 10 2
logio(£;)

Ficure B.21: Same as Fig. B.17 but for BL Her and W Vir stars.
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Ficure B.22: Same as Fig. B.17 but for Type-II Cepheids.
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Ficure B.23: Same as Fig. B.17 but for ACEP_F stars.
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FiGure B.24: Same as Fig. B.17 but for ACEP_10 stars.
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2.1.4 2MASS and VISTA relations

Here, we present the LMC PW relations trained using NIR photometry from the 2MASS

and VISTA surveys.
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Ficure B.25: 2MASS PW relation of the LMC DCEP_F stars with the Wesenheit index

constructed using the J, K's bands.
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FiGure B.26: Same as Fig. B.25 but DCEP_10 stars.
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Ficure B.27: Same as Fig. B.25 but for Type-II Cepheids.
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Ficure B.28: 2MASS PW relation of the LMC DCEP_F stars with the Wesenheit index

constructed using all J, H, and Ks bands.
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FiGure B.29: Same as Fig. B.28 but DCEP_10 stars.
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Ficure B.30: Same as Fig. B.28 but for Type-II Cepheids.
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Ficure B.31: VISTA PW relation of the LMC DCEP_F stars with the Wesenheit index

constructed using J and K's magnitudes that were not corrected for phase.
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Ficure B.32: Same as Fig. B.31 but DCEP_10 stars.
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Ficure B.33: Same as Fig. B.31 but for RRab-type stars.

0.0

Fla=-1.799 £0.021 |8 =-3.145 £ 0.044 | 0 = 0.117 0.003]

Nyar = 6120
t Subtype: RRc

Calib.: LMC 4
L R=0.503(9)

| |
ES =N

Wb, o (VISTA)[mag]
|
b

logo({7)

Ficure B.34: Same as Fig. B.31 but for RRc-type stars.
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FiGure B.35: Same as Fig. B.31 but for BL Her and W Vir stars.
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Ficure B.36: Same as Fig. B.31 but for Type-II Cepheids.
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Ficure B.37: Same as Fig. B.31 but for ACEP_F stars.
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Ficure B.38: Same as Fig. B.31 but for ACEP_10 stars.
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Ficure B.39: VISTA PW relation of the LMC DCEP_F stars with the Wesenheit index

constructed using Y, J and K's magnitudes that were not corrected for phase.
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Ficure B.40: Same as Fig. B.39 but DCEP_10 stars.
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Ficure B.41: Same as Fig. B.39 but for RRab-type stars.
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Ficure B.42: Same as Fig. B.39 but for RRc-type stars.
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FiGuURrE B.43: Same as Fig. B.39 but for BL Her and W Vir stars.
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FiGuURE B.44: Same as Fig. B.39 but for Type-II Cepheids.
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Ficure B.45: Same as Fig. B.39 but for ACEP_F stars.
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Ficure B.46: Same as Fig. B.39 but for ACEP_10 stars.
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Ficure B.47: VISTA PW relation of the LMC DCEP_F stars with the Wesenheit index

constructed using J and K's magnitudes that were Fourier/template fit.
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as Fig. B.47 but DCEP_10 stars.
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FiGURE B.49: Same as Fig. B.47 but for RRab-type stars.
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Ficure B.50: Same as Fig. B.47 but for RRc-type stars.
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Ficure B.51: Same as Fig. B.47 but for BL Her and W Vir stars.
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Ficure B.52: Same as Fig. B.47 but for Type-1I Cepheids.
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Ficure B.53: VISTA PW relation of the LMC DCEP _F stars with the Wesenheit index

constructed using Y, J and K's magnitudes that were Fourier/template fit.
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Ficure B.54: Same as Fig. B.53 but DCEP_10 stars.
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Ficure B.55: Same as Fig. B.53 but for RRab-type stars.
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FiGure B.56: Same as Fig. B.53 but for RRc-type stars.



