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Abstract

The Large and Small Magellanic Cloud (LMC and SMC, respectively) are
among our closest galaxies. Together with the surrounding structures, they con-
stitute the Magellanic System. This system can be named our “local laboratory”
in the context of interacting galaxies. One of the most important evidences of
these interactions is the existence of a structure spanning the area between
the Magellanic Clouds, namely the Magellanic Bridge. In this doctoral thesis I
analyzed the three dimensional structure of the Magellanic Clouds and the Mag-
ellanic Bridge. I based my studies on classical pulsating stars from the OGLE
Collection of Variable Stars.

In the first part of my doctoral thesis I presented an analysis of the three
dimensional spatial distribution of classical Cepheids in the Magellanic System
(Jacyszyn-Dobrzeniecka et al., 2016, Acta Astronomica, 66, 149). In the LMC,
Cepheids form substructures located in the plane of the disk, mainly in the bar
and the northern arm. In the SMC, these stars are distributed more regularly
and form a tri-axial ellipsoid, of which the longest axis is five times longer than
the other two axes. The SMC is elongated almost along the line of sight.

The second part of the thesis presents an analysis of the three dimensional
distribution of old pulsating stars — RR Lyrae variables (Jacyszyn-Dobrzeniecka
et al., 2017, Acta Astronomica, 67, 1). In both Magellanic Clouds these stars
form regular structures that can be described by tri-axial ellipsoids. I also com-
pared the distributions of classical Cepheids and RR Lyrae stars, showing that
the old stellar population reveal far broader distributions and do not form any
additional substructures in contrast to young stars.

In the next step I presented a detailed analysis of an updated sample of
classical Cepheids located in the Magellanic Bridge (Jacyszyn-Dobrzeniecka et
al., 2020, The Astrophysical Journal, 889, 25). I showed that classical Cepheids
form a connection between the Clouds in both two and three dimensions. More-
over, ages of most of the Cepheids support the hypothesis that these stars were
formed in situ in the Bridge as an effect of the last encounter of the Clouds.
Anomalous Cepheids that were also added to the Bridge sample are spread more
evenly and do not form an evident connection between both galaxies.

The last part of my doctoral thesis concerns a detailed analysis of the dis-
tribution of RR Lyrae stars in the Magellanic Bridge (Jacyszyn-Dobrzeniecka
et al., 2020, The Astrophysical Journal, 889, 26). In this study I showed that
these old pulsating stars are present in the Bridge area, however they do not
form an evident connection between the Clouds and their distribution rather
resembles two overlapping halos. Additionally, I presented a reconstruction of
the analysis performed by Belokurov et al. (2017, Monthly Notices of the Royal
Astronomical Society, 466, 4711) showing that it is not possible to obtain their
bridge-like connection without many non-physical spurious sources in the final
sample.






Streszczenie

Analiza tréjwymiarowej struktury Systemu Magellana na podstawie klasycznych
gqwiazd pulsujgcych z projektu OGLE

Obtoki Magellana sa jednymi z najblizszych nam galaktyk. Lacznie z otacza-
jacymi strukturami tworza System Magellana, ktéry mozna nazwaé naszym
Hlokalnym laboratorium” w kontekécie oddzialtywan miedzygalaktycznych. Jed-
nym z ich najwazniejszych rezultatéow jest istnienie struktury rozciagajacej sie
pomiedzy Oblokami, zwanej Mostem Magellana. W ramach niniejszej rozprawy
doktorskiej zbadatam tréjwymiarowa strukture Oblokéw Magellana oraz Mostu
Magellana. Wykorzystalam w tym celu klasyczne gwiazdy pulsujace, bedace
zarazem $wiecami standardowymi, pochodzace z Kolekcji Gwiazd Zmiennych
projektu OGLE.

Pierwsza czes¢ mojej pracy doktorskiej przedstawia analize tréjwymiarowego
rozkladu cefeid klasycznych w Systemie Magellana (Jacyszyn-Dobrzeniecka i in.,
2016, Acta Astronomica, 66, 149). W Wielkim Obloku Magellana sa one skupi-
one w wyraznych strukturach lezacych w plaszczyznie dysku — gléwnie w poprze-
czce oraz ramieniu péinocnym. W Malym Obloku Magellana cefeidy klasyczne
rozlozone sa bardziej rownomiernie i tworza strukture o ksztalcie elipsoidy tréjo-
siowej, ktorej najdtuzsza o$ jest pieciokrotnie dluzsza niz krétkie osie. Maly
Oblok Magellana jest rozciggniety prawie wzdluz linii widzenia.

Kolejny etap przedstawia analize tréjwymiarowego rozktadu gwiazd pulsu-
jacych typu RR Lutni, nalezacych do starej populacji gwiazdowej (Jacyszyn-
Dobrzeniecka i in., 2017, Acta Astronomica, 67, 1). W obydwu Oblokach Magel-
lana gwiazdy te tworza regularne struktury, ktére mozna opisaé za pomoca tréjo-
siowych elipsoid. Poréwnanie otrzymanych przeze mnie rozkladéw dla gwiazd
obydwu typow wskazuje na to, ze gwiazdy stare roztozone sa na znacznie wiek-
szym obszarze, a takze nie tworzg wyraznych podstruktur, w przeciwienstwie
do gwiazd mtodych.

W nastepnej czesci pracy przedstawilam szczegdlows analize zaktualizowanej
probki cefeid klasycznych zaklasyfikowanych jako przynalezace do Mostu Mag-
ellana (Jacyszyn-Dobrzeniecka i in., 2020, The Astrophysical Journal, 889, 25).
Wykazatam, ze cefeidy klasyczne tworza polaczenie pomiedzy Obtokami zaréwno
w dwbéch jak i trzech wymiarach. Ponadto wiek wigkszosci z nich zgodny jest
z hipoteza, ze zostaly one uformowane w obszarze Mostu Magellana w wyniku
ostatniego zblizenia Oblokéw. Dodane do prébki cefeidy anomalne roztozone sa
bardziej réwnomiernie i nie tworza wyraznego polaczenia.

Ostatni etap dotyczy szczegdtowej analizy rozkladu gwiazd typu RR Lutni
w obszarze Mostu Magellana (Jacyszyn-Dobrzeniecka i in., 2020, The Astro-
physical Journal, 889, 26). W tej czesci pracy tej wykazalam, iz stare gwiazdy
pulsujace obecne sa w obszarze Mostu Magellana, lecz nie tworza wyraznego
polaczenia pomiedzy Oblokami, a ich rozktad raczej przypomina naktadajace sie
na siebie rozlegle halo. Dodatkowo przedstawilam rekonstrukcje analizy wyko-
nanej przez Belokurova i in. (2017, Monthly Notices of the Royal Astronom-
ical Society, 466, 4711) wykazujac, ze nie da sie odtworzy¢ uzyskanego przez
nich polaczenia pomiedzy Obtokami Magellana bez uwzgledniania wielu niefizy-
cznych artefaktéw w koncowej prébce danych.
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Synopsis

1 Introduction

1.1 The Magellanic System

For many years the Magellanic Clouds were thought to be long-term satellites
of the Milky Way. Their proper motions (PMs), measured precisely only a few
years ago, changed this paradigm, as it turned out that the PMs are too high
for the Clouds to be on a bound orbit around the Milky Way (

, ). The Magellanic System is thus plausibly approaching the Milky Way
for the first time. This implies that many of the observed irregularities of the
Magellanic System as well as an existence of its extragalactic structures need
to be explained in the new context. Many scientific studies are now devoted
to disentangling the interaction history of the Magellanic System. The study
presented in this doctoral thesis is one of such and shows an original and unique
analysis. It was led by myself in cooperation with the Optical Gravitational
Lensing Experiment (OGLE) Team and under the “Diamond Grant” program
by the Polish Ministry of Science and Higher Education in years 2014-2018.

When not taking into account the Sagittarius dwarf galaxy, the Magellanic
Clouds are our closest galaxies. Together with surrounding structures they form
the Magellanic System. These additional structures are an effect of interactions
between both Clouds and also between the Clouds and the Milky Way (e.g.

, ; , , Belokurov et al., 2017, hereafter

; , ). Due to its proximity, the Magellanic System can be
called our local laboratory in the context of interacting galaxies and plays an
important role in understanding the history and future of the Milky Way. Both
Magellanic Clouds are also very useful for studying many astrophysical prop-
erties of stellar populations and gas in different environments. These galaxies
contain many different types of objects that are involved in various astrophysical
processes.

The Magellanic System consists of the Large and Small Magellanic Cloud
(LMC and SMC, respectively), Magellanic Bridge (MBR), Magellanic Stream
and Leading Arm. The Magellanic Bridge constitutes a gaseous and stellar con-
nection between the Clouds (e.g. , ; , ;

; , , Jacyszyn-Dobrzeniecka et al. 2020a, hereafter
, Jacyszyn-Dobrzeniecka et al. 2020b, hereafter ). A stream
of gas spanning around 160° on the sky and following the galaxies on their past

) )
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trajectory is the Magellanic Stream ( , ). The Leading
Arm consists of four groups of high velocity clouds, Wthh are already interacting
with the Milky Way disk. In these clouds young stars were discovered (

, ). Lately, the Leading Arm relationship with the Magellanic System
has been put into doubt ( , ).

1.2 Structure of the Magellanic Clouds
The Large Magellanic Cloud

Structures of both Magellanic Clouds reveal many irregularities and asymme-
tries, which are probably effects of interactions involving theses galaxies. In the
LMC, young and old stars are distributed differently. The former are clumped
in substructures, while the latter have a rather regular distribution ( ,

) ) ) )

, Jacyszyn—Dobrzemecka et al. 2016, hereafter
Jacyszyn—Dobrzemecka et al. 2017, hereafter ). The LMC reveals
an off center bar that is an overdensity in both young and old stellar popu-

lations ( , ; , ;

, ). The galaxy also has one main spiral arm and a
few additional less prominent arms visible in both stellar and gaseous compo-
nent ( , ; , ; , ;

Classical Cepheids (CCs) were used by many authors to analyze the dis-
tribution of young stars in the LMC. It was shown that this galaxy’s disk is
warped and the bar stands out as an overdensity that is offset from the disk
plane ( , ; , ; , ). More-
over, the measured values of the viewing angle strongly depend on the adopted
center, which is due to the deviations from the planar geometry.

Studies of the CCs distribution in the LMC before the publication of
were based mainly on the OGLE-IIT data ( , ). The OGLE-III
survey observed mostly the bar area in the LMC and did not cover the northern
arm. The upgrade to the fourth phase of the OGLE project and a substantial
extension of the observed area enabled me to make the first analysis of the
distribution of CCs in the entire LMC disk area.

Numerous studies published before this research showed that the RR Lyrae
(RRL) stars in the LMC have a regular distribution that can be described as
a tri-axial ellipsoid ( , ;

, ), with possibly two btructures a dlbk and halo (

, ; , ). However, the existence of the disk has
been questioned ( , ). Other studies suggested
that the LMC RRL distribution reveals a bar (

, ). All of these studies were based on the OGLE- IH
data With the update to the fourth phase of the OGLE project (OGLE-IV),
we gained insight into farther areas and the entire LMC disk.

The Small Magellanic Cloud

Young stars in the SMC tend to be more concentrated in the central parts of
the galaxy and in the Wing, which connects the SMC to the Bridge area (

14



, ). Older stellar populations are distributed more
unlformly and can be described as a tri-axial ellipsoid ( , ;
, ). The SMC has a high optical depth especially in its eastern
parts ( ; , ). The galaxy is elongated almost
along the line of 51ght ( , ). This is consistent with predictions
from numerical models of interactions between the Magellanic Clouds (
’ )

Similarly as for the LMC, CCs were often used to study the structure of
the SMC. ( ) showed that the SMC has a significant optical
depth along the line of sight. ( ) fitted a
disk to the SMC CCs distribution and found extra-planar features on both sides
of the disk. On the other hand, ( ) showed that the SMC is
elongated along the line of sight and that fitting a plane to this distribution is
not a correct approach. As I showed in this analysis, the OGLE-IV data led to
similar results as those of ( ). The main difference is that
the sample that I used is over 50 times more numerous than their sample.

A tri-axial ellipsoid is also a good descrlptlon of the RRab stars distribu-
tion in the SMC (

, ). Different parts of the SMC were found to have a signiﬁcant

line of blght depth, some of which were interpreted as a bulge ( ,
; , ). Moreover, aforementioned studies

showed that the north eastern part of the SMC is located closer and contains
more metal-rich stars. Additionally, stars with different metallicities constitute
different dynamical structures: metal-rich form a thick disk with a bulge, while
metal-poor constitute a halo ( ; ,

). These studies were also based on the OGLE IIT database.

1.3 The Magellanic Bridge area

Spanning the area between the Clouds, the Magellanic Bridge is thought
to be one of our closest extragalactic stellar populations that was formed as an
effect of tidal interactions ( , ). The continuous connection between the
Clouds was first found in neutral hydrogen (Hr) by ( ). Later,
stars of different ages were found in the Bridge: young ( , ;

, ; ; ; , ; ), intermediate-age (
, , : , ; , ) and old (

; ; : ; ). Numerical models
predlct that the Bridge was formed after the last encounter of the Magellanic
Clouds that happened between 300 and 150 Myr ago (e.g. , ;

) ) ’ .

( ) used the OGLE-IV data to show for the first time
that young stars form a continuous connection between the Magellanic Clouds
that follows the HI distribution. On the other hand, old stars are distributed
more broadly and their distribution resembles two overlapping halos, showing a
smooth transition between the LMC and SMC stellar populatlons in metallicities
and distances ( , ; ,

; ; ; ). Artlcles contributing
this doctoral the81s gave an important 1n51ght into the topic of the distribution of
classical pulsators in the Magellanic Bridge. I have shown that classical Cepheids

15



follow the young stellar and HI bridge, while anomalous Cepheids (ACs) and RR
Lyrae stars reveal broad distributions typical for the older population ( ;

; ; )-

2 The OGLE project

2.1 General information

The OGLE survey was established in the early 1990s and since then the
project has been monitoring the densest regions of the sky, concentrating on
the Galactic bulge, disk and the Magellanic System. The project uses the 1.3-m
Warsaw Telescope at Las Campanas Observatory in Chile. The current fourth
phase, OGLE-IV, is in operation since 2010 with a 32-chip mosaic CCD camera,
with the field of view of 1.4 deg? ( , ). The OGLE-TV uses two
passbands, I and V, from the Johnson-Cousins standard photometric system.
Unprecedented quality of the OGLE data and long-term observations provided
a unique database that led to numerous important discoveries in astrophysics,
many of which were scientific milestones.

Currently, a vast area of more than 750 square degrees is observed by the
OGLE project in the Magellanic System. It completely covers the Magellanic
Bridge region, as well as very broad areas containing LMC and SMC halos. For
the data used in these studies, a median number of observations is 500 in the
I filter and 50 in the V filter per one classical pulsator. These factors make the
OGLE database perfect for detailed Magellanic System studies.

2.2 The OGLE Collection of Variable Stars

Continuous observations of the densest areas of the sky led to the creation
of the OGLE Collection of Variable Stars (OCVS) that contains more than a
million objects ( ), making the OGLE project one of the largest
sky variability surveys Worldw1de The parts of the Collection used in this study
span more than 20 years (1997-2019). The pre-selection of variable stars is
based on automatic algorithms, however the visual inspection of candidates’
light curves plays a crucial role in a final classification. Different astrophysical
parameters are also taken into account, i.e. location on the period—luminosity
(PL) diagram or parameters of the Fourier light curve decomposition.

Cepheids

One of the most important and widely used parts of the OCVS is the Col-
lection of Classical Cepheids. CCs are evolved young (< 300 Myr) and massive
(320 M) stars. Most of them cross the instability strip during their helium
burning blue loop. They pulsate radially via the x-mechanism. Their periods
range from less than one day to more than 100 days (for fundamental mode
pulsators), with a typical value of several days. First CCs discovered in the
Magellanic Clouds played an important role in astronomy as they led Henri-
etta Leavitt to the discovery of the PL relation (the Leavitt law, , ;

, ). This made CCs the first standard candles and the
base of the extragalactic distance scale ladder.

16



ACs represent the older population (as shown by the analysis of their three-
dimensional distributions, ). These Cepheids are low-metallicity,
intermediate mass (1-2 M) stars with periods typically between 0.3-3 days.
ACs also obey the PL relations, thus can be used in structural studies.

In the analysis presented in this thesis I used the aforementioned properties
of Cepheids to calculate individual distances and analyze the three-dimensional
structure of the Magellanic Clouds. I used the OGLE-IV Collection of Cepheids

in the Magellanic System ( , ). Taking into ac-
count the latest updates, the Collection 1nc1udeb 9650 CCs and 278 ACs. The
completeness of both samples is more than 99% ( , ).

RR Lyrae Stars

The most numerous part of the OGLE Collection of classical pulsators con-
sists of representatives of the old population: RR Lyrae stars. They are evolved,
low mass stars located in the region of the Hertzsprung—Russell diagram where
the instability strip intersects the horizontal branch.. They pulsate radially via
the k-mechanism. Their periods are typically between 0.2-1 day. RRL stars are
numerous in many stellar environments. They are used to study the chemistry,
dynamics and distribution of the oldest observable population of stars. RRL
stars are also used to study galactic structures in the Local Group, as they obey
the PL relations.

In this study, I used RRL stars published in the OCVS ( ,

, ) to analyze the structure of the old stellar population in the
Magellamc Clouds. The updated Collection includes 47 828 RRL stars in the
Magellanic System and is 96% complete ( , ).

3 Analysis

3.1 Samples and methods

The first part of this study ( ; ) was based on 9535 classical
Cepheids pulsating in the fundamental and first-overtone modes and 32 581 RRL
stars of ab type from the early release of the OGLE-IV Collection of Variable
Stars ( , , ). The second part of my study ( ;

) concentrates on the analysis of the Magellanic Bridge. Here, I used
the updated and expanded OCVS samples consisting of 9554 CCs, 268 ACs and
34 177 RRab stars ( , ). Each of these samples was cleaned
by iteratively rejecting outliers located farther than 3o from the fitted period—
luminosity relation. After calculating individual distances, I presented my re-
sults in two types of maps: two-dimensional projections of a three-dimensional
Cartesian space and an equal-area Hammer projection of the celestial sphere.

Cepheids
For both classical and anomalous Cepheids, I fitted the PL relations using
the reddening free Wesenheit index ( , ):
Wiv_r=1-155(V —1) (1)
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and a linear function:
Wiv-r = alog(P) +b (2)

and applied the least-squares method. For the fundamental mode CCs, I addi-
tionally divided samples into two groups: one with log P < 0.4 and the other
with log P > 0.4. I calculated individual distance to each Cepheid using the
PL relation obtained for the LMC and the most accurate mean LMC distance
( , ). The median relative uncertainty of resulting
distances was estlmated to be around 3% (1.5 kpc for the LMC CCs).

RR Lyrae Stars

For RRab stars I calculated photometric metallicities using ¢3; coefficient

of a Fourier decomposition of OGLE light curves and a ( )
relation. In the next step I estimated absolute Wesenheit magnitudes based
on relations from ( ) and obtained individual distance to each

RRab star. The median uncertainty of the distances to individual RRab stars
was around 1.5 kpc for the LMC (3% relative to the median distance).

The method of calculating individual distances used for RRab stars was
different than that used for CCs. Many studies have shown that the effect of
metalhclty on CCs PL relations is neghglble (i.e., ;

). For the RRL variables the metallicity influences the location of horizontal
branch in relation to the instability strip (i.e., ;

).

3.2 The Large Magellanic Cloud

Distribution of classical Cepheids

The three-dimensional distribution maps of CCs in the LMC (Figs. 1 and
in ) show that these young stars are located mainly in the substructures
in the LMC disk, namely the bar and the northern arm, which both are very
prominent on the plots. Almost all CCs are concentrated in the inner 4 kpc
around the LMC center. The closest CCs are located mainly in the eastern parts
of the galaxy, especially the eastern part of the bar and the northern arm. This
reflects the inclination of the LMC disk. Moreover, the most prominent structure
is definitely the bar. It is connected with the northern arm in the western part
of the LMC. Also, the plots suggest that the northern arm is located at a lower
distance than the mean LMC distance. In this study I also showed that there
exists an additional arm that is located at the north most part of the LMC disk
and is connected to the main northern arm.