Period-Wesenheit relations trained on the LMC sample

185

(0 =-2433+0.014]|8=-32=0.02] 0 =0.159 + 0.006
o
8} Ny = 2107
Subtype: DCEP_F
Calib.. LMC o
6 R= 2.000(14)
°

Wabs wiwz (unWISE)[mag]

0.0 0.5 1.0
1 L
og10(7g)

Ficure B.57: unWISE PW relation of the LMC DCEP_F stars.
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Ficure B.58: Same as Fig. B.57 but DCEP_10 stars.
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FiGcure B.59: Same as Fig. B.57 but for RRab-type stars.
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Ficure B.60: Same as Fig. B.57 but for BL Her and W Vir stars.
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Ficure B.61: Same as Fig. B.57 but for Type-II Cepheids.
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2.2 Period-Wesenheit relations trained on the Gaia DR3

parallax sample

Here, we present the PW relations trained using the astrometry-based luminosity based on

the Gaia DR3 parallax.

2.2.1 Gaia relations based on Fourier-fit, intensity-averaged magni-

tudes
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FiGure B.62: Period-Wesenheit relation of the Milky Way classical Cepheids pulsating
in the fundamental mode (DCEP_F). The x-axis is the decadic logarithm of the variability
period (in days). The y-axis represents the absolute Wesenheit index constructed using the
Fourier-fit intensity-averaged Gaia magnitudes computed by the SOS Cep&RRL pipeline
(Ripepi et al., 2023; Clementini et al., 2023). Astrometry-based luminosity of the star was
computed using their Gaia DR3 parallax. The model parameters (and their uncertainties)
and the Wesenheit coeflicient, R, used to construct the Wesenheit index are displayed on the

top. The uncertainty on the Wesenheit coefficient (x1000) is given in in parentheses.
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Ficure B.63: Same as Fig. B.62 but DCEP_10 stars.
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Ficure B.64: Same as Fig. B.62 but for RRab-type stars.
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Ficure B.65: Same as Fig. B.62 but for RRc-type stars.
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Ficure B.66: Same as Fig. B.62 but for Type-II Cepheids.
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2.2.2 OGLE relations
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Ficure B.67: OGLE PW relation of the MW DCEP_F stars.
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Ficure B.68: Same as Fig. B.67 but DCEP_10 stars.

2.2.3 ZTF relations



Period-Wesenheit relations trained on the Gaia DR3 parallax sample

191

>, (OGLE)[mag]

abs
LV,

W

~10 }

5t

(@=-0947 £ 0.059 | f = ~2.643 £ 0.209 | & = 0.087  0.009

Nitar = 1566
Subtype: RRab o . R
Calib.: Gaia @ [ 6 ¢ ¢ 6
R=1.506(15) AR e

o @ g,¢ % ¢ ¢

logio(4)

FiGuURE B.69: Same as Fig. B.67 but for RRab-type stars.
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Ficure B.70: Same as Fig. B.67 but for RRc-type stars.
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Ficure B.71: Same as Fig. B.67 but for Type-II Cepheids.
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Ficure B.72: ZTF PW relation of the MW DCEP_F stars.
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Ficure B.73: Same as Fig. B.72 but DCEP_10 stars.
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Ficure B.74: Same as Fig. B.72 but for RRab-type stars.
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Ficure B.75: Same as Fig. B.72 but for RRc-type stars.
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Supplementary information I11

In this appendix, we list the model parameters of the 192 PW relations.
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TaBLE C.1: Model parameters of the LMC DCEP_10 PW relations.

w a B o Ngtar

Wa BP.RP -2.968 + 0.004 -3.473 +£0.011 0.061 +£0.003 1620

W .G re -3.364 + 0.005 -3.525+0.013 0.064 + 0.003 1620

We Bprp (mean_x_mag) -2.976 + 0.004 -3.471+0.011 0.066 + 0.002 1660

Wi G rp (mean_x_mag) -3.385+0.006 -3.5+0.015 0.077 £0.003 1660

W BpRrp (phot_x_mean_mag) -2.965+0.005 -3.5+0.016 0.004 +0.003 1720

W g rp (phot_x_mean_mag) -3.434+0.011 -3.426+0.032 0.008 +0.006 1721

Wiv.r (OGLE) —3.054 £ 0.003 -3.435+0.009 0.059 +0.002 1627

Wks.s.xs (2MASS) -3.151 £0.016 —-3.243 +£0.039 0.144 +£0.006 1067

Wy .s.xs (2MASS) -3.164 £ 0.013 -3.325+0.031 0.109 = 0.004 1060

Wks.s.xs (VISTA) —3.055 +£0.004 -3.495+0.011 0.063 +0.002 1398

Wyy.ks (VISTA) -3.062 + 0.004 -3.504 +£0.012 0.071 +£0.003 1392

Wks.7.ks (VISTA; fit) -3.06 £ 0.004 -3.495+0.01 0.063 +0.002 1650

W y.xs (VISTA; fit) -3.069 + 0.004 -3.496+0.012 0.073 +£0.003 1639

Wwa.wi w2 (unWISE) -2.933 +£0.015 -3.351+£0.038 0.196 + 0.008 1437

TaBLE C.2: Model parameters of the MW DCEP_10 PW relations.

w a B o Nitar

We BprP -3.029 £ 0.015 -3.522 +0.033 0.013 +£0.001 624

We.G.RP -3.199 £ 0.02 -3.218 £0.042 0.018 £ 0.001 624

We BpRrp (mean_x_mag) -3.038 £+ 0.015 -3.548 +0.032 0.01 £0.001 649
We.crp (mean_x_mag) -3.221 £ 0.021 -3.255+0.043 0.015+0.001 649

W Bprp (phot_x_mean_mag) -—3.043 +0.015 -3.553 £0.033 0.009 +0.001 680
We.crp (phot_x_mean_mag) -3.224+0.022 -3.301 £0.046 0.013 +£0.001 680
Wiy (OGLE) —2.955+0.044 -3.478+0.113 0.014 +£0.003 265

W, ¢.r (ZTF) -1.964 + 0.046 -3.075+0.116 0.03 +£0.004 198
Wks.7.ks (2MASS) -2.9+0.02 -3.364+0.044 0.012 +0.002 468

Wy .s.xs (2MASS) -2.913+£0.019 -3.325+0.045 0.011 £0.002 448
Wks.7.ks (VISTA) -2.254 £0.118 -2.365+0.221 0.074 £0.02 120
W,y ks (VISTA) -1.464 £ 0.131 -0.906 +£ 0.224 0.15+0.034 68
Wi .y ks (VISTA) —0.965 £ 0.103 —0.588 +0.192 0.145+0.041 63
Wwa.wi.wz2 (unWISE) -2.675+0.026 -3.261 +£0.069 0.014 +£0.003 319
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TaBLE C.3: Model parameters of the LMC RRab PW relations.

w o B o Ntar
Ws BPRP -1.135 £ 0.006 -3.036 +£0.027 0.091 £0.002 22061
We.G re -1.507 £ 0.012 -2.433+£0.049 0.219 £0.003 22132
W prp (mean_x_mag) -1.137 £ 0.007 -2.889 +£0.028 0.165 +0.001 25135
Ws.G.rp (mean_x_mag) -1.422 +0.015 -2.426+0.062 0.378 +0.004 25693
W Bprp (phot_x_mean_mag) —1.167 £0.006 -3.144 +0.024 0.008 + 0.005 25947
We.cRrp (phot_x_mean_mag) —1.406+0.014 -2.201 +£0.058 0.205 +0.007 26906
Wi.v.r (OGLE) -1.286 = 0.004 -2.981 +0.016 0.092 +0.001 26990