I divided the LMC sample into subsamples to analyze substructures in this
galaxy (Fig. 7 in ). I additionally divided the bar and the northern arm
into two separate parts. The eastern part of the bar is the most prominent and
densest area of the LMC and is usually referred to as the LMC bar (see Fig. 14
in , and Figs. 1 and 7 in , ). My results
suggest that the eastern and western parts of the bar belong to one structure.
Both distance and age tomography show that there is a continuous distribution
of stars in these two parts of the bar and there is no significant break in the
distribution of any of the analyzed parameters. Moreover, when treating eastern
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and western parts of the bar as one substructure, the dynamical center of the
LMC ( ) ) is in the center of the bar.

For the age estimation I used the period—age relation from ( )
for metallicity Z = 0.01. Most of LMC CCs are in the age range 50-130 Myr.
The youngest CCs constitute the western part of the bar and are younger than
50 Myr. CCs in the age range 5070 Myr are situated mainly in the central part
of the bar. Older are located in the entire bar and the northern arm. The oldest
CCs are spread around the entire LMC disk.

Distribution of RR Lyrae Stars

The distance tomography and the column density maps of the RRab stars
distribution in the LMC (Figs. 6 and 7 in ) reveals that in its closest
parts the RRab stars are clumped in a slightly elongated structure. At distances
close to the mean LMC distance and farther, the on-sky projection of RRab
stars distribution is regular. Moreover, the eastern part of the LMC is located
closer than the western part. The LMC blend artifact is very prominent on
these maps. It is a non-physical structure that is formed by highly blended stars
located in the LMC central parts, where the crowding effect plays an important
role. Additionally, based on aforementioned maps I stated that the LMC RRab
halo seems to be neither spheroidal, nor ellipsoidal. It is asymmetrical with its
eastern part located closer to us.

I analyzed results of a tri-axial ellipsoid model fitting to the LMC RRab
distribution (Fig. 9 in ). The central part of the LMC was removed for
this procedure to minimize the effect of the blend artifact. However, the axes
ratio is the highest for the central parts of the LMC. This may not be physical
because of the artifact. Larger ellipsoids, representing the LMC halo, are less
elongated and more twisted towards the SMC.

3.3 The Small Magellanic Cloud
Distribution of classical Cepheids

The shape of the on-sky CCs distribution in the SMC (Fig. 12 in )
is changing with the distance, becoming less symmetrical. At the same time
the center of this shape is moving away from the SMC dynamical center (

, ). The three-dimensional column density maps (Fig. 13 in

) show that in the on-sky projection the densest concentration of CCs

does not match the SMC dynamical center. Moreover, the SMC shape in three
dimensions is best described as an elongated tri-axial ellipsoid with its longest
axis located almost along the line of sight. The longest axis is 4-5 times longer
than the other two axes. This is consistent with the stellar distribution gradient

found by ( ) as based on ( ) model of
Magellanic Clouds interactions.
I selected two substructures in the SMC (Fig. 16 in ). Both south-

western and northern substructures have ellipsoidal shapes and are off-axis with
respect to the longest SMC ellipsoid axis. The northern structure is on average
younger and located closer than the south-western, which is older and located
farther. The OGLE data shows that the Wing is not prominent in CCs distri-
bution, although there are some CCs located in its area.
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I estimated ages of CCs in the SMC using period—age relation from
( ) for metallicity Z = 0.004. Young stars are more clumped and
concentrated in the northern parts of the SMC, while old stars are more spread.
Moreover, my study also revealed that there is a general tendency in the SMC,
where young stars are on average located closer than old stars.

A comparison of CCs ages distribution in the LMC and SMC shows that on
average the LMC CCs are significantly younger than those in the SMC. Also,
the oldest SMC Cepheids are around 150 Myr older than the oldest LMC CCs.
The CCs ages distribution in the SMC is bimodal, thus this galaxy probably
had two epochs of star formation. The younger peak is located around 110 Myr,
which is the value for the median CCs age in the LMC. This result is consistent
with a study by ( ).

Distribution of RR Lyrae Stars

In the SMC RRL stars distribution I did not observe an overcrowded area, in
contrast to the LMC. The SMC reveals a very regular structure in RRab stars
in both two and three dimensions, as well as on the distance tomography maps
(Figs. 4, 5 and 11 in ). These maps also show that the center of RRab
distribution differs significantly from the SMC dynamical center and the mean
distance. I did not find any evidence for substructures or other irregularities in
the SMC RRab distribution.

For the SMC, I also analyzed results of tri-axial ellipsoid model fitting
(Fig. 14 from ). The shape of inner and outer ellipsoids does not change
and all ellipsoids have virtually the same axes ratio. All of them are elongated
almost along the line of sight. The outer ellipsoids are slightly more twisted
towards the LMC.

3.4 The Magellanic Bridge
Distribution of Cepheids

First CCs in the MBR area were discovered by ( ) and
published as a part of the OCVS, that was later updated ( ,
). I performed the first analysis of the three dimensional distribution of
these objects. I selected the MBR sample from the entire CCs collection based on
three-dimensional locations of the stars. The final sample consists of 10 objects.
The on-sky distribution of CCs in the Magellanic Bridge area (Fig. 3 in
) reveals that these objects match the Hr density contours, with only
two CCs being slightly offset from the highest H1 density value. Similarly, CCs
also follow the distribution of young stars in the MBR ( , ).
In three dimensions (Fig. 4 in ) two CCs are located close to the LMC
and may constitute a connection between the LMC sample and the genuine
Bridge members. Similarly, two CCs closest to the SMC may actually belong
to the SMC Wing and connect this structure to the MBR. The other two CCs
are located farther and they may constitute the Counter Bridge, predicted by
numerical models ( , ). Summarizing, 8 out of 10 CCs in the
final sample do form a bridge-like connection between the Magellanic Clouds in
three dimensions.
In the final study, I used two age estimates to calculate ages of Bridge CCs.
One is the same as I used in previous work ( , ), while the other
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one is a more up-to-date model which includes stellar rotation (
). For both estimates, I used period—age relations for the SMC metalhc1ty

The ages resulting from applying the relation of ( ) with
average stellar rotation are approximately twice as large as the values obtained
by using both period—age and period—age—color relations from ( ).

In the more physical model with rotation, five out of ten Bridge CCs have
ages of less than or equal to 300 Myr. This is consistent with a hypothesis
that these stars were formed in-situ after the last encounter of the Magellanic
Clouds. Moreover, these youngest CCs form a bridge-like connection between
the Magellanic Clouds in three dimensions.

I analyzed proper motion data from Gaia Data Release 2 (DR2;

) for the Bridge CCs. Two CCs that are located close to
the LMC also have very similar PMs to this galaxy. Similarly, two CCs located
close to the SMC also have similar PMs to the SMC. For all other CCs from the
MBR sample PMs have values between those for the LMC and SMC. According
to ( ) these are expected values for the Bridge population. In
the LMC related frame the Bridge CCs seem to be co-moving with the SMC,
while in the SMC related frame these objects are moving away from this galaxy.

I separately analyzed anomalous Cepheids ( , ) to
select a Bridge sample based on three-dimensional locations. The final sample
consists of 11 ACs. The on-sky view reveals that the ACs are far more spread
than the CCs and the former do not form any evident substructures or streams
as the latter do (Figs. | and 3 in ). The ACs distribution does not
match neither the HI nor the young stars distribution. In three dimensions,
these stars form a continuous connection between the Magellanic Clouds, which
is not an evident stream (Fig. & in

Similarly as for CCs, I also analyzed Gaza DR2 proper motion data for the
Bridge ACs. Their PMs have values that are typical for Bridge objects according
to ( ). Their absolute values are slightly lower than PMs of the
LMC and SMC.

Distribution of RR Lyrae Stars

The initial study of the OGLE RRL stars in the Bridge ( ) revealed
that these stars do not form an evident stream-like connection between the
Magellanic Clouds and are rather two overlapping halos. After the OCVS sample
was updated ( , ), I performed a more detailed analysis of
the MBR RRL stars sample. Fig. 2 in reveals that the RRab stars
are present in the area between the Magellanic Clouds and their distribution is
very spread. There is no evident bridge-like connection. Although the contours
of the distribution density do connect, it only happens at a very low level (1
star per 1 kpc? and lower).

Additionally, I analyzed results of a multi-Gaussian mixture model applied
to the RRL sample. For different numbers of Gaussians fitted none of them is
centered in the Bridge area. Thus, there is no additional population or overden-
sity. The Bridge RRab stars are located in Gaussians wings. Moreover, I used
the multi-Gaussian procedure to model the distribution of RRab stars in the
Magellanic System with an additional offset between the LMC and SMC added
along the x axis. This analysis showed that the contours only connect when
the Magellanic Clouds are located close enough to each other. Thus, the bridge
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stream may not exist or be on a very low density level.

presented a map of the OGLE-IV RRL distribution in the MBR area
(their Fig. 18) that was not consistent with results from my first study and pre-
sented a stream of RRab stars between the Magellanic Clouds. I reconstructed
their results by reanalyzing the entire OGLE sample using the method of
Only after using the same as their coordinates, sphere projections, method of
calculation, bin sizes and ranges, and color-scale range I was able to reproduce
the stream of RRab stars. When using other parameters, the stream was not
visible. I called this a “plotting effect”.

I also decided to test the main result of , which was a discovery of RRL
stars bridge between the Magellanic Clouds based on the Gaia Data Release 1
(DR1; ) and a selection algorithm presented by

. I used a sample that was created by following their steps. The resulting
maps revealed many spurious sources in the central Bridge area forming obvious
stripes on the sky. The stripes reflect Gaia scanning law and are an effect of cross-
match failures in Gaia DR1 (B17). However, claimed that most of the stripes
together with non-physical sources disappear after applying their method. I
showed in this study that this is not the case, as I was not able to reproduce
their results without obtaining many non-physical sources in the Bridge area.
Interestingly, the stripes in the Bridge form a structure that resembles a stream
when the data is binned, especially when the bin size is relatively large. Contours
that T obtained using this sample are consistent with what reported.

Also, a comparison between this final sample and the OGLE RRL distribu-
tion in the central Bridge area (for right ascension in the range 2"-4"%) revealed
that only 15% of objects obtained using method are genuine RRL stars.
For the entire sample discussed in this subsection only more than 40% are RRL
stars (based on both OCVS and Gaia DR2). This high level of contamination
(60%) is not consistent with who reported 30-40% for their entire sample.
The completeness of sample is around 11-12%, which is in agreement with
what they estimated.

4 Impact of this study

The presented studies provide the first three-dimensional analysis of the
structure of the Magellanic Clouds with classical pulsators, that cover the en-
tire area of the Clouds as well as regions between and around them. The four
publications constituting this doctoral thesis have been referenced 143 times
(as of 29 June 2021 according to the NASA Astrophysics Data System Ab-
stract Service). This number proves that my research has been of a significant
importance and has influenced other scientific projects. Most of the citations
reference the first part of the study, concerning the three-dimensional structure
of the Magellanic System. and presented for the first time a
very detailed analysis of the distribution of young and old stellar population
representatives in both Magellanic Clouds. My studies were the first ones to use
the almost complete OGLE-IV Collection of Variable Stars, covering very broad
areas around the Magellanic Clouds, incomparable to those of OGLE-III, and
will be a golden standard in the Magellanic System studies for years to come.

The results described in this thesis were presented at 19 different meetings in
years 2016 — 2020 and led to many interesting discussions between researchers.
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My studies were a base for an invited lecture “OGLE-ing the Magellanic Sys-
tem” that I gave during the Synoptic Magellanic Clouds conference in Septem-
ber 2019. I also presented the results at eight other international conferences,
including four talks and four posters (three with flash talks). Additionally, I
discussed the results during two international workshops and presented them
at five seminars and one research group meeting. I also gave two lectures for
students.

5 Summary

In this thesis I presented results of the project concerning the three-dimensional
structure of the Magellanic System based on the OGLE-IV classical pulsators,
that I have been working on during my doctoral studies. The unique results
have been of significant impact on the astronomical society worldwide, as this
was the first time the high-quality OGLE-IV data of a vast sky coverage were
used to disentangle the structure of the Clouds and the Bridge.

I analyzed the distribution of classical Cepheids and RR Lyrae stars in
both Magellanic Clouds. For CCs I fitted PL relations to the OGLE data using
reddening-free Wesenheit index and calculated individual distances based on the
mean LMC distance. For RR Lyrae stars I used relations including period and
metallicity to obtain absolute magnitudes and then calculated individual dis-
tances. I presented the distribution of these variables on different types of maps,
especially in three-dimensional Cartesian coordinates and Hammer equal-area
projection of the sphere.

In the LMC, CCs are clumped in central substructures, mainly the bar and
the northern spiral arm. Their overall distribution is disk-like. There is also
an additional small northern arm connected to the main arm in the north.
Moreover, I redefined the LMC bar by adding its western part based on distance
and age distribution of CCs. I did not find any additional spiral arms in the
southern parts of the LMC. In the SMC CCs reveal a very elongated distribution
that resembles a tri-axial ellipsoid with its longest axis located almost along the
line of sight. I also found two ellipsoidal off axis substructures in this galaxy.
Moreover, CCs in the SMC revealed a trend where younger stars are located
closer to us, while older ones farther.

RR Lyrae stars are very spread and form a regular structure that can be
modeled as a tri-axial ellipsoid in each Magellanic Cloud. In the center of the
LMC I encountered a problematic blend artifact that is a result of intense blend-
ing and crowding effects.

I performed a detailed analysis of classical pulsators in the Magellanic Bridge
area. The final sample of CCs consists of 10 objects that form a connection
between the LMC and SMC in three dimensions. At least half of these stars are
around or younger than 300 Myr, which places them well within a hypothesis
that these were formed in situ in the Bridge. The CCs distribution matches
very well the neutral hydrogen and young stars bridges between the Magellanic
Clouds. I also studied the sample of anomalous Cepheids in the MBR. Their
distribution is different such that they do not form an evident stream, but are
rather spread all over the area between the Magellanic Clouds.

RR Lyrae stars are present in the Bridge and their distribution resembles
two overlapping halos. In the OGLE-IV data I did not find and evidence for
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the existence of a stream. Moreover, I reanalysed the OGLE data and the final
sample of showing that it is not possible to reproduce their result of a RRL
bridge without imposing special conditions on plots or without non-physical
artifacts located in the central part of the Bridge.
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ABSTRACT

We analyzed a sample of 9418 fundamental-mode and firstemesclassical Cepheids from the
OGLE-IV Collection of Classical Cepheids. The distanceaoreCepheid was calculated using the
period—luminosity relation for the Wesenheit magnitudéedi to our data.

The classical Cepheids in the LMC are situated mainly in tredmd in the northern arm. The
eastern part of the LMC is closer to us and the plane fit to trEevhM C sample yields the inclination
i =242+ 0°7 and position angle .R. = 151°4+ 1°7. We redefined the LMC bar by extending it
in the western direction and found no offset from the planthefLMC contrary to previous studies.
On the other hand, we found that the northern arm is offset fagplane by about-0.5 kpc, which
was not observed before. The age distribution of the LMC @&fshshows one maximum at about
100 Myr.

We demonstrate that the SMC has a non-planar structure anbecdescribed as an extended
ellipsoid. We identified two large ellipsoidal off-axis sttures in the SMC. The northern one is lo-
cated closer to us and is younger, while the south-westéantteer and older. The age distribution of
the SMC Cepheids is bimodal with one maximum at 110 Myr, aratteer one at 220 Myr. Younger
stars are located in the closer part of this galaxy while odthes are more distant.

We classified nine Cepheids from our sample as Magellanidg@robjects. These Cepheids
show a large spread in three-dimensions although five of fbema connection between the Clouds.
The closest one is closer than any of the LMC Cepheids, whéefdrthest one — farther than any
SMC Cepheid. All but one Cepheids in the Magellanic Bridgeyaunger than 300 Myr. The oldest
one can be associated with the SMC Wing.

Key words: Stars: fundamental parameters — Cepheids — Magellanic @euGalaxies: statistics
— Galaxies: structure
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1. Introduction

The Large Magellanic Cloud (LMC) and the Small Magellanio@ (SMC)
are one of our closest galaxies. What makes the LMC-SMC pain enore in-
teresting is that these galaxies have a common history.r Titeractions led to
formation of a few intriguing structures: the Magellanicesim, the Leading Arm,
and the Magellanic Bridge (Gardinet al. 1994, Gardiner and Noguchi 1996,
Yoshizawa and Noguchi 2003, Connagtal. 2006, Rlztka et al. 2009, 2010,
Beslaet al. 2010, 2012, Diaz and Bekki 2011, 2012, Guglieletcal. 2014). To-
gether with the Magellanic Clouds they constitute the Mgt System.

The Magellanic Stream is a 160ong stream of gas that seems to be trailing
the Clouds’ past orbit (Nideveat al. 2008, 2010). It has a double nature in terms
of morphology, velocity and metallicitye(g, Putmanet al. 2003, Nideveret al.
2008, Foxet al. 2010, 2013, Richteet al. 2013). The Leading Arm was formed
together with the Streare(g, Nideveret al. 2008). It comprises of four groups
of High Velocity Cloud (Venzmeet al. 2012) and is interacting with matter in the
Milky Way disk (McClure-Griffithset al.2008). It is known to have a young stellar
component (Casetti-Dineset al. 2014).

The Magellanic Bridge (MBR), a connection between the twoudk, was
known as a gaseous feature since the work of Hindetat. (1963). It is thought
to be formed after the last encounter of the LMC and SMC thelt fdace 200—
300 Myr ago €.g, Gardineret al. 1994, Gardiner and Noguchi 1996, Rz et
al. 2010, Diaz and Bekki 2012, Bestt al. 2012). The detailed analysis of neutral
Hydrogen (HI) kinematics reveals that the Magellanic Beidg connected with
the western part of the LMC disk (Indu and Subramaniam 20Mgreover, the
velocity distribution suggests that the MBR is being shéamdumerical models
predict that the Bridge should have a stellar componegt Oiaz and Bekki 2012,
Beslaet al. 2012, Guglielmoet al. 2014), that should be an important tracer of
interactions between the LMC and SMC.

Young stars in the area between the Clouds were observeddpleyh(1940).
Later, young stars were discovered farther from the SMChéndirection to the
LMC (Irwin et al. 1985, Demers and Battinelli 1998, Harris 2007, Néiedl. 2013,
2015). Finally, Skowroret al. (2014) showed that there exists a continuous con-
nection between the Clouds formed by a young stellar populatMoreover, the
Bridge also contains warm ionized gas (Bargkal. 2013). Intermediate age stars
were also observed in the MBR (Né&etlal. 2013, 2015), as well as candidates for
an old stellar population (Baghegt al. 2013). Recent studies of stellar clusters
and associations suggest that these structures may benfpantidal dwarf galaxy
(Bicaet al.2015) that had already been proposed by Bica and Schmitbj18@ch
galaxies form from the gas pulled out of the interacting gi@sand can have their
own star formation (SF) processes (Ploeckingteal. 2014, 2015).
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The interactions between the Magellanic Clouds have madgni#isant im-
pact on both galaxies. The knowledge of their structuregsrirelevant implica-
tions for their common history as well as for other, moreafistgalaxy systems.
The Clouds are our closest interacting galaxies, thus caleseribed as our “local
laboratory”. Their structure is also essential for propsderstanding of the nature
of rare microlensing events detected toward the Clouds lagid interpretation ei-
ther as self-lensing or due to compact dark matter objeats \(Wyrzykowskiet al.
2011, Beslat al.2013).

In the LMC younger and older stars have different spatiatithistions although
the overall shape of the galaxy is roughly reguleug( Cioni et al. 2000, Bicaet
al. 2008, Joshi and Joshi 2014). Its disk is distorted, elomgatel asymmetrical
and can be divided into inner and outer parts with differanlination angles (van
der Marel and Cioni 2001, van der Marel 2001, Olsen and Sabg@R2Nikolaev
et al. 2004, Haschkeet al. 2012a, Subramanian and Subramaniam 2013). The
eastern parts of the disk and the halo are located closertieasise of the LMC'’s
inclination toward the SMC (van der Marel and Cioni 2001, d#evet al. 2004,
Perssoret al. 2004, Pejcha and Stanek 2009, Koerwer 2009, Subramanian and
Subramaniam 2010, Rubedt al. 2012, Haschket al. 2012a, Subramanian and
Subramaniam 2013, van der Marel and Kallivayalil 2014, Deth Singh 2014).

The LMC has an off-center bar that appears as an overdensyjtyung and old
stellar populations (Zhao and Evans 2000, Cieinal. 2000, van der Marel 2001,
Nikolaev et al. 2004, Subramanian and Subramaniam 2013, van der Marel and
Kallivayalil 2014) as well as in the numerical models of tHeaenter bar (Bekki
2009, Beslat al.2012). The galaxy also has one prominent spiral arm and maybe
two or three irregular and not very prominent armg( Cioniet al.2000, Nikolaev,
et al. 2004, Bicaet al. 2008, Morettiet al. 2014). HI maps reveal four spiral-like
structures (Staveley-Smitt al. 2003) and the new ones have just been discovered
(Indu and Subramaniam 2015). Some of the LMC stars are kitiealsg associ-
ated with these HI arms rather than with the disk (Olsen angdeé@2007).

The SMC is an elongated irregular galaxy with a central cotraéion where
young and old stars have slightly different distributioesg( Cioni et al. 2000,
Subramanian and Subramaniam 2012, Hasetkd. 2012b, Rubelet al. 2015).
The SMC is known to have several substructures, of which thst prominent is
the Wing, that is a part of the galaxy that connects it with Megellanic Bridge
(e.g, Cioniet al.2000, Nideveet al.2011). Older populations are more uniformly
distributed while younger tend to concentrate in the cépaes and in the Wing.
Moreover, the Wing also comprises of many young stellartehgs(Piattiet al.
2015). Nideveet al. (2013) showed that the optical depth in the eastern parieof th
SMC is two times higher than in the western part, and the gaptet comprises of
two groups of stars with different mean distances. The SMGtated toward the
LMC and their closest parts on the sky are also the closebeisense of distance
(Scowcroftet al. 2016).
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The classical Cepheids (CCs) represent a young stelladgtogpuand play an
important role in structural studies of many extragalasyistems. In the LMC and
SMC they are of exceptional significance. Henrietta Leawitl discovered the
famous Leavitt law studying the SMC Cepheids — period—lwsity (P-L) relation
— Leavitt (1908).

Numerous studies of the LMC and SMC structure were based erC®s.
Nikolaev et al. (2004) analyzed more than 2000 MACHO Cepheids in the LMC
and measured the viewing angles of this galaxy. They fouatttie results are
strongly dependent on the adopted center of the LMC, dueiatiens from the
planar geometry. Moreover, they showed that the disk is edrwith the bar be-
ing offset from the disk plane. A similar study was perfornmdPerssoret al.
(2004) for 92 Cepheids observed in the near infrared pasdsbamter, Haschket
al. (2012ab) investigated almost 2000 Cepheids from the OGL#&ata set. They
constructed three-dimensional maps of the Clouds by usidiyidual reddening
estimates and determining distances to each Cepheid. Theydatected mild
twisting in the LMC disk and noticed that the bar stands owrasverdensity.

Subramanian and Subramaniam (2015) fitted a plane to the SMagystellar
“disk” and found extra-planar features in front of and in faek of the “disk”. The
authors suggest that the former may be a tidal structuretimatects the SMC with
MBR and the latter may be a stellar counterpart of the CouBtiglge predicted
by numerical models (Diaz and Bekki 2012). On the other hacwh@roftet al.
(2016) showed that the SMC is extremely elongated alongribef sight and they
state that fitting a plane to such structure is incorrect. dlbagation of the SMC
is consistent with the significant optical depth values fig galaxy €.g, Nidever
et al.2013, Delet al. 2015) and the numerical models predictions (Diaz and Bekki
2012).

The CCs were also used to study the star formation historidY®Fthe Mag-
ellanic Clouds. Both galaxies have had an active SFH duhadgst 2 Gyr (Harris
and Zaritsky 2009, Innet al. 2015) and the age distribution similarities between
the LMC and SMC suggest that the galaxies must have had cordfRa@pisodes
(Harris and Zaritsky 2009, Indu and Subramaniam 2011, ktred. 2015, Subra-
manian and Subramaniam 2015, Jcethal. 2016).

In this paper we present results of a three-dimensionaysisabf the Magel-
lanic System using the OGLE Collection of Classical Cephestently published
by Soszyski et al. (2015). The Collection is based on the OGLE-IV data (Udal-
ski et al. 2015), covering about 650 square degrees in this area. Gethfmthe
OGLE-III collection of Classical Cepheids, on which thedies described above
were based, the OGLE-IV Classical Cepheids Collectionuithes the northern and
southern parts of the LMC and extended outskirts of the SM( iB the first time
that we see a full picture of the Clouds with CCs from the OGlL&egxt.

The sample completeness is over 99%, which makes it the roogtlete and
least contaminated sample of CCs in the Magellanic CloudsBxidge. Given
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the vast OGLE-IV coverage of the Magellanic System, it isikely that many
additional CCs will be discovered in this region, makingstthie ultimate collection
of CCs in the Magellanic System.

The paper is organized as follows. In Section 2 we describ©BLE-IV data
and OGLE Collection of Classical Cepheids. In Section 3 wes@nt the details
of the analysis. Sections 4 to 6 contain results for the LM@CSand the Bridge,
respectively. We discuss and summarize the results ind®ecti and 8.

2. Data

2.1. The OGLE Collection of Classical Cepheids

The OGLE Collection of Classical Cepheids in the Magell&yistem (Soszy
ski et al. 2015) contains 9535 objects of which 4620 are located in i€ land
4915 in the SMC OGLE-IV fields. Among those 5168 pulsate galelthe fun-
damental mode (F), 3530 solely in the first-overtone (10Y, @4cillate only in
the second-overtone (20), 711 stars are double-mode prgsand nine pulsate in
three modes.

The collection is based on ttheandV-band photometry from OGLE-IV (Udal-
ski et al. 2015). The first step in variable star classification was ikeal inspec-
tion of candidates’ light curves. The selection of Cepheids then based on the
star’s light curve shape, its location in the P-L diagrand #re ratio of periods,
if multi-periodic. In some cases, the detailed inspectibthe light curve was re-
peated, taking other parameters of the star into accoumt filmal catalog contains
CCs mean magnitudes in both banideand amplitude, pulsation periods, epochs
of maximum light, and Fourier parameters derived from I#@nd light curves
(Soszyiskiet al. 2015).

2.2. The Sample Selection

For our analysis we chose CCs pulsating in the fundamentdérand the first-
overtone, including multi-mode pulsators, thus we exatld&7 stars oscillating
solely in the second overtone from our sample. We were leth @418 stars —
4593 in the LMC and 4825 in the SMC. Among those, 32 CCs (2 — LM&-a30
SMC) are located in the genuine MBR fields, as defined by OGLEeld names,
i.e., within RA 1'54™ < a < 4"08™ (see green region in Fig. 19 of Udalski al.
2015).

Next, we discarded Cepheids that did not have hoindV-band magnitudes
(50 objects from the LMC, 27 from the SMC and one from MBR). itjguring the
procedure of fitting the P-L relations to our sample (seeiGe®), we iteratively
rejected Cepheids with the luminosity deviating from théyitmore than 8. This
left us with 4222 Cepheids in the LMC, and 4663 in the SMC. Wk rtht apply
the fitting procedure to the MBR Cepheids separately.
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Soszyiskiet al. (2015) state that at least five of the MBR CCs are truly located
in the MBR. We carefully inspected 31 objects from the gealfBR fields in
terms of their location on the sky, distance from the obseawe from the Magel-
lanic Clouds. Indeed, 22 of them (< 2“) are well correlated with the whole SMC
sample, but nine are significantly offset from both galaxié¢e reclassify those
as MBR stars. Thus the final sample consists of 4222 Cepheitie iLMC, 4654
in the SMC and nine in the MBR. The final sample numbers are sanzed in
Table 1.

Tablel

Classical Cepheid sample used in the analysis

All F 10 F10&1020 F1020&102030

LMC | 4222 2292 1589 337 4
SMC | 4654 2646 1727 281 0
MBR 9 4 4 1 0

Total | 8885 4942 3320 619 4

3. DataAnalysis

3.1. Period-Luminosity Relation

The first step in obtaining distances to Cepheids was to fiPtherelation to
the LMC sample. In order to do this we first removed all the 1@t&éds with
logP < —0.3 (we expres$ in days) from our sample. That is because they may
represent a different sample with different chemical cositimn which is reflected
in the P-L non-linearity near this value (So#ski et al. 2008). Moreover, these
stars are faintest, and most affected by crowding and bienefifects, hence have
greater luminosity uncertainty than the mean. For multdepulsators we used the
lowest pulsation mode. For fitting we used the reddeningjetident Wesenheit
magnitude (Madore 1976) for thé andl-band photometry defined as:

Wyv_ =1-155-(V-I). (1)

The coefficient 1.55 is calculated from a standard intdestektinction curve de-
pendence of theband extinction orE(V — ) reddening (Schlegel, Finkbeiner and
Davis 1998). We fitted a linear function in the form:

W.v-1 =a-log(P)+b (2)

using the least-squares method. In each iteration we egjet outliers until there
were none. The majority of rejected outliers are due to blepdnd crowding
effects.
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In the case of fundamental-mode CCs we divided the sampiéwd groups:
one with logP < 0.4, and one with lo® > 0.4. A break in the P-L relation at
this value was already reported in the literatueeg(Baueret al. 1999, Udalski
et al. 1999, Sharpeet al. 2002, Sandaget al. 2009, Soszfgski et al. 2010). We
also fitted the P-L relation to tHe andV-band magnitudes (without correcting for
extinction). The same procedure was repeated for the SM&uIRere shown in
Table 2 and in Fig. 1.

Table?2

P-L relations for CCs in the Magellanic Clouds

P-L for Wesenheit magnitude W v_| =a-logP+b

Galaxy P.mode log | a |  blmag] | o[mag]| x?/dof | Ninc | N

<04 —3.216+0.033 | 15.8644+-0.010| 0.103 2.991| 284 6

LMC F >04 —3.317+0.007 | 15.890+0.005| 0.075 1.568 | 2103 | 87
all —3.313+£0.006 | 15.8884+0.004 | 0.078 1.686 | 2382 | 98

10 all —3.414+0.007 | 15.388+0.002 | 0.079 1.714| 1931 | 84

<04 —3.488+0.015 | 16.5074+0.004 | 0.157 6.920 | 1746 | 43

SMC F >04 —3.315+0.009 | 16.379+0.006 | 0.144 5.811| 957 | 30
all —3.458+0.005 | 16.4924+0.002 | 0.155 6.746 | 2708 | 68

10 all —3.540+0.007 | 159594+0.002 | 0.170 8.083 | 2010| 30

P-L for I-band magnitude I =a-log(P)+b

Galaxy P.mode  loB | a b[mag] | o[mag] | x?/dof | Ninc | Nrej
<04 —3.036+0.032 | 16.865+-0.010 | 0.140 5499 | 279 | 11

LMC F > 0.4 —2.894+0.007 | 16.810+0.005| 0.147 6.015| 2093 | 97
all —2.911+0.006 | 16.822+0.004 | 0.146 5.959 | 2372 | 108

10 all —3.240+£0.006 | 16.3564+0.002 | 0.159 7.065| 1950 | 65

<04 —3.147+0.015 | 17.4204+0.004 | 0.208 | 12.104| 1756 | 33

SMC F > 0.4 —2.912+0.009 | 17.2414+0.006 | 0.222 | 13.815| 976 | 11
all —3.113+0.005 | 17.401+0.002 | 0.216 | 13.064| 2734 | 42

10 all —3.278+0.007 | 16.813+0.002| 0.223 | 13.916| 2007 | 33

P-L for V-band magnitude V =a-log(P)+b

Galaxy P.mode log | a b[mag] | o[mag] | X?/dof | Ninc | Nrej
<04 —2.964+0.032 | 17.5264+0.010| 0.190 | 10.142| 280 | 10
LMC F >04 —2.629+0.007 | 17.3994+0.005| 0.211 | 12.412| 2090 | 100
all —2.672+0.006 | 17.4294+0.004 | 0.207 | 11.986| 2365 | 115

10 all —3.133+£0.006 | 16.9754+0.002 | 0.223 | 13.983| 1946 | 69

<04 —2.914+0.015 | 18001+0.004| 0.254 | 18.003| 1758 | 31

SMC F >04 —2.648+0.009 | 17.792+0.006 | 0.283 | 22.469| 978 9
all —2.901+0.005 | 17.9844+-0.002| 0.266 | 19.846| 2734 | 42

10 all —3.122+0.007 | 17.361+0.002 | 0.273 | 20.912| 2004 | 36

Ninc is the number of objects included in the final fit, wHilg; is the number of rejected objects.
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Fig. 1. P-L relations for the Wesenheit magnitude for fundatal-mode top pane) and first-
overtone pottom panél CCs in the LMC (blue dots) and in the SMC (green dots). The MBR
Cepheids are marked with large stars. Gray points represars rejected during the iteratives 3
clipping when fitting the P-L relationgop panel:Solid lines represent separate fits for two sets of F
Cepheids divided at ldg= 0.4. The dotted lines show fits for the whole F sample in the LM@ an
SMC. The dashed vertical line represents the period at wthietP-L relation break8Bottom panel:
The solid lines show fits for 10 CCs. Small gray dots repre$én€epheids with [0§ < —0.3 that
were removed from our sample, as marked by the dotted vElitiea
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The most accurate fits are obtained for the Wesenheit mafgnfar the LMC
Cepheids. They show the smallest scatter of only 0.08 mags i$twhy we de-
cided to use these relations for distance determinatiofigriher analysis. In the
case of the SMC, large values pf/dof are a result of this galaxy’s elongation al-
most along the line of sight — significant distance diffeesibetween the Cepheids
account for the scatter in magnitudes.

The slopes of the P-L for the Wesenheit index for F Cepheids logP > 0.4
are identical for the LMC and SMC withinalerrors, as expected (Ngeat al.
2015). We cannot compare slopes for Pog 0.4 for two reasons. First, the LMC
sample is much less numerous than the SMC sample and so tipagsom would
be biased (Udalsket al. 1999). Second, the SMC may simply have a different
value of the slope because of its different environment agph@ids with shorter
periods may have different chemical composition (Baateal. 1999, Soszfiski et
al. 2010). When calculating the distances we assume that the BYIE < 0.4
slope is identical as for the LMC.

3.2. Distances

In order to obtain both LMC and SMC Cepheid distances we usedrtean
distance to the LMC measured by Piefigkiet al. (2013) from eclipsing-binaries,
dimec =49.97+0.19 (statistica) +-1.11 (systemati¢ kpc. With 2.2% error it is the
most accurate measurement of the mean LMC distance up to date

For each object we calculated the reference magniMdg i.e., the Wesenheit
magnitude on the fitted P-L line (for the LMC) correspondiagt$ periodP:

Weef = aLmc - 10g(P) + bumc. (3)

We useda and b coefficients from Table 2, in the case of fundamental-mode
Cepheids separately for 169< 0.4 and> 0.4. So the relative distance modulus
is:

OU=W v —Wer. (4)

And then the absolute distance simply:
d = divc - 108 (5)

Fig. 2 shows three-dimensional maps of the Magellanic Sygt¢he Cartesian
space. Blue dots mark the LMC Cepheids, green dots SMC, ageldiark teal dots
show the Magellanic Bridge sample. Gray points mark thbeo8tliers rejected in
the procedure of P-L fitting (see Fig. 1 for comparison). Ehism distinct spread in
the Cepheid distances along the line of sight that is mdsiiynot entirely physical,
and a part of it is due to errors in distance calculation. Tiiers are typically
1.2-1.6 kpc (mediar: 3% relative) for the LMC and 1.4-2.3 kpc (median3%
relative) for the SMC. When calculating the uncertaintiesused the error of zero
points of the OGLE-IV photometry which is; y = 0.02 mag and the uncertainties
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Fig. 2. Three-dimensional map showing the Magellanic $gsteCartesian coordinates with tlze
axis pointing towarditcen = 3"20M, 8cen= —72°. Blue dots represent the LMC, green dots SMC,
and the large dark teal dots — MBR. Gray points show tleo8tliers rejected in the P-L fitting
procedure (see Fig. 1 for comparison). Red cross marks theradr’s location. White circles mark
the LMC (Pietrzyrski et al. 2013, van der Marel and Kallivayalil 2014) and SMC (Graceglkal.
2014, Stanimiro\i et al. 2004) centers.

of the P-L fit which are shown in Table 2. We intentionally amit the uncertainty
of the LMC distance measurement because it would only iser€&pheid distance
uncertainties without affecting the geometry. While thetametry error itself is
not largeo; v = 0.02 mag, it translates at the LMC distancedg, v = 0.46 kpc
andogw = 0.65 kpc and this is the “natural spread” of the method. Theadsis a
possibility, that even though we are using the reddenieg-Wesenheit index, the
differential and variable extinction within the LMC/SMC madd up to the error
in Cepheid distances.

We have analyzed how much the adopted reddening law inflsehealistance
uncertainties. For a Wesenheit index with a different coigffit:

Wy =1—144-(V—1I) (6)

(Udalski 2003) we obtained slightly smaller uncertaintiesthe case of the LMC
the median distance uncertainty was about 1.38 kpc (2.8&tive) when using a
coefficient of 1.55, and 1.31 kpc (2.6% relative) when usirggtl In the case of
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the SMC the numbers are: 1.79 kpc (2.8% relative) for 1.58,1i0 kpc (2.6%
relative) for 1.44. We see that the choice of the reddeniwgclzefficient does not
influence the distance uncertainties in a significant way.

3.3. Coordinate Transformations

In this study we visualize the results with two types of mapke first one is
a two-dimensional sky map in a Hammer equal-area projecfibe projection is
rotated so that theaxis is pointing towardcen= 3"20™, dcen= —72°. For each
Cepheid Xyammer @Nd Yiammer @re calculated from:

Op = O+ (g—acen> ) (7)
| = arctan(Sin(ab) coiézegl;:;lr(é)sin(écen)> ,lel-mm, (8)
B = arcsin(sin(d) cog &¢en) — €0 d) Sin(dcen) Sin(ap)), 9)
XHammer = — 2\/2‘(:05([3) Sin(l?) ) (20)
\/1+ cos(B) cos()
YHammer = \/é . Sin(B) . (11)
\/1+ cogB) cos()

Fig. 3 shows the Hammer projection of the Magellanic Systdrare the Cepheid
distances are color-coded. The LMC is on the left, with artyedsible bar and
a northern arm, while the SMC is on the right. The Magellanici@ Cepheids
between the two galaxies are marked with larger dots. Hereanelearly see the
distance differences between the two galaxies. The bottnmalp show close-ups
of each of the Clouds. When looking at the LMC (left) we caradle see the
inclination of this galaxy — the western side of the LMC (tight side of the map)
lies farther from us than the eastern side. In fact, it istemtan the direction of
the SMC. The right panel shows the SMC close-up. The largeashin Cepheid
distances reflects the galaxy’s significant elongation Esge2 for comparison).