W, ¢.r (DES) -0.453 £ 0.064 -2.715+0.265 0.247 +£0.013 777

W, ¢.i (DES) -0.335 £ 0.047 -2.644 +£0.192 0.172 +£0.009 776

Wi .. (DES) -0.261 £ 0.054 -3.104 £0.225 0.189 +0.01 775

Wi .y (DES) -0.14 £ 0.049 -2.848 +0.204 0.174 +£0.009 775
Wks..ks (VISTA) -1.263 £ 0.006 -2.869 +0.024 0.108 +=0.001 18492
Wy ks (VISTA) -1.284 £ 0.006 -2.916+0.027 0.119 +£0.001 16645
Wks.s.xs (VISTA; fit) -1.256 £ 0.006 —-2.95+0.023 0.14+0.001 16610
Wy ks (VISTA,; fit) -1.351+£0.006 -2.962 +0.026 0.155+0.001 16610
Wwa.wi w2 (unWISE) -2.196 £0.055 1.778 £0.225 1.133 £0.013 11302
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TaBLE C.4: Model parameters of the MW RRab PW relations.

w a B o Ngtar

Ws BP.RP -1.021 £ 0.011 -2.938 £+ 0.04 0.049 £ 0.002 15998
Wa.G.RP -1.425+0.011 -2.996 +0.04 0.041 £0.001 16010

We BpRrp (mean_x_mag) -1.0 £0.011 -2.826 £+ 0.04 0.054 £0.002 17097
Wi G rp (mean_x_mag) —-1.413 £0.011 -2.868 =0.042 0.045 +0.001 17281
We pprp (phot_x_mean_mag) -0.987 £0.011 -2.661 +£0.041 0.051 +£0.002 18148
Ws.gRrp (phot_x_mean_mag) —1.392+0.011 -2.703 +£0.043 0.04 £0.002 18381
Wiv.1 (OGLE) -0.947 £ 0.059 -2.643 £0.209 0.087 +0.009 1566

W, ¢.r (ZTF) -0.334 £ 0.021 -2.907 £ 0.081 0.087 +0.004 4670

W, ¢.r (PS1) —0.405 £ 0.023 -2.902 £ 0.089 0.089 = 0.004 6399

W, g.i (PS1) -0.267 £ 0.022 -2.883 £0.086 0.093 +=0.004 6399

Wi, (PST) —-0.003 £ 0.023 -2.965 £ 0.089 0.106 = 0.005 6399

Wiy (PSI) 0.006 +£0.024 -3.001 £0.096 0.128 = 0.005 6395
Wks..xs (2MASS) -1.156 £ 0.013 -3.106 £ 0.048 0.062 = 0.002 15234
Wh.j.xs (ZMASS) -1.218 £ 0.012 -3.191 £0.047 0.06 + 0.002 15121
Wks.s.xs (VISTA) -1.024 £ 0.018 -3.041 £ 0.07 0.073 £0.003 10391
Wy ks (VISTA) -0.991 +£0.042 -3.27+0.164 0.091 £0.006 2858

Wy .s.xs (VISTA) —1.005 £ 0.048 -3.491 £0.185 0.096 = 0.008 2387
Wks.7.ks (VISTA,; fit) -0.682 + 0.063 -3.145+0.232 0.115+0.013 1750
Wy ks (VISTA,; fit) -0.588 +0.07 -2.916+0.265 0.137 +£0.014 1739
Wh.s ks (VISTA; fit) -0.743 £ 0.063 -3.242 +0.238 0.109 £ 0.013 1738
Wwa.wi.wz2 (unWISE) -0.976 £ 0.012 -3.022 £ 0.046 0.062 = 0.002 15903

TaBLE C.5: Model parameters of the LMC RRc PW relations.