The second type of maps used in this study are the three-dioreal Cartesian
spaceX, Y, 2) projections with different viewing angles. In this traoshation the
observer is always if0, 0,0) while thez axis is pointing toward different equatorial
coordinatesticen and dcen. The transformation equations were taken from van der
Marel and Cioni (2001) and Weinberg and Nikolaev (2001):

X = —d-cogd) sin(0 — Ocen), (12)
y = d-(sin(3) cogdcen) — €O ) SiN(dcen) COS A — Ucen)), (13)
z= d-(cogd)cogdcen) COF A — Ocen) + SiN() SiN(dcen) ), (14)
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Fig. 3. Three-dimensional map of CCs in the Magellanic Sysitea Hammer projection with the
Z axis pointing towardocen = 3h20M, Seen= —72°. Cepheid distances are color-codedpper
panel: MBR Cepheids are marked with large dots. Gray contours sepiteOGLE-1V fields in the
Magellanic SystemLower left panel:Close-up on the LMCLower right panel: Close-up on the
SMC. Note the change in color range. White circles mark theCL{Man der Marel and Kallivayalil
2014) and SMC (Stanimiro@iet al. 2004) centers.

whered is the calculated distance to each Cepheid agg, dcen are the map
center coordinates. Maps showing only the LMC or only SMCratated so that
the z axes are pointing toward their dynamical centers. For theCLive adopt
ALMC—cen= 5"20M125, d_mc—_cen= —6918, which is for the whole population
with a correction for young stars proper motions (van deréand Kallivayalil
2014). For the SMC we us@smc_cen= 1"05", dsmc_cen= —72°2512" (Stan-
imirovic et al. 2004). We decided to use the dynamical centers of theseigalax
because we think they are the most reliable. The same cemeesused to calcu-
late Magellanic Clouds’ proper motions (see Kallivayalilal. 2006ab, 2013 and
van der Marel and Kallivayalil 2014).

The uncertainties of the Cartesian coordinates includedGeE astrometric
uncertainty which iso, 5 = 072. Every coordinate is also dependent on the dis-
tance, so the uncertaintiesxfy andzinclude the distance uncertainty. Their val-
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ues are in the following ranges.4kpc < oy < 1.3 kpc, 06 kpc< oy < 1.3 kpc,
and 13 kpc< 0, < 2.4 kpc.
The most important parameters of the CCs sample analyzédsipublication
are available online from the OGLE website:
http://ogle.astrouw.edu.pl

Table 3 presents the first few lines of the data file.

Table3

Classical Cepheids in the Magellanic System

Columns 1-7
Location ocvsid P. mode (® [d] I [mag] VImag] Wy_i [mag]
LMC OGLE-LMC-CEP-0004 10 2.2296385 15.123 15.690 14.244
LMC OGLE-LMC-CEP-0005 F 5.6119491 14.651 15.425 13.451
LmMC OGLE-LMC-CEP-0006 10 3.2947501 14.707 15.366 13.686
LmMC OGLE-LMC-CEP-0007 10 0.7090827 16.955 17.561 16.016
LmMC OGLE-LMC-CEP-0008 10/20 0.9728732 16.337 16.921 18.43
Columns 8-14
RA Dec d [kpc] x® [kpc]  y® [kpc]  ZY) [kpc] Agel© [Myr]
04"35M20°16 —-69°4807"7 5103+1.40 -5.69+043 106+0.85 5070+1.50 102+19
04h35M31552 —-69°4405'8 5105+1.41 -572+043 1114085 5072+150 66+15
04"35M42%16 —69°4329"1 5151+1.42 -579+043 113+0.86 5118+151 75+14
04"36M30°06 —-68°3735!7 5277+1.45 —-6.30+046 210+0.88 5235+155 256+47
04"36M33°08 -69°1843'6 5005+1.38 —5.80+0.43 1424+0.84 4969+1.47 199+ 36

The electronic version of the whole sample used in this stsidyailable online from the OGLE website.
(a) For multi-mode Cepheids the longest period is providbiiThe cartesia®, y andz coordinates(c) The
ages were calculated using PA relations from Benhal. (2005).

3.4. Model and Plane Fitting

In the next step we attempt to characterize the LMC Cephaitlsrée dimen-
sions. Here we use a Cartesian coordinate system with thie atithe LMC center
andz axis oriented toward the observer.

x=dX(a,0) = —d-cogd) sin(0 — d_mc—cen)s (15)
y=dy(a,d) = d- (sin(d) cogd mc—cen) —
—€0gd) SiN(SLmc —cen) COS A — OLMC —cen); (16)

z=d mc —dZ(a(,8) = dimc—d-(cogd) cogdmc —cen) COY O —ALMC —cen) +
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Structural parameters of the LMC disk (inclination, pasitangle) can be inferred
from a plane fit to the data:
z=ax+by+c. (18)

The coefficientt quantifies the shift of the best-fit plane from the adopted LMC
center. The remaining two parameters can be transformdg:tdisk inclinationi
and position angle P.A.:

arccos(l/ VvaZ+b?+ 1) , (19)

ay Tt
—— ]+ =sgnb). 20
=) + 5sanb) (20)

A simple linear least-squares fit to the plane equation cabidsed, because
the uncertainties of all coordinates ¥, z) are not negligible, since they all contain
distance measurement error. Hence, we propose a paraatiettimn which a line
joining the observer and theth Cepheid intersects the fitted plane at a distance:

P.A.

arctan(

5. -~ divec —c¢

or a distance modulus:
Hmodel(Qi, 8i; @, b, C) = 5l0g(dmodel(ati, 8i;a,b,c)) + 10 (22)

if dmodel is expressed in kpc. We minimize the sum:

o N 2
X2(a,b,c) = > (M Mﬂodegili 3i;ab, c)) (23)

using the Nelder-Mead algorithm (Nelder and Mead 1965). dthepted uncer-
tainties oy, include OGLE photometry uncertainties;(y = 0.02 mag) and the
uncertainties of the P-L fit given in Table 2. The fitting prdaee is iterative and
after each step@oultliers are rejected. The typical deviation from the Heggttane
(1.5 kpc) is constrained by the accuracy of the P-L relatimhthe “natural spread”
of the method of calculating distances as described abo8é Kpc). We checked
that the influence of the choice of yc and (amc—cen, dLmc—cen) ON the best-fit
parameters is negligible.

4. ThelLarge Magellanic Cloud

4.1. Three-Dimensional Structure

Previous studies of the LMC CCs based on the OGLE-III defta={g. 1 from
Haschkeet al. 2012a) did not include the northern and southern parts ajaktexy.
This is the first time that we see a full picture of the LMC witletOGLE Cepheids.
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Fig. 3 shows that the disk of the LMC is inclined and rotatethmdirection of
its smaller neighbor, the SMC. This result is consistenhpitevious findings (van
der Marel and Cioni 2001, Nikolaest al. 2004, Perssoet al. 2004, Pejcha and
Stanek 2009, Koerwer 2009, Subramanian and Subramaniady Bé&schkeet al.
2012a, Subramanian and Subramaniam 2013, van der Marelallbialil 2014,
Deb and Singh 2014). We slice-up the galaxy into distaneg\vats in Fig. 4 to see
the details of this tilt. Top three panels show LMC parts #ratcloser than 50 kpc,
while bottom three panels that are farther than 50 kpc (whsckery close to the
mean distance to the LM@_yc = 49.97 kpc from Pietrziiskiet al. 2013). There
is a clear difference between the top and the bottom row —Itsest LMC stars
are located mainly in the eastern parts of the galaxy, eajpethe eastern part of
the bar and the northern arm, while the farthest parts of M€ lare in the west.
Moreover, the northern arm seems to lie closer to us tharetief the galaxy. The
bar will be discussed in detail in Section 5.
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Fig. 4. Distance tomography of the LMC in the Hammer proattiNote that thdirst and thelast
paneldistance range is 4 kpc, thetermediate panels 1 kpc. White circle marks the LMC center
(van der Marel and Kallivayalil 2014).

In Fig. 5 we show Cepheid column density maps. The top masisalized in
the Hammer projection and the bottom three in the Cartedarepxy, xzandyz,
with thez axis pointing toward the LMC center. The most prominentdeats the
bar — especially its eastern part — and the northern arm. ®hearn arm shows
a number of overdensities: one is connected with the bathantwo are on the
northmost side of the LMC and the fourth one is at the tip ofahma. We also see
two Cepheid overdensities in the southern part of the LMd¢clwimay indicate a
presence of another arm. The larger of these overdensitgsssto be connected
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Fig. 5. Cepheid density maps in the LMC with Cepheid colummsitg contoursTop map:Map in

the Hammer projection. The bin size is 0.0001 in units of Hanprojection coordinateSqammer
and Yyammer in both directions. Contour levels are: 50, 100, 150, 200, 300, 700 Cepheids per
1 square degreeBottom set of three map$4aps in the Cartesian coordinates projections with the
z axis pointing toward the LMC center. The bin size is 0.3 kpg,ig andz. Contour levels on the
Xy plane are 50, 100, 150, 250, 500, 800, onxh@lane 50, 100, 150, 200, 250, 300 and on the
yzplane 50, 100, 150, 200, 300, 400 Cepheids per Zkfhe white circle marks the LMC center
(Pietrzyhskiet al. 2013, van der Marel and Kallivayalil 2014).
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with and coming out of the bar at its east end — this is alsdhsh the first panel
of Fig. 4. The other southern overdensity is separated flenbar.

The bottom set of three maps in Fig. 5 shows bins in the Carigmiojections,
see figure caption for a full description. The map showingxh@lane is very
similar to the top map. The bar has the largest column deasityits eastern part
is the most prominent feature of the galaxy. The northernardhits overdensities,
as well as the southern structures, are also well distihgbie. Thexzplane (view
“from the top”) shows that the inclination of the LMC is veryigent. The eastern
part of the LMC lies closer to us and is more numerous than #eevn part. The
yzplane (view “from the side”) shows two almost separate paines northern and
the southern, that comprise with the LMC northern arm andotire respectively.
This projection clearly shows that the arm is closer to ua tha LMC, as implied
in Fig. 4. On the other hand, the southern part is at a simitiadce as the mean
LMC distance. Contrary to previous studiesq, Zhao and Evans 2000, Nikolaev
et al. 2004, Subramanian and Subramaniam 2013, van der Marel dtidaialil
2014 and numerical model of the off-center bar in Bekki 2006 eslaet al.
2012), we do not see that the bar is located closer to us theeloMIiC.

19 - 50 Myr

Fig. 6. Age tomography of the LMC using the relation from Batal. (2005) for a constant metal-
licity Z=0.01. The maps are in the Hammer projection. Note thafiteepanelshows an interval
of 51 Myr, last— 263 Myr, the other ones- 20 Myr. White circle marks the LMC center (van der
Marel and Kallivayalil, 2014).

4.2. Ages

We estimated ages of the LMC Cepheids using the period—daggorefrom
Bonoet al. (2005) for a constant metallicity = 0.01. Some studies suggest that
LMC has a metallicity gradient (Cioni 2009, Feastal. 2010, Wagner-Kaiser and
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Sarajedini 2013), but a recent study by Deb and Singh (201@lys that there is
no such gradient or it is too small to be detected with tealesqused.

The on-sky distribution of Cepheids in different age intdsvis presented in
Fig. 6. Most of the stars fall into the age range of 50-130 Myhe youngest
Cepheids are found in the western part of the bax at 5" and are younger than
50 Myr. In the age interval of 50—70 Myr the central part of fa& emerges. Then
the eastern part of the bar shows up along with the westetrapdrthe northern
arm. The eastern and western areas of the bar were formeuikrdimes and thus
should be treated as parts of one coherent structure. Gkpbieier than 130 Myr
are scattered along the bar and the arm and are spread atheve¥IC disk.

Soszyiski et al. (2015) noticed that there is a difference between the Histri
tions of fundamental and first-overtone Cepheids in the LM@h that 10 stars
are more spread than F-mode stars (see their Fig. 4). Thisearplained by age
differences between these types — the 10 Cepheids arelglgtiér and so had
time to spread.

4.3. Substructures

To investigate properties of the bar, the arm, and othecttres of the LMC
we divided the galaxy into several regions shown in Fig. 7 [Efit panel illustrates
selection areas for main structures: the whole bar and tlodevettm as well as two
southern regions. We further divided the bar and the arm idatwo subregions
— eastern and western bar, and northern arm 1 and northerd, @asrshown in the
right panel. Basic parameters of all substructures, sutheasmedian distance and
age, standard deviations and number of stars in each graulisted in Table 4.

Table4d

Characteristics of the LMC substructures

Substructure (dist) [kpc]  Ogist [kpc] | (age [Myr]  Gage[Myr] N

All Cepheids 49.93 1.79 104 53 4222
Bar 50.03 1.74 100 48 1662
Eastern Bar 49.86 1.65 100 49 1318
Western Bar 51.03 1.82 104 45 344
Northern Arm 49.39 1.66 106 48 965
Northern Arm 1 49.43 1.70 105 50 820
Northern Arm 2 49.13 1.35 108 34 143
Southern Region1  49.96 1.73 106 46 236
Southern Region2  50.78 1.39 101 52 190

The table lists median distance and age together with stdrftviations, and
a number of stars in each substructure.

When constructing the selection areas for each structurieNesved the den-
sity contours for binned data shown in Fig. 5. The choice vss laased on distri-
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Fig. 7. The maps show the LMC Cepheids in the Hammer projectieft: Main regions are pre-
sented: the whole bar, the whole northern arm and two sauttegiions. Right: The map shows
divisions of the bar and the arm into two subregions: easiathwestern bar, northern arm 1 and
northern arm 2. White point with dot in the middle marks theClMenter (van der Marel and Kalli-
vayalil 2014).

butions of stars in different age intervals (see Fig. 6). @pe-space distributions
were discussed in detail in Section 4.2. Here we concentrajestification of the
selected regions and their properties.

The selection of the bar area was performed in a few stagesd@hsity con-
tours suggest that the bar may consist of two parts: easterking up almost the
whole bar in terms of star counts, and western. The eastenvtiah is regarded
as the “classical” LMC bar (see Fig. 14 in Nikolaet al. 2004 and Figs. 1 and
7 in Haschkeet al. 2012a) is the densest and the brightest part of the LMC. It is
also located about 0.5 kpc closer than the rest of this gdlexy Zhao and Evans
2000, Cioniet al.2000, Nikolaewet al.2004, Subramanian and Subramaniam 2013,
van der Marel and Kallivayalil 2014 and numerical modelshef off-center bar in
Bekki 2009 and Beslat al. 2012). However, Fig. 4 suggests that the entire bar
should consist of both the eastern and the western part.eTiger fairly continu-
ous band of stars between the parts and there is no signibioaait between these
parts at any of the distance slices. Even though the first amels of Fig. 4 show
mainly the eastern bar, the third map (distance intervab@%pc) shows a western
counterpart. At larger distances we see that the eastearfades and the western
is more visible. The age-tomography (Fig. 6) leads to vemyilar conclusions:
the maps showing age intervals 90-110 Myr and 110-130 Myesgmt the most
evident connection between the eastern and western arka bét. Moreover, the
dynamical center of the LMC, marked in Fig. 7 with a white t&rds located in the
middle of the whole bar, not its eastern part.
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Fig. 8. Distance histograms of the selected regions in th€ LMt panel, top:Comparison of all
LMC Cepheids with the main structures — the bar and the nortéwen. Left panel, bottomSouthern
regions 1 and 2Right panel, top:Comparison of the whole bar with its eastern and westerrs part
Right panel, bottomComparison of the whole northern arm with its parts 1 and 2.

A histogram showing the comparison of the distance digtiobun the whole
LMC and the bar (as well as the northern arm) is in the top leftgh of Fig. 8.
We perform a series of Kolmogorov-Smirnov (KS) tests forrib# hypothesis that
the two samples come from the same distribution, and theesstts for various
samples are listed in Table 5. In the case of the whole LMC laathar we obtained
D = 0.039 and ap-value= 0.048. This means that the hypothesis can be rejected
at a significance levedt = 0.05. However, according to Selllet al. (2001), the
error rate associated with@value of~ 0.05 is at least 23% and typically 50%
(which is the probability that a true null hypothesis hasrbesgected). In the case
of the p-value= 0.01, the error rate is at least 7% and typicadyl5%, thus in
the following analysis we will assume that the null hypothesin be rejected only
if p-value< 0.01. According to the KS test results, and median distanaes fr
Table 4 we again see that the bar does not lie closer to us ltteabMIC, when
defined as described in the previous paragraph. The toppéagtel of Fig. 8 shows
a histogram of the entire bar and separately its eastern astkm parts. Here we
can see that the eastern part does lie closer to us than teettern part, which
is supported by their median distances (49.86 kpc and 55603rkspectively) and
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the KS test results at significance lewel= 0.001 (D = 0.287, p-value= 0). If

we treat the bar in a “classical” waiye., as its eastern part, then there is no strong
evidence that it is located closer to us than the LMC (theedfis only 0.07 kpc,
see Table 4). Also, the significance level at which we coujectehe hypothesis
of the two distributions coming from the same sample is aniy 0.1 (D = 0.039,
p-value= 0.089).
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Fig. 9. Age histograms of the selected regions in the LMe&St panel, top:Comparison of all LMC
Cepheids with the main structures — the bar and the northenn heft panel, bottom:Southern
regions 1 and 2Right panel, top:Comparison of the whole bar with its eastern and westerrs part
Right panel, bottomComparison of the whole northern arm with its parts 1 and 2.

The age histograms in the top left panel of Fig. 9 show thath€rls’ age
distribution in the bar is fairly similar to the age distrtmn of the entire galaxy, as
supported by median ages in Table 4, but the KS test res@septed in Table 5
allow us to reject this hypothesis at a significance lewet 0.001 (D = 0.069,
p-value=0). The top right panel suggests that the western part ofahisislightly
older than the eastern part, but singealue= 0.042, we cannot reject that they
come from the same age distribution. This further suppartschoice of the bar
region.

The northern arm selection area was based on density ceneigr. 5). We
divided the arm into two parts that we named northern arm lrewthern arm
2 (hereafter NA1 and NA2). The NA1 is the most prominent pérthe whole
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Tableb

Kolmogorov-Smirnov test results in the LMC

DISTANCE AGE

Samplel Sample2 D p-value a* D p-value oF

all bar 0.039 0.048 0.050 0.069 0.000 0.001
all bar-E 0.039 0.089 0.100 0.079 0.000 0.001
all arm-N 0.165 0.000 0.001 0.041 0.133 —_—
arm-N bar 0.193 0.000 0.001 0.098 0.000 0.001
bar bar-E 0.060 0.009 0.025 0.017 0.980 —_—
bar bar-w 0.227 0.000 0.001 0.066 0.159 —
bar-E bar-W 0.287 0.000 0.001 0.083 0.042 0.050
SR1 SR2 0.295 0.000 0.001 0.139 0.031 0.050
arm-N arm-N1 | 0.025 0.942 —10.031 0.781 —
arm-N arm-N2 | 0.146 0.009 0.025 0.173 0.001 0.005
arm-N1  arm-N2 | 0.171 0.001 0.005 0.204 0.000 0.001

*a is a significance level at which a null hypothesis that the $amples come
from the same distribution can be rejected. No value meatsith 0.100 and
the hypothesis cannot be rejected. Due to our strict appreectreat values
only belowa = 0.010 as significant and allowing us to reject the hypothesis.

northern arm. It is connected with the western part of thealpalr stretches out to
the northern and eastern side of the LMC. The NA2 is locatéldegmorthmost part
of the LMC and is connected with NAL. Itis visible as the btegt overdensity in
the northern part of Fig. 5. Sogagki et al. (2015) noticed that it is only visible in
fundamental mode Cepheids.

The distance histogram in the top left panel of Fig. 8 shows tile northern
arm is located closer to us than the whole LMC at a significdeeel a = 0.001
(see Table 5). The bottom right panel compares distancetdisons of NA1 and
NA2. Their distances are consistent with an overall disasfcthe northern arm,
but the KS test shows a difference in their distributionsgael o = 0.005. On the
other hand, the age histograms and KS test results in Talg@ladbtb a conclusion
that the arm is slightly older than the bar (top left panel igf. B), but there is no
age difference between the northern arm and the LMC.

The first map in the top panel of Fig. 4 suggests that there tnigranother
arm in the southern part of the LMC. It seems to be connecté#u tive bar at its
south-east end.

We subdivide this region into two parts: southern regionRIBand southern
region 2 (SR2) shown in Fig. 7. Their mean distances (Tab&e@ronsistent with
the inclination of the LMC disk. The SR1, which is located lie teastern part of
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the LMC, is also closer to us than SR2, that is located in theteva part of the
galaxy, at significance level = 0.001 (Table 5). Interestingly, SR2 seems to be
younger than SR1, but the significance of this claim is low{0.05), thus we do
not treat this result as relevant.

4.4. Plane Fitting

We performed a three-dimensional plane fitting to the LMC Ilt&egs as de-
scribed in Section 3.4. We used Cartesian coordingtgs although in the plane-
fitting model the coordinate system center is placed in theClLdénter and axis
points in the opposite direction than on our map projectidvis separately fit CCs
in the bar, in the northern arm and for the entire LMC. Thedkdenensional se-
lection areas for the bar and the arm are shown in Fig. 10. Wealize that fitting
a simple plane is a great oversimplification, especiallyhim ¢ase of the bar, but
the scope of this paper is a rough estimation of the globalrpaters for which a
simple plane fitting is sufficient.

The best-fit parameters are listed in Table 6, wheerke andc are plane equa-
tion coefficients,i and P.A. are inclination and position angle respectivelyeré
are separate sets of parameters for all LMC Cepheids, fexedpt the bar, for the
bar, and for the northern arm. All fits hamasvalues of about 1.5 kpc, which is a
result of the inaccuracy of distance determination.

Table6

Best-fit parameters of the three-dimensional plane fittiog@dure

LMC data a b clkpc] N

All Cepheids | —0.395+0.014 0215+0.013 —-0.005+0.021 4190
All except bar| —0.354+0.016 0237+0.014 —-0.013+0.031 2458
Bar —0.414+0.039 -0.048+0.095 —0.094+0.045 1731
Northern arm | —0.378+0.032 0571+0.082 —0.463+0.170 756
LMC data [ P.A. x2/dof rms[kpc]
All Cepheids 2422+0°7 15144197 1.355 1.5
All exceptbar| 231+0°8 14614220 1.323 15
Bar 2321+1°5 1872+12°6 1.376 15
Northern arm 3424+ 279 1238+3°8 1.163 1.2

The coefficients were calculated using the Markov chain l@drlo method.

In the case of all LMC Cepheids, we obtaig 2422+ 0°7 and PA. = 151°4+
1°7 that correlate well with values from the literature (semparison in Table 7).
The parametec, which is an offset of the fitted plane from the LMC center glon
z axis in kpc, is very small and consistent with the two centeig identical.
Fig. 11 shows the coordinate gradient and therefore the direction of LMQts ti
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Fig. 10. Three-dimensional map of the CCs in the LMC in Céatesoordinates with the axis
pointing toward the LMC center. Blue dots represent thereritMC Cepheid population, red dots
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Fig. 11. Distance-gradient of the best-fit plane for therentiMC (color-coded) in Cartesiaxy
coordinates with the axis pointing toward the LMC center. Black dots show all LM@pbeids.
White circle marks the LMC center (van der Marel and Kalliakly2014).
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The fit to all Cepheids except those in the bar gives identaales ofi and P.A.
(within 1o errors fori and 226c for P.A.), showing that the bar does not influence
the fit. This is also consistent with the result from Subraisaand Subramaniam
(2013) who analyzed the red clump stars in the LMC and fouatl tthe bar is a
co-planar structure, although it may be offset from the @lag up to 0.5 kpc in
the direction of the observer. This offset is not reflecteganameterc of our fit,
which for the bar is—0.0944 0.045 kpc and this value is statistically insignificant
within 30 uncertainty. As discussed in previous sections, this idfecteof the bar
selection criteria.

Table7

LMC disk parameters from the literature

Cepheids and young population

Reference i P.A. Data

This work: all 242+0°7 15X4+1°7 OGLE-IV CCs
This work: bar only 231+1°5 1872+1226 OGLE-IV CCs
This work: arm only 3444279 1238+3°8 OGLE-IV CCs
Caldwell and Coulson (1986) 297° 1424+8°  Cepheids
Laney and Stobie (1986) a57° 145°+17° Cepheids

van der Marel and Cioni (2001) 34+6°2 1225+8°3 AGB stars
Nikolaevet al. (2004) 307+1°1 1510+2°4 Cepheids
Perssoret al. (2004) 270+£6°0 127+10° Cepheids
Haschkeet al. (2012a) 32+4°  115+15° OGLE-IlI CCs

van der Marel and Kallivayalil (2014) 28+5°9 15454+2°1 PM + young pop. LOS velocity

Other tracers

Reference i P.A. Data

Koerwer (2009) 23+0°4 1546+1°2 Red clump

Subramanian and Subramaniam (2010)°®30°8 1636+1°5 OGLE-III RR Lyr
Subramanian and Subramaniam (2010)°4372°3 141°2+3°7 MCPS data

Rubeleet al. (2012) 262+2°0 129.1+1320 VMC data

Haschkeet al. (2012a) 32+4° 116°+18 OGLE-III RR Lyr
Subramanian and Subramaniam (2013)°7251°6 141°5+4°5 Red clump outer disk (> 3°)
van der Marel and Kallivayalil (2014) 384+4°5 1474+10°0 Proper motion (PM) data
van der Marel and Kallivayalil (2014) 30+7°0 139.1+4°1 PM + old pop. LOS velocity
Deb and Singh (2014) 220 17601  OGLE-IlI RR Lyr (ellipsoid)
Deb and Singh (2014) 383 14908 OGLE-Ill RR Lyr (plane)

The fit to the northern arm Cepheids reveals a different patfithis distri-
bution. Both the inclination and position angle are incetesit with the literature
within 3o errors. The angle between the best-fit planes for the LMC aliskthe
northern arm is about 40 The ¢ parameter indicates that the northern arm is
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shifted by up to—0.463+0.170 kpc (significant within 8 errors) with respect to
the LMC center and thus it is located closer to us. This is ist&st with conclu-
sions from previous sections.

Table 7 presents a comparison of our results with values traiterature.
The inclination and position angle for the whole LMC sampie eonsistent with
most of the results for young stars within the errors, algiouis the lowest of all
from Cepheid and young population studies. On the contifaeyR.A. is well corre-
lated with higher values. Surprisingly, there is a signiitagifference between our
results based the on the OGLE-IV data, and results of Haseth#e(2012a) who
used the OGLE-IIl Cepheids. As was already mentioned, theE3[H collection
of CCs did not contain most of the the northern arm and thehgontstructures.
This would indicate that the fit to the OGLE-III data shoulelg similar results
as our bar-only sample. The case is totally opposite — oudinatton angle for
the bar only is much lower than that of Haschéteal. (2012a), while the P.A. is
much higher. To check theirand P.A. values we selected a similar sample from
our data. We picked the F-mode Cepheids located in OGLE-INdieoinciding
with OGLE-III fields. Our fitting procedure resulted in vagixgery similar to those
obtained for the entire LMC OGLE-IV Cepheid sample.

Results presented in this paper are also consistent witbetteaneter values for
the intermediate-age and older stellar populations (therskpart of Table 7).

5. The Small Magellanic Cloud

5.1. Three-Dimensional Structure

The three-dimensional structure of the SMC is shown in FigTBe galaxy
is elongated almost along the line of sight and its longitatidimension (along
the z axis) is about 4-5 times greater than transverse dimengionsth x andy
coordinates. This is perfectly consistent with the latestifigs by Scowcrofet al.
(2016). The SMC shape is best described as an extendedaliwih additional
off-axis structures that are also ellipsoidal. Note that\iing is not clearly visible
in our data although in Figs. 2 and 3 we do see some Cephei®tbim that area.
On the other hand, CCs are distributed all around the SMC.

To show the change of shape of the SMC with increasing disteuechave per-
formed the distance tomography. Fig. 12 shows sections®ftiaxy in different
distance intervals. The closest part of the SMC<{ 59 kpc) has a round shape
on the sky. The farther we look the less symmetrical it beconiMoreover, the
Cepheids seem to move away from the dynamical center of the, hrked with
a white circle, to the south-western direction.

The second and the third map in the top row reveal an addltguimstructure
located in the north, that fades at a distance of about 65 Kica similar dis-
tance range another substructure appears in the soutreangss best visible on
the second and the third map in the bottom row.
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Fig. 12. Distance tomography of the SMC in the Hammer praactNote that the distance intervals

are, starting from the upper left, 9, 3, 2, 2, 3, 13 kpc. Whitele marks the SMC center (Stanimir@vi
et al.2004).

To better visualize the SMC subtle structures we binned #ia Hoth in the
Hammer projection and in the Cartesian space projections.t@p map in Fig. 13
shows the on-sky projection of the binned data with steléarsity contours over-
plotted. Interestingly, the higher density contours otmé dlynamical SMC center.
We can see that the SMC is actually heart-shaped with a cuaieiah its south-
western part. The top of the “heart” also suggests the exdstef an additional
substructure. This part and the tail in the south-west wetelearly visible it the
OGLE-Ill Cepheid data (compare with Fig. 1 from Hasclekal.2012b).

The bottom set of three maps in Fig. 13 shows Cepheid demdileiCartesian
space (see figure caption for a full description). The bottefnmap, in thexy
plane, resembles the map with the Hammer projection altmolg contours are
more smooth and the additional structures are not cleasipplei. The projection
on thexzplane does not show any evident substructures. The deeggést of the
SMC is located farther than the mean galaxy distance arngllfaliween distances
62—70 kpc. Thezplane yields a more compelling evidence for the existentieeof
northern substructure, situated in the closer part of th€SMg. 2 from Haschke
et al. (2012b) shows that this substructure was not clearly \@sibthe OGLE-III
Cepheid data, although it somewhat emerges in their Fig. 3.

5.2. Ages

We estimated ages of Cepheids in the SMC using the periodekg®mns from
Bono et al. (2005) for a constant metallicity = 0.004. We again assumed that
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Fig. 13. Cepheid density in the SMC with Cepheid column dgreintours.Top map:Map in the
Hammer projection. The bin size is 0.0001 in units of Hamnrejgetion coordinateSHammer and
YHammer IN both directions. Contour levels are: 50, 150, 250, 400, @000, 1500, 2000 Cepheids
per 1 square degre®ottom set of three map$4aps in the Cartesian coordinates projections with
thezaxis pointing toward the SMC center. The bin size is 0.5 kpg jnandz. Contour levels on the
xy plane are 50, 200, 500, 1000, 1700, 2500, 3500, oxzlpéane 50, 100, 200, 300, 400, 500, 650
and on theyzplane 50, 150, 250, 400, 600, 800 Cepheids per Zkphite circle marks the SMC
center (Graczylet al. 2014, Stanimiro\i et al. 2004).
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there is no metallicity gradient in the SMC, which is suppdrby recent studies
(Cioni 2009, Pariset al. 2009, Deb and Singh 2014). However, some suggest that
the SMC may have a low metallicity gradient (Carretaal. 2008, Kapakos and
Hatzidimitriou 2012, Dobbie 2014), and if this was the casepay have some-
what influenced our age estimates. Romanieli@l. (2008) found a metallicity
spreadA[Fe/H] ~ 0.2 dex for 12 Cepheids in this galaxy. This would translate to
a metallicity range oZ € (0.003 0.005). We made a rough estimate by interpolat-
ing PA relations from Bonet al. (2005) and found that such a spread in metallicity
would introduce differences in age calculations at thellefaup to ~10% for
first-overtone, and up te: 6% for fundamental mode pulsators.
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Fig. 14. Age tomography of the SMC using the relation from 8e al. (2005) for a constant
metallicity Z = 0.004. The maps are in the Hammer projection. Note thafitepanelshows an
interval of 90 Myr,last— 278 Myr, theother ones- 40 Myr. White circle marks the SMC center
(Stanimirovt et al. 2004).

In Fig. 14 we show the on-sky view of Cepheids in different aervals. The
age range is larger than in the LMC, which means that the SM€ @pulation
is older than that of the LMC. Young and intermediate age @&shform simi-
lar structures, although young stars are more concentiating north than older
stars (second map in the top row). The older the Cepheids tine they concen-
trate in the south-western parts of the SMC (second map ibdttem row). The
oldest stars in our sample are rather evenly spread and dmmoetany obvious
structures. Our Cepheid age-tomography matches well wigh13 from Rubele
et al. (2015) where the star formation rates (SFRs) for the VMC datashown.
Recently formed stars have a “heart-like” structure whHile tlder ones are more
uniformly distributed.
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The differences in the distribution of younger and olderstre even better
visible in Fig. 15. The maps show Cartesian space projestion the transfor-
mation is rotated so that theaxis is pointing toward the SMC center. Cepheids
are divided into two groups: younger than 150 Myr and oldantth50 Myr. The
former group is represented with red dots and the latter bliib dots. We clearly
see that younger Cepheids are located mainly in the closeofiais galaxy while
the older ones are distinctly farther.
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Fig. 15. Three-dimensional map of the CCs in the SMC in Catesoordinates with the axis
pointing toward the SMC center. Red dots represent Ceplyeiaisger than 150 Myr and blue dots
stand for Cepheids in the age interval of 150-300 Myr. Whitdemarks the SMC center (Graczyk
et al.2014, Stanimirovi et al. 2004).

5.3. Substructures

In order to investigate the structure of the SMC in more detaiselected two
subregions and named them south-western and northermrégie selected areas
are shown in Fig. 16. The substructures are also visiblegn 2. The northern
one is best visualized in the second and third top panelslandrethe first bottom
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panel. The south-western region emerges in the first botimal@nd is even more
clear in the following panels. We see that the south-westggion is located in the

more distant half of the SMC while the northern region is ia ¢hoser part of this

galaxy. The latter is consistent with Subramanian and Soé@né&am (2012) who

stated that the north-eastern part of the SMC is locateeclasus, based on red
clump and RR Lyr stars. Both substructures are distinct erttinee-dimensional
SMC maps as well as on the contour maps.
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Fig. 16. Three-dimensional map of the CCs in the SMC in Centesoordinates with the axis

pointing toward the SMC center. The map shows selected éwe#ise south-western and northern

regions marked with blue line and dots, and red line and despectively. White circle marks the
SMC center (Graczykt al. 2014, Stanimirovi et al. 2004).

Table 8 lists median distances and ages of the SMC and it¢rsotses, to-
gether with standard deviations and sample numbers. Figh@®s distance and
age distributions for the whole SMC as compared with its twossructures (left
panels) and with the LMC (right panels). We again see thadigh-western struc-
ture is situated in the farther half of the SMC while the nerthregion is situated
closer. The bottom left panel also reveals that the lattgoisger than the for-
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Table8
Characteristics of the SMC substructures
Substructure (dist) [kpc]  agist [kpc] | (agg [Myr]  Oage[Myr] N
All Cepheids 64.62 4.95 193 89 4654
Northern Structure 59.90 3.00 152 84 868
South-Western Structure  70.18 4.44 233 88 525

Table lists median distance and age together with standasidtébns, and a number of
stars in each substructure.

mer and the KS test results (Table 9) reject the hypothesiamoples coming from
the same distributions at significance lewet= 0.001. This is also consistent with
our conclusions from Section 5.2, that the SMC closest parts were formed later
than its more distant areas.
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Fig. 17. Distancet6p row) and age ljottom row histograms for the SMQ.eft panel: Histograms
for the whole SMC Cepheid sample (green) and separatelyviieelected substructures: the south-
western (blue) and northern (red) regioriRight panel: Comparison of the SMC (green) with the
LMC (blue).
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Table9

Kolmogorov-Smirnov test results in the SMC

DISTANCE AGE
Samplel Sample 2 D p-value a* D p-value o
all northern 0.471 0.000 0.0010.168 0.000 0.001
all south-western 0.460 0.000 0.001 0.200 0.000 0.001
northern  south-western0.839 0.000 0.001 0.334 0.000 0.001

*a is a significance level at which a null hypothesis that thesanmples come from the
same distribution can be rejected.

The right panels illustrate differences between the LMC taedSMC. The top
panel shows that both galaxies have Gaussian-like dis@istriéoutions although
the SMC has a bump on the left side of the maximum. The agegdnatoin the
bottom panel shows that the LMC Cepheids are on averagdisagrtly younger
than the SMC objects. The oldest LMC Cepheids @890 Myr old, while the
oldest SMC stars arer 540 Myr old.

The SMC must have had two epochs of star formation. It is reftbmn its
bimodal Cepheid age distribution. The younger bump has é&simum close to
the LMC peak ages (around 110 Myr) while the second bump isetage of
about 220 Myr. The two SMC peaks are separated by the locahmim at about
150 Myr. Fig. 15 shows differences in their spatial disttibn, i.e., the youngest
Cepheids are closer to us than the older ones.

The two-peak nature of the age distribution in the SMC was d&tected by
Subramanian and Subramaniam (2015). Their Fig. 9 is verifasito ours in the
context of the maxima, the peak separation and the age raRge.spatial dis-
tribution of different-age Cepheids is consistent in bdtides (see Fig. 10 from
Subramanian and Subramaniam 2015 and Fig. 14 in this worgj), ¢nough Sub-
ramanian and Subramaniam (2015) used the period—age+elzitions from Bono
et al. (2005) for dereddened data, while we used the simpler peaigel relation.

On the other hand, there is only one episode of extensive &g phrmation
in the LMC, coincident with the younger SMC bump, followed &glow decline
toward older ages. This shows that Clouds had a differenh@dgdormation his-
tory, possibly with a common episode. At the same time it dasnean that the
Clouds had a different SFH, since we only concentrate on 6@gs paper. More-
over, because the SMC has lower metallicity than LMC, thelegfs in the former
galaxy may be more massive and thus older.

6. TheMagellanic Bridge

From our initial sample of Cepheids in the Magellanic Systeendecided to
classify nine as the Magellanic Bridge objects. Their pastams are listed in Ta-
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ble 10. We provide Cepheids’ ID from the OGLE Collection ofridble Stars
along with the local ID that we use in this work (M1, ,M9), pulsation period,

I- and V-band magnitudes, equatorial coordinates for epoch JAp@distanced
and estimated age. The distance uncertainty does not mthedmean LMC dis-
tance uncertainty (from Pietragkiet al. 2013d mc = 49.97+0.19 (statistica) +
1.11 (systemati¢ kpc). The list contains four fundamental-mode Cepheidst fo
first-overtone pulsators and one double-mode oscillato2Q) for which we ana-
lyzed its lowest mode (10).

Tablel0
Magellanic Bridge Cepheids

b mode| OCVS D
' Loc. ID P[d] | [mag] V [mag] RA Dec d[kpd®@  Age [Myr]
OGLE-SMC-CEP-4956
M1  1.1162345 17.372 17.930"33M24%90 —74°5807/3 7211+2.01 283+58
. OGLE-SMC-CEP-4957
M2  1.4300017 17.376 18.112"&M04554 —76°5602/6 7461+2.08 232448
OGLE-LMC-CEP-3376)
M3  1.1589986 15.892 16.350"@1M38%02 —69°2840'5 4013+1.12 275+56
OGLE-SMC-CEP-4953)(®)
M4 21.3856946 12.967 13.821MZ0M4%846 —73°0508’3 5393+150 27+5
OGLE-SMC-CEP-4955)
M5  2.0308924 15.675 16.281"22M28%88 —74°4317'6 6004+1.65 120+19
10 OGLE-LMC-CEP-337%)
M6  3.2144344 14.629 15.291"@4m2888 —75°0447'1 4876+1.34 73+12
OGLE-SMC-CEP-4952
M7  1.6414839 16.901 17.535M"@M0%38 —77°0438’4 8951+246 151424
OGLE-SMC-CEP-4954
M8  0.8883941 17.156 17.512"21M28%45 —65°4522'4 8071+2.22 291+47
1020 OGLE-SMC-CEP-495%)
M9  0.7170500 16.769 17.222"@"33%88 —75°30148'0 5444+150 366+59

*)These stars form a continuous-like connection between thgeltanic Clouds. (® The distance uncer-
tainty does not include the mean LMC distance uncertairgynfiPietrzyiski et al. (2013) dyc = 49.97+
0.19 (statistica) + 1.11 (systematig kpc. (?) The OGLE-IV Collection of Classical Cepheids provides only
the V-band magnitude for this object. The star is saturated ostdredard OGLE-IM-band reference image.
Presented heldeband magnitude and more accurate period determinatioesémom dedicated re-reduction of
the OGLE images.