w a B o Ntar

W Bp rP -1.515+0.02 -2.77+£0.041 0.087 +£0.003 7605

We.G re -1.939 £0.04 -2.804 £0.082 0.215=+0.006 7611

We Bprp (mean_x_mag) —-1.578 £ 0.021 -2.92+0.042 0.149 £ 0.002 8735
We.g.rp (mean_x_mag) -1.975+£0.05 -3.235+0.104 0.349 +£0.006 8940
W Bprp (phot_x_mean_mag) —1.565=+0.019 -2.902 +0.039 0.007 +0.005 8942
Ws.grp (phot_x_mean_mag) —2.007 +£0.047 -3.19+0.096 0.187 £0.012 9273
Wi v.1 (OGLE) -1.771 £0.013 -3.098 + 0.027 0.096 + 0.001 9334
Wks.7.ks (VISTA) -1.799 £ 0.021 -3.145+0.044 0.117 £0.003 6120
Wyy ks (VISTA) -1.809 £0.022 -3.164 +0.045 0.116 +£0.003 5561
Wks.s.xs (VISTA,; fit) -1.795 £ 0.023 -3.207 £ 0.047 0.152 £0.003 5141
Wy ks (VISTA; fit) -1.877 £0.024 -3.204 £ 0.048 0.159 £0.003 5141




199

TABLE C.6: Model parameters of the MW RRc PW relations.

w a B o Nitar
Ws BpP.RP -1.38+£0.029 -2.74 +0.057 0.049 +£0.002 8107
Ws.G.rp -1.76 £0.031 -2.814+0.059 0.045+0.002 8119
W BpRrp (mean_x_mag) —-1.247 £0.052 -2.887 =£0.104 0.206 = 0.005 10945
We.c.rp (mean_x_mag) -1.645+0.05 -2.952+0.101 0.166 +0.004 11132
W sprp (phot_x_mean_mag) —1.188 £0.053 -2.833 +0.108 0.232 +0.005 11436
We.crp (phot_x_mean_mag) —1.587 +0.051 -2.867 +0.102 0.176 £ 0.004 11640
Wiv.r (OGLE) -1.117 £0.145 -2.173 £0.272 0.065 +0.014 749
W, ¢.r (ZTF) -0.634 + 0.057 -2.716 £0.112 0.105 £ 0.007 2527
W, ¢.r (PS1) -0.394 + 0.086 -2.343 £0.169 0.181 £0.011 3120
W, g.i (PS1) -0.271 £0.084 -2.274+0.164 0.184 £0.011 3120
Wi, (PS1) -0.042 +0.083 -2.177 £0.163 0.195 +0.012 3120
Wiy (PS1) 0.043 +0.088 -2.061 +0.173 0.222 +0.013 3119
Wks.g.xs 2MASS) —-1.349 £ 0.055 -2.918 £0.111 0.216 + 0.006 9527
Wh.s ks (2MASS) -1.424+0.054 -3.0+0.108 0.21 £0.007 9456
Wks.s.xs (VISTA) -1.333 £ 0.054 -2.762+£0.106 0.117 £0.005 5872
Wy ks (VISTA) -1.372+0.13 -3.033 +£0.262 0.142 +0.011 1645
Wwa.wi.w2 (unWISE) -1.112 £ 0.053 -2.727 £0.105 0.22 £ 0.006 10058
TaBLE C.7: Model parameters of the LMC BL Her and W Vir PW relations.
w a B o Nitar
Wa BprP —-1.037 £0.023 -2.454 +0.027 0.074 £0.012 163
Ws.G rP -1.5+0.04 -2.474+0.045 0.137+0.019 163
We Bprp (mean_x_mag) -1.07+0.02 -242+0.025 0.101 £0.011 190
Ws.c.rp (mean_x_mag) —1.534 £0.038 -2.438 +£0.043 0.167 £0.018 190
We sprp (phot_x_mean_mag) —1.039 +0.022 -2.427 +0.028 0.018 £0.014 206
We.crp (phot_x_mean_mag) —1.549 +0.044 -2.448 +0.052 0.032+0.025 206
Wiy (OGLE) -1.131 £0.016 -2.473 +£0.019 0.075 +0.009 193
Wks.g.xs (VISTA) —1.155 £ 0.021 -2.467 £0.027 0.091 £0.011 163
Wy ks (VISTA) -1.228 £0.031 -2.4+0.038 0.134+0.017 153
Wks.1.xs (VISTA; fit) —-1.123 £0.029 -2.459+0.032 0.07+0.016 84
Wwa.wiw2 (unWISE) -1.876 £0.191 -1.771 £0.192  0.659 +0.1 151
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TaBLE C.8: Model parameters of the MW BL Her and W Vir PW relations.