Soszyiski et al. (2015) classified five Cepheids as MBR objects. Our Bridge
sample contains four more objects than their sample, wkiobt surprising, as our
classification was based not only on the on-sky projecteatioas of the Cepheids
(see Fig. 18), but also on their three-dimensional distidou(see Fig. 19). Even
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S0 one can argue about the classification of M9 Cepheid. Tijecbis close to
the whole SMC sample and could be assigned to the SMC Wingetmless, we
believe that this object is connecting the SMC Wing with thred8e and may as
well be classified as a Bridge Cepheid.

s — 10000

1000

100

Number of young stars per 1 square degree

10

Fig. 18. CCs in the Magellanic Bridge area over the spatiabkitg map of the Young Population
stars from Skowroret al. (2014). Labels M1-M9 represent the Cepheids’ local IDs fitable 7.
The map is represented in a Hammer equal-area projectidareertocen = 318, deen= —70°.

The color-coded value of each “pixel” is a logarithm of thenher of stars per square degree area,
while each “pixel” area isz 0.335 square degrees. Light green contours mark neutral ggdr@-l)
emission integrated over the velocity range <80 < 400 km/s, where each contour represents the
HI column density twice as large as the neighboring contélircolumn densities are in the range
1079 — 4 x 10?1 cm~2. Data were taken from the LAB survey of Galactic HI (Kalbestaal. 2005).

Fig. 18 shows the location of our Cepheids with respect tdthéensity con-
tours (Kalberlaet al.2005) and the young stellar population discovered by Skowro
et al. (2014). Almost all Cepheids’ locations are well correlatgth the HI con-
tours and with the young stellar population space densgiridution. Especially
M4, which is also the youngest Cepheid in our MBR sample, éated in one of
the densest young population regions from Skowabal. (2014) near the SMC.

Skowronet al.(2014) showed that there exists a continuous connectiovelest
the two Magellanic Clouds built up of the young stars (ag& Gyr). The on-sky
distribution of Bridge Cepheids also forms a continuousnemtion and adds to
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the overall distribution of the young population. These @epheids named M6,
M1, M5, M4, M9 (see Fig. 18). If we look at their three-dimemrsal distribution
in Fig. 19, they fall along a line between the Clouds in Xyglane. Thexz and
yz planes show that M6, M5, M4 and M9 indeed form a connectiowéeh the
Clouds. M3 may also contribute to this structure. On the otlzexd, M1 and M2
lie significantly farther. Moreover, they are located in thdskirts of the young
population density contours from Skowrenal. (2014) which may indicate their
different origin. Similarly, M7 and M8 are located even fet from both Clouds
and also far from the young population density contourss thay do not belong to
the genuine Bridge population. These two Cepheids may iboitérto the Counter
Bridge predicted in numerical simulations (Diaz and BekkL2). We discuss this
in details in Section 7.

The Cepheids in the Magellanic Bridge are very spread aloadjiie of sight.
The closest star (M3) is located dt~ 40 kpc thus it is closer to us than any
LMC Cepheid. The farthest (M7) is at almost 90 kpc and thisaishier than any
SMC Cepheid. This again shows that not all MBR Cepheids formorginuous
connection between the Clouds, and rises a question abeiatattigin and how
they got to their current location. On the other hand, we deeole stars located
far from the LMC and SMC all around these galaxies.(see the LMC Cepheid
at a ~ 5"30™, 5 ~ —56° or SMC Cepheid ati ~ 23'30", 5~ —68° in Fig. 3).
These objects were probably ejected from the galaxies mhorardirections. Some
of our MBR Cepheids may belong to the outliers population.

The ages of Bridge Cepheids were again calculated usingetteds-age rela-
tion from Bonoet al.(2005). There are different relations for different matdiles.
In the case of the Bridge the gas metallicity is abdygr ~ 0.1 Z., (Lehneret al.
2008) or slightly higher £0.5 < log(Zusr/Z-) < —1 from Misawaet al. 2009,
although this was measured along the line of sight in an dr&iais possibly not
mixed with metal-poor gas, as itis in other regions of thel§e). Moreover, the 0.1
solar metallicity in the MBR is consistent with the Magella&tream metallicity
(Foxet al.2013). Thus we can assundgigr = 0.002 for the Bridge Cepheids (if
we first assume that they were formieesitu). Note that Boncet al. (2005) do not
provide the period—age relation for this metallicity — the/ést value isZ = 0.004
(typical for the SMC). We therefore use this relation for MBR Cepheids, keep-
ing in mind that it is just a rough estimate.

The youngest Cepheid is M4 and its age estimate is 27 Myodgtion is well
correlated with the young population density contours f@kowronet al. (2014).
This star was probably formed together with other youngsstathe Bridge. An-
other young Cepheid is M6 and its age estimate is 74 Myr. Tthisis located at a
distance close to the mean LMC distance ang:ig.1 kpc from the center of the
LMC, which is much farther than any other LMC Cepheid. TheestdCepheid is
M9 and it is =~ 370 Myr old. This star is located fairly close to the SMC Wing
and may be classified as the Wing object. Two Cepheids are lzgfaecen 100—
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Fig. 19. Three-dimensional map of CCs in the Magellanic geidn Cartesian coordinates with
the z axis pointing towardocen = 3h20M, dcen= —72°. Blue dots represent the LMC, green dots
SMC and the large dark teal dots — the MBR. Labels M1-M9 reqmiethe Cepheids’ local IDs from
Table 7. Red cross stands for the observer’s location. Véhitée marks the LMC (Pietr#yskiet al.

2013, van der Marel and Kallivayalil 2014) and SMC (Graceykl.2014, Stanimiro\s et al.2004)
centers.

200 Myr. One of them is the farthest one — M7, which is about [¥y® old. The
other four Cepheids are in the ages range 200-300 Myr. Oreeof ts the closest
object, the other three are located at distances 72—-81 kpc.

7. Discussion

7.1. Three-Dimensional Structure and Substructures: €L

The LMC has a bar that is thought to be offset from the centéhisfgalaxy
by about 0.5 kpc. First suggestions that the bar may not peedi with the disk
plane were based on the microlensing events (Zhao and EQ&®3.2I'he offset of
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about 0.5 kpc was measured and used in many studigsNikolaevet al. 2004,
Subramanian and Subramaniam 2013, van der Marel and Kalliv2014). The
offset had also been predicted by numerical models, Bekki (2009) concludes
that it is not the bar that is offset but the entire disk popiata Beslaet al. (2012)
had reproduced not only the off-center bar but also the Isgtinacture of the LMC
with one arm.

In this work we redefine the idea of the LMC bar. By examining tlistance
and age distributions of the central parts of the LMC we artipa¢ the bar com-
prises of not only the central-eastern region considerbé the “classical” bar, but
also of the western region, as shown in Fig. 7. In the distanceage regime both
parts are continuously connected, making the homogentouggh asymmetrical,
structure. The redefinition of the bar moves the dynamicatereof the LMC to
the center of the bar.

The mean distance of the redefined bar is close to the mean Lidéhde and
we do not observe any significant offset. That is not consistéth the value of
0.5 kpc from the literature, and the reason may be a diffedefihition of the bar
region (see Fig. 14 in Nikolaest al. 2004, Fig. 2 in Subramaniam and Subramanian
2009 and Figs. 1 and 7 in Hasch&eal. 2012a — bar areas are consistent with our
eastern part of the bar from Fig. 7). However, if we use thassical” LMC bar,
we still do not see a significant offset from the galaxy cefitez “classical” bar is
located closer to us by only 0.07 kpc), contrary to the cited studies.

We fitted a plane to the entire Cepheid population in the LMQvel as to
its substructures. The whole LMC sample shows no offsetgatba line of sight
as compared to the mean LMC distance from Pigtskyet al. (2013) and that is
expected from a correct fitting procedure. The obtainedriatibn and position
angles are consistent with values from the literature (sdxeT7). Themsof our
fit is about 1.5 kpc, which is partly a “natural spread” of thethod described
in Section 3, and partly a contribution of the extra-plareatfires of the LMC.
Nikolaev et al. (2004) found that the disk is warped, with a distortion armojlé
> 0.3 kpc. This warp explains higiR?/dof values for planar disk in our fits. On
the other hand, Subramanian and Subramaniam (2013) foahth#hdisk can be
divided into two differently inclined parts — the inner argtouter — separated at
the radial distance from the LMC center of.3The inner disk would be more
warped than the outer. They also concluded that the bar setoffut is still a
co-planar feature. They classified structures as extnaapld their deviation is
> 1.5 kpc. Olsen and Salyk (2002) had previously identified wampghe disk in
similar locations. The detailed modeling of the extraptaieatures of the LMC
disk is beyond the scope of this paper.

We also fitted a plane to Cepheids in the redefined bar and fagndhll offset
of about —0.09 kpc from the mean LMC distance which is statistically gmsfi-
cant within 3 uncertainty. We are aware that fitting a plane to the bar igheot
best approach because of the nonplanar nature of this wteucNikolaevet al.
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(2004) suggest caution when deriving parameters such asngeangles for the
inner LMC structures. Also Subramanian and Subramaniarh3Pétated that the
structure of the bar is not smooth and some of its parts asgddccloser to us than
other.

Interestingly, when fitting a plane to the northern arm samye found an off-
set of about—0.48 kpc. This means that the arm is located closer to us than the
whole LMC. Moreover, the arm lies in a different plane (haffedéent inclination
and position angle) than the whole LMC sample and this résslatistically sig-
nificant.

The OGLE-IV CCs data set clearly shows the bar and the maithear arm
of the LMC. We also tried to localize less prominent struetuin other parts of
this galaxy. In the north we identified an additional smalfaparm (NA2, see
Section 4.3). This finding is consistent with the latest itssfitom Beslaet al.
(2016) who analyzed deep optical images of the LMC and ifledtinultiple spiral
arms. Both structures are at precisely the same locatiormpare our northern
arm 2 in Fig. 7 with multiple spiral arms in Fig. 3 from Begaal. (2016). The
structures that we see in the southern part of the LMC arespt@minent and do
not form a spiral arm, which is also consistent with conduasifrom Beslat al.
(2016). However, it does not exclude the possibility thatéhexists a sparse spiral
arm connected with the south-eastern part of the bar whiohtislearly visible in
the CCs distribution.

We compare our results to those obtained by Hasetlad. (2012a) from the
OGLE-Ill Cepheid data. What is striking — the distances ttiesived are substan-
tially larger than ours. Cepheid distances fall in the raofg&l—-56 kpc in this work,
and 45-60 kpc in the work of Haschkéal. (2012a). This discrepancy is also re-
flected in their mean LMC distance of 33t 1.8 kpc which is not consistent with
the literature (as highlighted by de Grigs$ al. 2014). The method of determining
distances was similar in both studies, but we used a redgdree Wesenheit index
and determined distances relative to the most accurate List&mte measurement
(Pietrzynskiet al.2013), while Haschket al.(2012a) calculated absolute distances
based on thé andV-band magnitudes corrected for extinction. Thus the prable
could lie in the dereddening method or the reddening maps$, @sealso suggested
by de Grijset al.(2014).

It is also worth noting that the OGLE-III collection of Ceptig in the LMC
used by Haschket al. (2012a) did not include the northern arm and some of the
southern parts of this galaxy. For comparison see the loight-panel in Fig. 12
of Moretti et al. (2014) where they compare the OGLE-IIl CCs with the EROS-2
data. Nevertheless, the results that did not include ththeor arm should also
be consistent with ours, since the northern arm is closestihan the rest of the
galaxy, while the southern parts are at approximately theesdistance.
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7.2. Three-Dimensional Structure and Substructures: MES

We find that the SMC is extremely elongated almost along tie dif sight.
Its size along the Cartesian axis is about 4-5 times larger than alongthiedy
axes. This is consistent with the latest structural anglysthe SMC performed by
Scowcroftet al. (2016), based on mid-infrared Spitzer data for 92 Cephéitie.
comparison of Fig. 6 in Scowcroét al. (2016) with our Fig. 15 or 16 shows a
similar spread along each of the axes, although the sulbstescare only visible in
the OGLE-IV data, as the sample is about 50 times more nuraerou

We agree with Scowcrott al. (2016) that the standard parameters such as the
inclination and position angle are not adequate for desyih galaxy with such
an elongated shape, even though such parameters were i@ immany studies
(e.g, Stanimirovt et al. 2004, Subramanian and Subramaniam 2012, Hasehke
al. 2012b, Subramanian and Subramaniam 2015). Scowet@it (2016) claim
that the shape of the SMC can be best characterized as aeaylivd would rather
describe it as a tri-axial elongated ellipsoid, althoughekistence of the “off-axis”
structures makes it even more complicated and separaterfitsef main body and
the substructures might be necessary (see Fig. 16).

We would expect our results to be coherent with those of Hasetal.(2012b),
based on the OGLE-IIlI CCs catalog, as the number of Cepheisisilar and the
main body of the SMC is clearly visible in both data sets (Rign Haschkeet al.
2012b and Fig. 13 in this work). Any differences in conclusiovould be a result
of different methods of distance determinations, as natefeiction 7.1. They ob-
tained the median distance to the SMC for the Cepheid sani@8.2+ 3.1 kpc
which is consistent with the literature (de Grijs and Bond20and with the me-
dian SMC distance of 68+ 4.9 kpc derived from our sample.

However, the bottom map in Fig. 3 of Hasch&eal. (2012b) suggests that
the SMC is not very elongated along the line of sight and raltas a disk-like
structure, although the spread in distances of about 30kporisistent with our
results, so it is only an effect of the chosen projection. dH&erence is in the
distance range, which is about 50 kpc to 80 kpc in this studly,4b kpc to 75 kpc
in Fig. 5 of Haschkeet al. (2012b).

We also compare our results with those of Subramanian andaBwaniam
(2015), who analyzed Cepheids from the OGLE-III catalogeiflFig. 7 shows
similar SMC geometry as our Fig. 15, although one has to keepind that thex
andy are swapped with respect to our plots, and the resolutioiffeseht for each
of their axes, which gives a false impression about the shatigs galaxy. Fig. 6
of Subramanian and Subramaniam (2015) shows the fitted plang the axis of
the steepest gradient and thaxis. Note that here the scale of thaxis is 10 times
smaller than the scale of the axis of the steepest gradieun, rising a question
about the relevance of such fit. The gradient they obsenagher an effect of the
northern substructure being closer to us (see Fig. 16 inptyier), than the SMC
having an inclined plane in they projection.
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Subramanian and Subramaniam (2015) also detected sonzepéxtar fea-
tures in their sample, under the assumption that there istaaleSMC plane. We
do not support this scenario, as we show that there is no Ske@s such, and
the galaxy can be described as a tri-axial ellipsoid, elwalong thez axis. In
this case, the reported extra-planar features would sitmplyarts of the main body
of the SMC or one of the substructures shown in Fig. 16.

7.3. LMC-SMC Interactions and the Magellanic Bridge

The OGLE-IV Cepheid data show that the Magellanic Cloudsratated to-
ward each other (see Fig. 2). In fact, the closest SMC Ceplerie at similar
distances as the farthest LMC objects in our sample. Morethe Clouds’ closest
on-sky locations are also the closest in the sense of dissaartd three-dimensional
distribution. That is perfectly consistent with Scowcreffal. (2016).

The collision model by Besl&t al. (2012) predicts that the Clouds had a
close interaction about 200-300 Myr ago (see Gardied. 1994, Gardiner and
Noguchi 1996, RuzZikaet al. 2010, Diaz and Bekki 2012). Both galaxies should
have trails due to such interaction. Itis also possiblettieto-rotation of the Mag-
ellanic Clouds has the same origin (Scowcretfal. 2016). Fig. 10 in Scowcroft
et al. (2016) shows the predicted SMC spheroid distribution (aehbg Diaz and
Bekki 2012) along with the analyzed Cepheids. We compacedttxz projection
in Fig. 16 where the axis is along the distance and thexis — along the right
ascension (for this comparison see Fig. 6 in Scowabdl. 2016). We see that our
Cepheids extend even farther but still along the gradiesdipted by the model.

A model by Besleet al. (2012) predicts that there should exist a stellar coun-
terpart to the gaseous Magellanic Bridge, in the area betteeClouds. It should
mainly consist of a young population of stars forniregitu. Such young stars were
already observed in the MBR (Irwigt al. 1985, Demers and Battinelli 1998, Har-
ris 2007, Noekt al. 2013, 2015, Skowrost al.2014), as well as intermediate-age
stars (N6ekt al.2013, 2015) and older population candidates (Bagiteai.2013).
Moreover, Skowroret al. (2014) showed that there is a continuous connection be-
tween the two Clouds made of young stars (agek Gyr). According to Beslat
al. (2012), the stars in the Bridge should follow the Clouds pagéctories.

In Fig. 18 we compared the OGLE-IV Cepheid locations in th&l@s with
the young stellar stream from Skowren al. (2014). The on-sky locations are
well correlated — most of the Bridge Cepheids are situatedimvihe contours of
young population column densities. However, Fig. 19 shdws only five of nine
stars from our sample form a coherent structure in threeedgions. This raises
guestions about origin of the other four Cepheids and makéajgortant constraint
for numerical models of the Magellanic Clouds interactio®n the other hand,
these Cepheids may be the LMC or SMC outliers ejected fromsetigalaxies in
random directions that we now observe in the Bridge area.
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Moreover, ages of our Bridge Cepheids are compatible welasumption that
the Bridge was created during the last interaction of theu@dog.g, Gardineret
al. 1994, Gardiner and Noguchi 1996, Rtz et al. 2010, Diaz and Bekki 2012,
Beslaet al. 2012). Models predict that this interaction happened 200-8yr
ago and most of our Cepheids are younger than that. Thisatedichat they were
formed outside of the Clouds — in the Bridge.

Diaz and Bekki (2012) model predicts not only the existerfdé®Magellanic
Bridge but also another structure, that they named the @o@ridge. It is a tidal
feature of the same origin as the “classical” Bridge. The ehoglveals it as a dense
and clearly defined stream that extends away from the SMC thgetdistances of
about 85 kpc. Authors conclude that the location of the CeuBtidge may cause
higher levels of optical depth in the SMC and especially smibrth-eastern parts.
Because of the significant SMC elongation along the linegtitsithe farthest stars
belonging to the SMC population may be mixed with the unbastads that should
be properly classified as Counter Bridge objects.

Nideveret al. (2013) discovered a distance bimodality in the eastern SBIC u
ing red clump stars, but mean distances of both componentstae low to be a
stellar counterpart of the Counter Bridge, although theanstargue, that the closer
structure located in front of the main SMC body forms a cotioedbetween the
Magellanic Bridge and the SMC.

Subramanian and Subramaniam (2015) claim to have detdwtestidllar coun-
terpart of the Counter Bridge. They have classified it basethe fitted plane and
the extra-planar structures that they discovered in frérgsowell as behind the
plane (see Figs. 7 and 14 in Subramanian and Subramanian). 284.%ve previ-
ously argued, the plane fitting in the case of the SMC is illegite, making the
claims about the stellar part of the Counter Bridge an oatzstent.

However, if the Counter Bridge was visible in the OGLE-IItdaet (analyzed
by Subramanian and Subramaniam 2015) it should also betdBle our sample.
Fig. 2 shows all the fundamental-mode and first-overtonef@®s the OGLE Col-
lection of Variable Stars, many of which are much fartherc{oser) than the mean
SMC distance, and these are marked with gray dots. Thesewtae classified
as outliers from the P-L relation and removed from our saripfarther analysis.
While most of them are blends, we cannot rule out the pogstyittilat some of these
stars may by candidates for the Counter Bridge populati@igiaces> 80 kpc),
especially that two genuine Bridge Cepheids are locatedardarther than 80 kpc.

Diaz and Bekki (2012) concluded that the Counter Bridgesstaay mix with
the SMC population. If this is the case, then it is possibk the observe the
Counter Bridge as a stellar structure but we are unable taratpit from the SMC
sample.
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7.4. Ages

Indu and Subramaniam (2011) suggested that the LMC peciialpassage
about 200 Myr ago pulled out the HI to the north of this galaBgcause of the
LMC'’s motion through the Galaxy halo the star-forming preses began. One of
the SFR peaks that they detected is at about 90-100 Myr, wbicicides with the
age peak for the LMC Cepheids in our sample at 104 Myr. Hamt Zaritsky
(2009) also detected a peak in the age distribution in the Laviitind 100 Myr,
although there are different maxima in different parts @ tialaxy — the SFH of
the LMC is not uniform. The peak at about 100 Myr is observethigan the bar,
and this is consistent with our results, as most of the Celslagie located in the bar.
On the other hand, Joshi and Joshi (2014) detected an ifitehSF episode about
125-250 Myr ago, which is slightly older than 100 Myr foundtfiis analysis, but
is still consistent within errors. The difference is mostipaibly due to different PA
relations used.

The bottom right panel of Fig. 17 also shows that the youngerpeak of the
SMC at about 120 Myr correlates with the LMC peak, which sstga common
SF episode. This result is consistent with Irei@l. (2015) who discovered that the
Clouds had an active SFH during the last 400 Myr and that #uerage distribution
similarities between the two galaxies. Another common Skima in the Clouds
were already seen at 500 Myr and 2 Gyr (Harris and Zaritsk@200

In the case of the the SMC, Indu and Subramaniam (2011) eéet¢loe shift
in the center of the population of stars younger than 500 Mythe north-east
direction. That is the direction toward the LMC. We also oetl that younger
stars from our sample tend to clump in the north. The autheosshowed that the
rate of this shift changed at 200 Myr and was faster from tina& bn suggesting
this may be caused by the perigalactic passage of the Clautishe Galaxy’s
gravitational attraction. This coincides with the secogd emaximum in the SMC
at about 220 Myr.

The age distributions of Cepheids in the OGLE-IIl data aredlyby Subra-
manian and Subramaniam (2015) and in our OGLE-IV sample@sistent. We
observe a very similar age distribution with two peaks ardhitpe tomographies are
also alike (see Fig. 14 and Fig. 10 in Subramanian and Sulmiama015). The
analysis of SMC CCs by Josht al. (2016) showed a SF peak at 26G0 Myr
which is consistent with our older Cepheid SF peak in thisxgal They have also
detected a second peak at about 160 Myr in the eastern pdre &\WC which is
consistent with our conclusion from Fig. 15, that the easpart of this galaxy is
younger.

8. Conclusions

In this work we analyzed a total sample of 9418 fundamentadierand first-
overtone CCs in the Magellanic System from the OGLE Coltectif Classical
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Cepheids based on the OGLE-IV data (Udakstkal. 2015, Soszfyskiet al. 2015).
We fitted the P-L relations to the data using the Wesenheéxridr thel- and
V-band photometry. Fundamental-mode Cepheids witiPleg0.4 were treated
separately. The best fits for the Wesenheit,lthendV-band magnitudes are pre-
sented, for both the LMC and SMC.

We calculated relative distances to each Cepheid usingtiaening-free We-
senheit index and the most accurate measurement of the nhv@rdlstance from
Pietrzynhskiet al.(2013) as a reference. The results are presented on thresssiio-
nal maps in the Hammer equal-area projection and in the Slanspace.

The Cepheids in the LMC are present mainly in the bar and thiaem arm.
Both structures, as well as the whole galaxy, are inclineth $hiat the eastern parts
are closer to us. We fitted a plane to the LMC sample and olatdiveinclination
and position angles df= 2422+ 0?6 and PA. = 151°4+ 1°5 that are consistent
with the literature. Themsof our sample is B kpc and it reflects the significant
scatter of the sample along the line of sight.

The age distribution of the LMC Cepheids reveals one peak@ttal 00 Myr.
Younger Cepheids tend to be clumped in the bar and the nar#rer, while older
stars are spread all over the LMC disk. The northern arm séebesyounger than
the bar that has a similar age distribution as the whole galax

We redefined the LMC bar such that it spans almost the whol¢hvatithe
LMC. Both the classical bar (the central and eastern partiobar) and the newly
added western part form one coherent structure that islgleaible in Cepheid
density contours. Although the western part of the bar is fegmerous the two
parts are connected both in their distance and age on-skibditons. Moreover,
after the redefinition of the bar the dynamical center of tM&CLis now located in
the center of the bar.

We separately fitted a plane to the bar Cepheids, despitathéiat this may
not be a proper physical model of the bar, although should gieeasonable offset.
The offset for the new bar is consistent with that for the vetgdlaxy which means
that the bar is not located closer to us than the galaxy. Orother hand the
distance distributions show that the “classical” bar thatoall the eastern bar also
is not offset from the LMC plane, contrary to previous stgdie

The LMC northern spiral arm is a very prominent feature in@egpheid distri-
bution. We fitted a plane to the northern arm and found thatdtriicture is offset
from the whole LMC sample by about 0.5 kpc toward us, and lea different
plane described by= 34°44+2°9 and PA. = 12384+ 3°8.

Our data does not reveal any other spiral arms in the centisduthern parts
of this galaxy although we do see an additional spiral arrhémiorth. We suppose
that there may be another arm connected with the bar on itb-s@stern side, but
there are too few Cepheids in that region to provide stromndeece.

The unusual elongation of the SMC is confirmed in this studige SMC is
elongated almost along the line of sight and its longituditmension is 4-5 times
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greater than the transverse dimension. The north-easaerofiithe SMC is located
closer to us than its south-western part. Note that bothd3auwe inclined toward
each other.

The age distribution of the SMC Cepheids reveals two peaks, ai about
100 Myr, which is very similar to the LMC peak, suggesting ancoon star for-
mation episode, that could be due to LMC-SMC interactiord another one at
about 220 Myr. Moreover, younger and older Cepheids arerdifitly distributed,
supporting this hypothesis — the former group is locatedhandloser part of this
galaxy, while the latter — in the farther.

The SMC shape may be described as an extended ellipsoidwatadditional
prominent off-axis structures that are also ellipsoidale@ located in the north of
the SMC and is closer that the SMC main body and significardlynger than the
other one, which is located in the south-western part of ME @nd hence farther.

The Wing of the SMC is not reflected in the Cepheid distributialthough
there are stars spread all over the galaxy and some of theheiedstern part
belonging to the Wing. Moreover, we see Cepheids at verelaigtances £
80 kpc), that may be a stellar counterpart to the Counterg@ritiat is mixed with
the SMC population.

The on-sky locations of most of the nine Magellanic Bridgeksds are cor-
related with the young stellar population density contouvkreover, they seem
to form a connection between the LMC and SMC. On the other hénedthree-
dimensional distribution of the Bridge CCs reveals that fofitthe nine objects are
located far from this connection, at very diverse distanedlse closest one be-
ing closer to us than any of the LMC objects, and the farthestfarther than any
SMC Cepheid. This is an important constraint for models ef¥tagellanic Clouds
interactions.

All Bridge Cepheids except one have age800 Myr which is consistent with
the time of MBR formation and indicates that these stars era in-situ. The
oldest MBR Cepheid may be connected with the SMC Wing becalise nearby
location.
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ABSTRACT

We present a three-dimensional analysis of a sample of 22\§&¥9ab RR Lyr stars in the
Magellanic System from the OGLE-IV Collection of RR Lyr staiThe distance to each object was
calculated based on its photometric metallicity and a tbigzal relation between color, absolute
magnitude and metallicity.

The LMC RR Lyr distribution is very regular and does not shaw aubstructures. We demon-
strate that the bar found in previous studies may be an onsityecaused by blending and crowding
effects. The halo is asymmetrical with a higher stellar dgns its north-eastern area, which is also
located closer to us. Triaxial ellipsoids were fitted to anefs of a constant number density. Ellipsoids
farther from the LMC center are less elongated and slightigted toward the SMC. The inclination
and position angle change significantly with thexis size. The median axis ratio is 1.28 : 145.

The RR Lyr distribution in the SMC has a very regular, ellijgsd shape and does not show any
substructures or asymmetries. All triaxial ellipsoidsefitto surfaces of a constant number density
have virtually the same shape (axis ratio) and are elongdtedy the line-of-sight. The median axis
ratiois 1:110:213. The inclination angle is very small and thus the positagle is not well
defined.

We present the distribution of RR Lyr stars in the MagellaBicdge area, showing that the
Magellanic Clouds’ halos overlap.

A comparison of the distributions of RR Lyr stars and Claaisi@epheids shows that the former
are significantly more spread and distributed regularlyijemte latter are very clumped and form
several distinct substructures.

Key words. Stars: fundamental parameters — Stars: variables: RR Lydéagellanic Clouds —
Galaxies: statistics — Galaxies: structure



1. Introduction

The Magellanic System consists of the Large Magellanic €ILtMC) and
Small Magellanic Cloud (SMC) along with a few structuresttivare formed as a
result of the Clouds’ interactions. These structures & Magellanic Stream, the
Leading Arm, and the Magellanic Bridge (MBR) (Gardiregral. 1994, Gardiner
and Noguchi 1996, Yoshizawa and Noguchi 2003, Coneom. 2006, RuZtka
et al. 2009, 2010, Beslat al. 2010, 2012, Diaz and Bekki 2011, 2012, Guglielmo
et al. 2014). For more information on the Magellanic System anceisly the
Magellanic Clouds morphology see Introduction in JacysRgtrzenieckaet al.
(2016) (hereafter Paper I). Here we concentrate on an dsélgsed on the RR Lyr
(RRL) type variable stars.

The RRL stars are pulsating stars of great importance. They the period—
luminosity law, which together with their well establisHachinosities, makes them
good standard candles and allows for precise distancendiei&ions to globular
clusters and nearby galaxies. The RRL stars representdhgopllation and due
to their large numbers in most stellar systems, they senteaaers of the three-
dimensional structure, metallicity distribution, andrdtamation history of galax-
ies. There was a great number of studies that analyzed theldaigz Clouds’
morphology with RRL variables, and we will summarize theaimresults below.
All studies were based on the third part of the Optical Gediohal Lensing Exper-
iment (OGLE) Catalog of Variable Stars (OCVS) containingioy/7 000 RRL type
ab (RRab) stars in the LMC (Sogmski et al. 2009) and almost 2000 RRab stars in
the SMC (SoszZiyski et al. 2010). However that dataset did not cover the extended
area around the Magellanic Clouds, in contrary to the OGY/Eta that we use
here.

The RRL stars distribution in the LMC is known to be roughlgutar, and has
been often modeled as a triaxial ellipsoid (Pejcha and &ta6@89, Deb and Singh
2014), which is rotated such that the eastern side of thaxgas closer to us than
the western side (Pejcha and Stanek 2009, Hasehkd 2012a). Some studies
suggested that the RRL population of the LMC has two compisnéine disk and
the halo (Subramaniam and Subramanian 2009, Deb and Sidgh, 2though the
existence of the disk has been questioned (Wagner-KaiskSarajedini 2013).
It was also proposed, that the LMC has a bar-like structurhéncenter which
stands out as a RRL stars overdensity (Subramaniam andrBaiien 2009), and
is almost 5 kpc in front of the main body of the LMC disk (Haselek al. 2012a).

The RRL stars distribution in the SMC also has a regularpsdiidal shape
(Haschkeet al. 2012b) that can be modeled as a triaxial ellipsoid extendmtga
the line-of-sight (Subramanian and Subramaniam 2012,ddab2015). The cen-
tral part of the SMC was found to have a large line-of-sighitdgHaschkeet al.
2012b), which has been interpreted as a bulge @seth. 2015). The north-eastern
side of the RRL stars distribution seems to have a largerhd@fdpakoset al.
2010). Itis also closer to us than the main SMC body (Subrénaand Subrama-
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niam 2012, Delet al.2015) and contains more metal-rich stars (Beal.2015). A
study by Kapakost al.(2011) and Kapakos and Hatzidimitrou (2012) showed that
stars with different metallicities seem to belong to diffier dynamical structures.
The metal-rich objects constitute a thick disk with a bulghjle the metal-poor
stars form a halo.

In the area between the Magellanic Clouds — the Magellarizig@r— interme-
diate age stars were observed by Nétedl. (2013, 2015). Moreover, candidates for
an old stellar population were found by Baghetrial. (2013). They used 2MASS
and WISE near-infrared catalogs and found RGB and AGB staas bn-sky stripe
between the Clouds. Authors were unable to identify whethese objects are gen-
uine Bridge members or they belong to the LMC or SMC halo.

Soszyiski et al. (2016ab) recently released the newest part of the OGLE Col-

lection of RRL stars that enabled us to analyze the threed#ional morphology
of the Magellanic System that we present here. The Colledidased on the
OGLE-IV data (Udalsket al. 2015) that cover about 650 square degrees in this re-
gion. This area is significantly greater than that of the O&ILEurvey, on which
the studies described above were based. The extended gewvefrdhe OGLE-
IV Collection includes the outskirts of the Magellanic Cilsuand the Magellanic
Bridge. This allows us to deduce the actual shape of thesigalalthough the
farthest outskirts, especially in the LMC area, are still @atirely covered by ob-
servations.

We organized the paper as follows. Section 2 gives desonijuti the OGLE-

IV data and OGLE Collection of RRL stars. In Section 3, thentécal details

of the analysis are presented. We then describe the thneendional structure
of the LMC, SMC and Magellanic Bridge in Sections 4, 5 and &petively.

Section 7 presents comparison of the RRL stars and CCdadistnh from Paper I.
We summarize our results in Section 8.

2. Data

2.1. The OGLE Collection of RR Lyr Stars

The newest part of the OGLE Collection of RRL stars (Soskyet al.2016ab)
contains 45 453 objects in total and is the largest publish¢alog of RRL stars up
to date. The classification was based on the period seardhrfast alll-band
light curves in the OGLE database (Udalskial. 2015). Then light curves with
periods from 0.2 to 1 day were selected and automatic and ahatassification
was performed. Finally, each light curve was inspectedaliguWhen the case was
doubtful other parameters, like the position of the objacthie color—-magnitude
diagram, were taken into account. About 40% of the RRL stanewot included
in the previous versions of the OGLE Collection of RRL stakbnost all of them
are located in the extended region covered by OGLE-IV tha mat observed
during earlier phases of the OGLE project.
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The Collection includes 32581 RRab, 10246 RRc, and 2624 R&td, svith

22 anomalous RRd stars. Of those 39082 are located in the bWEreas 6369 —
in the SMC. The boundary between these galaxies was set at B48™ because
of a local minimum of the number of RRL stars. This value isyomh approx-
imation because it is not possible to separate the Magell@liuds due to their
overlapping halos. Similarly, it is not possible to entrekparate the Magellanic
Clouds’ RRL stars from Milky Way halo’s RRL stars so the saenpbssibly con-
tains some number of the latter ones. The completeness G@d Collection of
RRL stars is about 96%. The gaps between CCD chips in the O@ldamera are
responsible for the loss of about 7% of stars from the fields were not covered
by the OGLE-III.

2.2. The Sample Selection

Our analysis is based on RRL stars pulsating in the fundaahemtde (RRab).
Among 32581 RRab stars 27 620 are located in the LMC and 49@1ieiSMC.
Hereafter when we write about our RRL stars sample we meae tRRab stars.
We applied the same cuts to our sample as described in Skaetrah (2016).
We rejected the objects that did not have tYhband magnitude because these stars
were useless for the Wesenheit magnitude calculationsn Weeremoved RRL
stars with large uncertainties of phase parameters that latar used to calculate
photometric metallicities. In the next step, 20% of obje&dth the largest scatter of
the light curve around the Fourier decomposition were adadifrom the sample.

After this procedure we were left with 20573 RRL stars in thé@ and 3560
in the SMC. Next, we made a cut on the Bailey diagram in ordéetter eliminate
blends from our sample and excluded stars with peak-to-pemggdtitude lower than
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Fig. 1. The Bailey diagram for RRL stars (ab). Black line desathe adopted limit for a blend
rejection. The SMC RRL stars are overplotted on the LMC RRitsstThe rejected SMC RRL stars
are marked with large triangles while the rejected LMC RRArst with squares.
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for a typical RRL stars at a given perid®lin thel-band,i.e., we removed objects
for which A; < —5-log(P) — 1 (see Fig. 1). Then we fitted the period—luminosity
relation (P-L) to our sample and iteratively removed RRLrst&ith luminosities
deviating more than @ from the fit (see Fig. 2). The results are described in
Section 2.3. This left us with the final sample consisting 8401 RRab stars
in the LMC and 3458 stars in the SMC.
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log(P [d]) log(P [d])
LMC e SMC e
LMC (rejected) SMC (rejected)

Fig. 2. P-L relations for the Wesenheit magnitude for RR).&hrs in the Magellanic System show-
ing objects rejected aso3outliers during the fitting procedurel.eft panel: The fit for the LMC.
Rejected objects are marked with squarBgght panel: The fit for the SMC. Rejected objects are
marked with triangles.

After all these restrictive cuts we expected that we woukdrsz blends in our
data. Unfortunately, three-dimensional maps of the LMCstiow a non-physical
feature — an elongation in the LMC structure along the lifigight coming out of
the center of this galaxy and visible on its both sides (Hezewe refer to it as the
LMC blend-artifact). Fig. 3 illustrates this effect on tlkx& and theyz planes in
the Cartesian projection, that will be described in Sec8iéh Red contours repre-
sent all RRL stars, before any sample cuts were done, whalekldontours show
the cleaned, final sample. The elongated central strucaselhcreased, but not
vanished entirely. Its cone-like shape and orientatiorcyxaoward the observer
at (0,0,0) indisputably point to its non-physical naturbeTMC blend-artifact is
also well visible on thexz plane in Fig. 4. Unfortunately, it is very difficult to sep-
arate all the blends from unblended stars because thesghje mixed together
in every parameter space. We tried to make additional ané nestrictive cuts on
diagrams including color, magnitude, amplitude, periadgt, fione of these made
a significant difference and the non-physical feature reg@hi Instead, normal,
unblended RRL stars were removed. For this reason we refi@im performing
additional cuts as this can falsify the two-dimensional snapd distributions and
lead to a lower than real RRL stars column density. The aexigtef the LMC
blend-artifact requires that any analysis of the LMC ceattopts a very careful
approach to the sample selection and analysis processes.
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Fig. 3. Stellar density contours of the LMC RRL stars for titire RRL sample — red (objects
lacking |- or V-band magnitude are not included in this plot) and the cléaagnple — black, on the
xz andyz planes in the Cartesian projection. Contour levels areahesnboth panels
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Fig. 4. The RRL stars in the Magellanic System in the Carntes@ordinates. The LMC stars are
marked with blue dots, while the SMC stars — with green dotddifionally, all the rejected RRL
stars are shown with gray color (the RRL stars lackingr V-band magnitude are not included in
this plot). Red cross marks the location of the observer.t&ircle denotes the LMC (Pietragki

et al.2013, van der Marel and Kallivayalil 2014) and SMC (Stanavic et al. 2004, Graczylet al.
2014) dynamical centers on this and the following maps.
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3. DataAnalysis

3.1. Period-Luminosity Relation

After removing objects wittA; < —5-log(P) — 1 on the Bailey diagram we fit-
ted a period—luminosity relation to our sample. We usedelddening-independent
Wesenheit index (Madore 1976) for thle andl-band photometry:

Wy_ =1-155-(V-1I) (1)

The value of the coefficient (1.55) was calculated based em#pendence of the
[-band extinction orE(V — 1) reddening (Schlegeit al. 1998). We used the least-
squares method to fit the linear function in the form:

Wy_; =a-log(P)+b (2)

separately to the LMC and SMC sample. In each iteration wecte§l RRL stars
that were & outliers until there were none. The rejected objects ardlynolends,
additionally affected by crowding. The results for the Wesgt magnitude as well

as for thel- andV-band magnitudes are shown in Table 1. Fig. 2 shows the fit for
the Wesenheit magnitude and the rejected stars.

Tablel

P-L relations for RRab stars in the Magellanic Clouds

P-L for Wesenheit magnitude Wy =a-log(P)+b

Galaxy a b [mag] o[mag] | x3/dof  Ninc Nrej
LMC | —2.933+£0.009 | 17.172+0.003| 0.114 | 3.605 | 19401 720
SMC | —3.001+0.028 | 17.492+0.007| 0.158 | 6.980 | 3458 86

P-L for I-band magnitude I =a-log(P)+b

Galaxy a b [mag] o[mag] | x3/dof  Ninc Nrej
LMC | —1.680+£0.009 | 18.374+0.003| 0.142 | 5.587 | 19704 417
SMC | —1.709+£0.028 | 18.673+£0.007 | 0.153 | 6.557 | 3482 62

P-L for V-band magnitude V =a-log(P)+b

Galaxy a b [mag] o[mag] | x3/dof  Ninc Nrej
LMC | —0.910£0.009 | 19.139+0.003| 0.187 | 9.768 | 19625 496
SMC | —0.934+£0.028 | 19.422+0.007 | 0.167 | 7.786 | 3475 69

Ninc is the number of objects included in the final fit, wHilg; is the number of rejected objects.