w a B o Ngtar

We BprP —-1.093 £0.034 -2.315+0.044 0.027 £0.003 551

We.G.RrP —1.493 £ 0.034 -2.184 +0.046 0.026 + 0.003 551

We BpRrp (mean_x_mag) —-1.108 £0.036 -2.317 +£0.045 0.023 +£0.003 584
We.crp (mean_x_mag) —1.492 £ 0.034 -2.199 + 0.045 0.023 +0.002 584
We sprp (phot_x_mean_mag) —1.112+0.039 -2.307 +0.047 0.021 +0.003 627
We.crp (phot_x_mean_mag) —1.497 +£0.037 -2.179 +£0.048 0.021 +£0.003 630
Wiy (OGLE) —0.988 £ 0.078 -2.508 + 0.095 0.02 +0.005 189

W, o.r (ZTF) -0.282 £ 0.102 -2.323 +0.151 0.049 +0.014 101
Wks.7.ks (2MASS) -1.073 £0.041 -2.352 +0.056 0.025 +0.003 479

Wy .j.xs (2MASS) -1.116 £ 0.042 -2.36 +£0.056 0.024 + 0.003 473
Wks.7.ks (VISTA) —0.966 + 0.057 -2.029 +0.074 0.042 +0.005 371
W,y ks (VISTA) -0.927 £ 0.101 -1.958 +0.116 0.029 +0.008 181
Wy .y ks (VISTA) -0.813 +£0.095 -1.972+0.109 0.02+0.01 180
Wks..xs (VISTA; fit) —-0.797 £ 0.144 -1.831 £0.226 0.027 +0.018 84
Wy ks (VISTA; fit) -0.729 £ 0.139 -1.887 +£0.222 0.025+0.018 84
Wy.s.xs (VISTA; fit) -0.766 £ 0.15 -1.934+£0.242 0.031 +£0.02 78
Wywa.wi w2 (unWISE) -0.943 £ 0.04 -2.252+0.056 0.025+0.004 420

TABLE C.9: Model parameters of the LMC Type-II Cepheids PW relations.

w a B o Ngtar

We Bp RP —0.986 +£ 0.024 -2.537 +£0.026 0.084 +0.013 194

Wae.G.RrP -1.428 £ 0.04 -2.591+0.04 0.153+0.02 194

We BpRrp (mean_x_mag) -1.014 £ 0.022 -2.525+0.024 0.125+0.013 238
We.g.rp (mean_x_mag) -1.46 +£0.038 -2.563 £0.037 0.185+0.017 238
WsBprp (phot_x_mean mag) —0.974 +0.022 -2.555+0.025 0.031 +£0.022 266
Ws.gRrp (phot_x_mean_mag) —-1.48+0.041 -2.577+0.04 0.031 £0.024 266
Wiy (OGLE) -1.093 £ 0.018 -2.547 +0.021 0.102 + 0.011 246
Wks.7.ks (2MASS) -0.79 £ 0.245 -2.905+0.184 0.401 £0.053 91
Wy.j.xs (2MASS) -0.834 £ 0.214 -2.899+0.16 0.349 +0.045 91
Wks.7.ks (VISTA) —1.096 £ 0.023 -2.589 +0.029 0.128 +0.013 209
Wiy ks (VISTA) —1.144 £ 0.031 -2.566 + 0.034 0.174 +0.019 198
Wks.7.xs (VISTA; fit) —1.106 £ 0.032 -2.494 +0.038 0.1 £0.023 105
Wwa.wi w2 (unWISE) -1.268 £ 0.151 -2.518 £ 0.127 0.575 +0.067 204
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TasLE C.10: Model parameters of the MW Type-II Cepheids PW relations.

w @ B o Nstar
Wa BP.RP -1.089 £ 0.03 -2.349 +£0.033 0.022 +0.002 723
Ws .G re -1.489 + 0.031 -2.21+0.036 0.023 +0.002 723
W Bprp (mean_x_mag) -1.094 + 0.033 -2.363 +£0.034 0.02 +0.002 810
We.g.rp (mean_x_mag) -1.502 +£ 0.032 -2.185+0.035 0.022 +0.002 810
We.pprp (phot_x_mean_mag) -1.093 +£0.036 -2.349 +0.036 0.02+0.002 896
Ws.grp (phot_x_mean_mag) —1.493 +0.034 -2.187 +£0.038 0.022 +£0.002 904
Wiv.r (OGLE) -0.957 £ 0.074 -2.562 +£0.077 0.019 +£0.003 262
W, o.r (ZTF) -0.301 £ 0.097 -2.279 +£0.132 0.05+0.013 124
Wks.s.xs (2MASS) —1.065 £ 0.036 -2.382 +0.041 0.022 +£0.002 661
Wh.j.xs (2MASS) -1.119 £ 0.039 -2.369 + 0.042 0.021 +£0.002 641
Wks.s.xs (VISTA) —1.038 £ 0.054 -1.865 +0.059 0.045 +0.005 531
Wiy ks (VISTA) -1.016 £ 0.092 -1.802 + 0.088 0.034 +0.005 267
Wy .y ks (VISTA) -0.922 +0.084 -1.774+0.08 0.03 +£0.007 263
Wks.s.xs (VISTA; fit) -0.799 + 0.14 —-1.824 £0.222 0.027 +£0.018 85
Wy ks (VISTA,; fit) -0.743 £ 0.14 -1.863 £0.224 0.025+0.017 85
Wh.j.xs (VISTA; fit) -0.772 £ 0.153 -1.918 £0.245 0.031 £0.021 79
Wwa.wi.w2 (unWISE) -0.931 £ 0.04 -2.276 £0.052 0.028 + 0.004 476
TasLE C.11: Model parameters of the LMC ACEP_F PW relations.
w @ B o Ngtar
Wa BP.RP -1.769 + 0.023 -2.763 £0.153 0.116 £ 0.019 67
We.G re -2.223 +0.045 -2.626 +0.283 0.184 +£0.053 67
We Bprp (mean_x_mag) -1.753 £ 0.022 -3.022 +£0.162 0.146 +0.021 89
We.c.rp (mean_x_mag) -2.263 £0.043 -2.78+£0.291 0.256+0.045 89
Ws Bprp (phot_x_mean_mag) -1.727+0.025 -2.96+0.173 0.088 +0.041 105
W g Rrp (phot_x_mean_mag) -2.275+0.041 -2.731+0.261 0.081 +0.058 105
Wi v.r (OGLE) -1.868 +0.02 -2.909 +0.133 0.138 +£0.017 101
Wks.7.ks (VISTA) -1.89+£0.025 -3.062+0.175 0.149 +£0.024 79
Wy ks (VISTA) -1.906 + 0.025 -3.159 £0.186 0.141 +0.024 71
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TaBLE C.12: Model parameters of the LMC ACEP_10 PW relations.

w a B o Nitar
We BprP —2.244 £ 0.046 -3.128 £ 0.253 0.144 £ 0.024 36
W Bprp (mean_x_mag) —2.284 + 0.055 -3.249 £0.282 0.167 £0.032 43
W Bprp (phot_x_mean_mag) —2.28 £0.054 -3.376 +0.266 0.073 +0.046 45
Wiv.r (OGLE) -2.401 £0.058 -3.276 £ 0.275 0.163 +£0.03 44
Wks.7.ks (VISTA) —2.451 £0.057 -3.532+0.282 0.134 +£0.033 37

W,y ks (VISTA) -2.476 + 0.064 -3.662 +0.276 0.133 +£0.039 30
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