3.2. Metallicities and Distances

The photometric metallicity of each RRL star in our samplewalculated the
same way as in Skowrcet al. (2016). Thedl, phase parameter from the Fourier
decomposition of thé-band light curve was transfromed to the phase parameter in
the Kepler bandbgf and then the photometric metallicity relation of Nensta@l.
(2013) was applied. For more details on the metallicity wlaliion see Section 5 in
Skowronet al.(2016). To calculate the distance we first transformed thafiety
from Jurcsik (1995) scale to the Carrettzal. (2009) scale using the relation from
Kapakoset al. (2011):

[Fe/H]c = 1.001- [Fe/H], —0.112 (3)

Then we used the coefficients from Table 5 in Bragal. (2015) to calculate the
absolute Wesenheit magnitude of each RRL star:

W v 1 .abs = aw + bw - 10g(P) + ow ([Fe/H]c + 0.04) (4)

whereay = —1.039+0.007, by = —2.524+0.021 andoy = 0.147+0.004.
Finally, the distance in pc is given by:

d = 10WMy-1—-Wv_1abst+5)/5 (5)

The distance uncertainty includes the OGLE photometriettamty which is
ov = 0.02 mag and the uncertainty of the calculated metallicity.e Tiredian
distance uncertainty for the LMC is 1.46 kpc (3% relativelte inedian distance)
and for the SMC 1.78 kpc (3% relative to the median distand&y. 4 shows
the RRL stars in the Magellanic System in three dimensiorge OMC stars are
marked with blue dots, while the SMC stars — with green doti#onally, all the
rejected RRL stars are shown with gray dots.

3.3. Coordinate Transformations

In this paper, we present our results using two types of m&ps.first one is
a two-dimensional equal-area Hammer projection. Thais is pointing toward
Ocen= 3"20™, Scen= —72°. For each RRL statammer and YHammer COOrdinates
are calculated from the formulae used in Paper I. Fig. 5 shioe/§Magellanic Sys-
tem in the Hammer projection, where the distance is coldedo

The second type of maps that we use shows stellar positioie i€artesian
three-dimensional spacex,f,z). We use different viewing angles although the
observer is always at0,0,0). The z axis is pointing toward different equatorial
coordinates:tcen and dcen. The transformation equations are the same as used
in Paper | and were taken from van der Marel and Cioni (200d)\&ainberg and
Nikolaev (2001). Fig. 4 shows RRL stars in the Magellanict&ysin the Cartesian
coordinates.
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Fig. 5. The equal-area Hammer projection of the RRL starhiénMagellanic System with color-
coded distances. Note the change in distance range bethveg@amnels Upper panel:The LMC is

on the left while the SMC is on the right. Gray contours repntshe OGLE-IV fields.Lower left
panel: Close-up on the LMCLower right panel:Close-up on the SMC (the dots representing RRL
stars are one and half times larger than on other panels)teWicles mark galaxies’ dynamical
centers.

Maps showing the entire Magellanic System are centered.gt= 3"20",
Ocen = —72°, while maps showing only the LMC or SMC are centered at their
dynamical centers, similarly as in Paper I. For the LMC wepddad slightly dif-
ferent coordinatesni mc _cen = 5"19"3152, & mc_cen= —69°3524", which are
for the whole population with a correction for older starsger motions (van der
Marel and Kallivayalil 2014). For the SMC we use the same e@mg as in Paper
I: osmc—_cen= 1"0B™, Ssmc_cen = —72°2512" (Stanimirovt et al. 2004). The
center of each galaxy, that is marked on our maps with a whitkecis composed
of the dynamical on-sky centeti{en, dcen) cOmbined with the mean distance)(
For the LMC we use the distanclgyc = 49.97+0.19 (statisticalH-1.11 (system-
atic) kpc, calculated by Pietragki et al. (2013) which is the most accurate LMC
distance up to date. For the SMC we adopdeglc = 62.1+ 1.9 kpc from Graczyk
et al. (2014). These dynamical centers are shown in order to aighadson with
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other studiesd.g, Paper 1), even though they do not comply with RRL distribati
centers.

The OGLE astrometric uncertainty is included in the Caaesioordinates un-
certainties. This astrometric uncertaintydg 5 = 0/2. The distance uncertainty
is also included. The values ofy and z position uncertainties are as follows:
0.1 kpc< ox < 0.9 kpc, Q1 kpc< ay < 0.7 kpc, and 13 kpc< 0, < 4.1 kpc.

The most important parameters of the RRL stars sample atalyzhis publi-
cation are available on-line in a tabular form from the OGL&bsgite:

http://ogle.astrouw.edu.pl
Table 2 presents the first few lines of the file.
Table2

RRL stars (ab) in the Magellanic System

Columns 1-6

Location ocvsid P [d] I [mag] V[mag] Wy [mag]
LMC OGLE-LMC-RRLYR-00001 0.6347521 18.772 19.455 17.713
LMC OGLE-LMC-RRLYR-00003 0.6564971 18.649 19.306 17.631
LMC OGLE-LMC-RRLYR-00005 0.6433519 18.942 19.613 17.902

Columns 7-13

[Fe/H]n RA Dec dkpc]  x@ [kpc] y@ [kpc]  Z® [kpc]
—~1.63+0.12 04'27M45%45 —70°4312/0 5023+ 1.46 —4.83+:0.39 044+0.85 4999+ 1.54
—~1.4140.11 04'28"08%550 —70°21/22/8 4844+ 1.39 —4.77+0.38 0714+0.82 4820+ 1.48
—1.1440.42 04'28"21506 —70°0854/5 5333+2.13 —5.32+0.45 0964 0.90 5306+2.19

The electronic version of the entire sample used in thisysdvailable on-line from the OGLE
website.(a) The Cartesian,y, andz coordinates.

3.4. Model and Ellipsoid Fitting

In the next step, we modeled the RRL stars spatial distolbudy fitting triaxial
ellipsoids to surfaces of a constant number density, to i€ land SMC three-
dimensional data in the Cartesian coordinate space. Riestalculated the local
density of RRL stars in a 2 x 2 kpc cube around each star, which was up to
338 and 29 stars per kpdn the LMC and SMC, respectively. The cube size was
chosen as a trade-off between the resolution and smootbhdss resulting star
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density distribution. Subsequently, we divided both sa®pf RRL stars into bins
of nearly constant star density and then fitted triaxiapsthids to these subsamples
using an algorithm proposed by Turredral. (1999), described below.

We aimed to find the parameters of an ellipsoid given its catéziform:

ax + by? + cZ + dxy+ exz+ fyz+gx+ hy+kz+1 =0. (6)

We found the best-fit ellipsoid by minimizing the sum of sqdadistances between
the data points and the modeled ellipsoid. The resultingliqii forms were then
transformed to obtain parameters of the ellipsoid: coatdis of the center, length
of semi-axes, and their orientation. The uncertaintiesevestimated using the
bootstrap method. To aid the comparison with previous wonkes provide two
parameters describing the orientation of ellipsoids:ifration and position angle
of the longest axis.

If an ellipsoid is centered at the origin, then its quadrédim is XTAX =C,
whereC > 0 andA is a symmetric matrix with positive eigenvalugs’ = [x,y, 7.
From the principal axis theorem, we know that eigenvectdra matrix A form
an orthonormal basis such & AP =D, whereD is a diagonal matrix an@ is
a square matrix consisting of the eigenvectors correspgridi the eigenvalues in
A. In that basis, the quadratic form is simpKJAX =5; )\ixiz = C, and hence the
semi-axes of the ellipsoid are equal {gC/A;, where); are eigenvalues oA.
Eigenvectors oA span the semi-axes.

It can be straightforwardly shown that:

a d/2e/2
A=1d/2 b f/2
e/2 /2 ¢
For the ellipsoid centered &g:
(X —Xo)TA(X = Xg) = XTAX —2XTAXo+X{AXo=C. (7)

Hence, the origin of the ellipsoid

while C = XJAXo—1.
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4. ThelLarge Magellanic Cloud

4.1. Three-Dimensional Structure

The RRL stars distribution in the LMC is known to be roughlguér, or el-
lipsoidal, possibly with a bar (Pejcha and Stanek 2009, &uhnian and Subra-
maniam 2012, Haschlet al. 2012a, Wagner-Kaiser and Sarajedini 2013, Deb and
Singh 2014).

We have estimated the sample center parameters using thmanabthe Right
Ascension, Declination and distance of the RRL stars #istion which aré yc=
5N21M3152, S e = —69°36'36", dime = 50.56 kpc (hereafter the distribution
center). The median LMC RRL stars distance based on our dalaut med =
50.64 kpc. This is slightly different than the dynamical centeordinates de-
rived by van der Marel and Kallivayalil (2014) which wenigyc _cen= 5"19M3152,

O Mc_cen= —693524" and the mean LMC distance from Piethskiet al.(2013)
derived from eclipsing binariesd, mc = 49.97+0.19 (statistical)+-1.11 (system-
atic) kpc.

Fig. 4 shows the Magellanic System in the Cartesian cooreénahere the
LMC reveals its regular, although not entirely symmetricdlape in three dimen-
sions. The most protruding “substructure” is the LMC blexrtdfact — a non-
physical structure build up of the RRL stars seemingly drawhof the galaxy
along the line-of-sight. These stars are mostly blendsijtiaddlly affected by
crowding effects and are located in the dense LMC center.as of their rel-
atively low luminosity, RRL stars are very prone to such dieg and crowding
effects. As we have already described in Section 2.2 it isosajble to remove
all the blends from our sample because many of them are rnaiglisshable from
unblended RRL stars based solely on their light curves. fengit to do so would
lead to non-physical results.

The on-sky projection of the LMC seems to be roughly regudae(Fig. 5).
To further investigate the three-dimensional structuréhef galaxy we show its
distance tomography in Fig. 6. The upper row represents ltteest RRL stars
in the LMC. There is a well visible clump at the center, eldegain the east-
west direction and concentrated more on the eastern sideedlistribution and
dynamical center (first panel). It may seem to constitutel € bar, similarly
as in Fig. 5 from Haschket al. (2012a), but in fact this is a reflection of the non-
physical LMC blend-artifact. On the other hand, we see thattMC extended
halo and the closest parts of it are definitely concentratelea north-eastern parts
of this galaxy. The LMC halo is not symmetrical with respexthe distribution
and the dynamical center of this galaxy.

The middle row shows RRL stars near the average LMC distaHege, the
central parts of the LMC have a more regular shape. Again,egdfsat the LMC
RRL stars halo is more numerous in the north-eastern patisiofalaxy. The
lowest row represents the farthest LMC RRL stars. The RRisstathe central
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Fig. 6. Distance tomography of the RRL stars distributiotnhie LMC in the Hammer equal-area
projection. Note different distance ranges. White circlerks the LMC dynamical center. White
triangle marks the RRL stars distribution maxima along tie Bec and distance axes.

regions are more clumped on the eastern side but this is ag&ino the LMC
blend-artifact as it is consistent with the distributionximaum. Interestingly, the
LMC halo’s farthest parts are more numerous on the westela sthis is the
direction toward the SMC. The distance tomography of the L8liGgests that the
eastern part of the LMC is closer than the western part.

Column density maps in three Cartesian dimensions are shoWwig. 7. The
bin size is 0.5 kpc along each axis. On the and yz planes the LMC blend-
artifact is clearly visible as a longitudinal structurettteaelongated along the line-
of-sight. The “view from the top” ~xz plane — shows that the LMC outskirts are
asymmetrical with the eastern side located closer to usttimwestern side. The
LMC halo seems to be neither spheroidal nor ellipsoidal cWiié also prominent
on theyz plane.
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Fig. 7. RRL stars density maps in the LMC in the Cartesiandioates (thez axis is pointing toward
the LMC dynamical center). Bin size is 0.5 kpcixn y and z axis. Contour levels on they plane
are 10, 50, 120, 300, 700, 1300, on teand yz 10, 50, 120, 300, 600, 700 RRL stars per 1 kpc
Note the LMC blend-artifact clearly visible on the& andyz planes. White circle and triangle mark
the LMC dynamical and distribution centers, respectively.

4.2. Ellipsoid Fitting

As a result of the analysis based on the two- and three-dimmglsmaps we
decided to model the LMC RRL stars distribution as a triaglipsoid. The LMC
RRL stars were divided into 21 subsamples consisting of @358 objects. The
technical details of the modeling procedure were describeBection 3.4. The
fitting results are presented in Figs. 8, 9, and 10 and in TablEo minimize the
influence of the non-physical LMC blend-artifact, we decditieexclude the central
region of the LMC from the fit and the following analysis. Wemaved RRL stars
located within an angular on-sky radius df51from the LMC distribution center,
i.e, all RRL stars along the line-of-sightin a cone (see Fig. 9).

The innermost LMC ellipsoid corresponds to the star demditgg(n) = 2.15—
2.2 kpc3. The axis ratioa: b:cis 1:1168:1950 and it is the ellipsoid with
the highestc/a ratio. The inclination is relatively smalli & 7°03), while the
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Fig. 8. Parameters of the best-fit triaxial ellipsoids foe ttMC RRL stars. We excluded objects
located within an angular radius of3.from the LMC center because of the LMC blend-artifact.
Green points represent the innermost ellipsoids while paiets — the outermost.

position angle is large (R. = 19°57). As the number density decreases.€., a
increases)¢/a ratios are decreasing while/a ratios do not show any trend (see
Table 3 and Fig. 8). This shows that the innermost region®t.1C has the most
elongated shape. This effect may not be entirely physicakdthe residual blends
which may cause the central ellipsoids to be more elongdded séhe line-of-sight.

It is not possible to state how big this effect is, and whettisrentirely due to the
crowding and blending effects, or the inner parts of the LM€teauly elongated as
shown in the plots.

The largest ellipsoid has axis ratio 1.250 : 1378. We intentionally chose
log(n) = 0.0—0.4 kpc 3 as the largest ellipsoid because (ng= —0.5— 0.0 kpc 3
stretches farther than the OGLE-IV fields and may not reprtgsieysical results.
With increasinga, i is also increasing, but P.A. is decreasing (see Fig. 8). For
log(n) = 0.0— 0.4 kpc3: i = 36261 and PA. = —57°32. The largest ellipsoids
are less stretched, their longest axes are more inclinedoaied differently. The
median axis ratio is 1:.23: 145.

Fig. 9 shows projections of the ellipsoids in the Cartesfzacs. Red line con-
nects the LMC and SMC distribution centers. Larger elligsalo not evidently
twist toward the SMC although the increasing P.A. suggest®©s the other hand,
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Fig. 9. Best-fit triaxial ellipsoids for the LMC data. Dasbtted lines on thexz and yz planes rep-
resent area from where the RRL stars were excludé8 @hgular radius from the LMC distribution
center). Colors are compatible with Fig. 8. White circle amahgle mark the LMC dynamical and
distribution centers, respectively. Red line connectd M€ and SMC distribution centers.

the xz and yz projections demonstrate that the LMC halo is stretched itd\ita
smaller neighbor more than the inner parts.

The last three columns of Table 3 represent Right Ascenglenlination and
distance of the ellipsoids’ centers. We have additionatispnted the Cartesian
space projections of those centers in Fig. 10. Red line ciatiee LMC and SMC
centers while the black line denotes the LMC — Milky Way cesteonnection.
Green points stand for the smallest ellipsoids, while blaits for the largest.
From Fig. 10 itis clearly visible that with increasing RRlast number the center
moves farther away from the SMC — in the opposite directiohisTs consistent
with our conclusions from Section 4.3. The LMC'’s farthesttpare more numer-
ous in north-eastern parts of this galaxy.



Table3

Triaxial ellipsoid best-fit parameters for the LMC

log(n [kpc~3]) a[kpc] b/a c/a i [deg] P.A. [deg] ap [deg] 8o [deg] do [kpc]
215-22 1.606+0.006 1168+0.006 19504+0.022 703+0.37 1957+2.79 8Q0100+£0.014 -69.833+0.005 50891+0.014
2.1-2.15 1.721+0.006 1180+0.007 19464+0.021 630+0.30 1290+2.93 8Q0107+0.015 —69.842+0.005 50881+0.014
2.05-21 1.833+0.007 1187+0.006 1933+0.020 661+0.34 1821+251 8Q077+£0.018 —69.835+0.006 50860+0.014
2.0-2.05 1.967+0.007 1187+0.006 1883+0.019 695+0.37 1615+2.22 80094+0.018 —69.838+0.006 50879+0.013
1.9-20 2.143+0.007 1185+0.006 1829+0.014 7.86+0.32 895+2.08 80073+0.018 —69.837+0.006 50856+0.012
1.8-1.9 2.3944+0.008 1177+£0.006 1750+0.013 910+0.40 7174208 80090+0.019 —69.835+0.006 50787+0.013
1.7-1.8 2.671+0.011 1165+0.007 1655+0.014 1121+0.47 482+2.17 80074+0.024 —69.779+0.008 50746+0.016
1.6-17 2.9414+0.012 1167+0.008 1592+0.015 1232+0.52 -10.15+2.95 80128+0.026 —69.724+0.011 50672+ 0.020
15-1.6 3.251+0.014 1165+0.008 1511+0.015 1569+0.77 —-1506+3.32 80199+0.032 —-69.633+0.013 50596+ 0.025
14-15 35044+0.021 1196+0.011 1469+0.013 2436+1.19 —3253+291 80447+0.036 —69.505+0.016 50485+ 0.029
1.3-14 3.778+0.024 1199+0.011 1453+0.015 2622+1.34 -3021+320 80681+0.046 —69.460+0.019 50376+0.031
12-13 4.041+0.027 1209+0.012 1447+0.014 2960+1.70 —39.00+2.39 80906+0.046 —69.393+0.021 50277+0.035
11-12 4.249+0.030 12464+0.012 1469+0.013 3286+1.73 —4459+232 8Q0975+0.052 -69.268+0.023 50258+ 0.036
10-11 4.424+0.027 1265+0.012 1478+0.013 3691+1.62 —4482+223 81159+0.050 —69.207+0.024 50168+ 0.034
0.9-1.0 4.755+0.035 1227+0.013 1465+0.017 3567+1.85 —5258+228 81202+0.069 —69.141+0.032 50135+0.042
0.8—0.9 4.921+0.046 1263+0.016 1451+0.022 3384+251 —5243+3.78 81229+0.090 —69.131+0.038 50072+ 0.054
0.7-0.8 5.277+0.060 1232+0.018 1365+0.023 4365+3.44 -5588+4.50 81072+0.104 —69.152+0.044 50163+0.061
0.6—0.7 54954+0.059 1218+0.018 1394+0.020 3886+251 —-5867+3.22 81116+0.125 —69.033+0.039 49930+ 0.052
0.5-0.6 5.851+0.091 1190+0.025 1382+0.030 3782+3.99 -4889+5.23 80527+0.208 —69.162+0.069 50166+ 0.096
0.4-0.5 5967+0.099 1197+0.031 1408+0.033 4763+3.48 —59.03+5.08 80147+0.250 —69.243+0.080 50098+ 0.081
0.0-0.4 6.430+0.064 1250+0.018 1378+0.020 3661+3.37 -57.32+5.21 80216+0.169 —69.215+0.062 50199+ 0.058
—0.5-0.0* 8.001+0.204 1111+0.033 1249+0.036 5399+6.00 —-63.25+7.19 81201+0.682 —69.181+0.156 50253+ 0.095

*This ellipsoid may not represent physical results duegaite extending farther than the OGLE-IV sky coverage iretist.
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Fig. 10. Best-fit triaxial ellipsoid centers in Cartesiaroatinates projections for the LMC data.
Colors are compatible with Figs. 8 and 9. White triangle radhle RRL stars distribution center. Red
line connects the LMC and SMC distribution centers and blak connects the LMC distribution
center with the Milky Way center (Boehé al. 2016).

4.3. Comparison with Previous Studies

Table 4 shows a comparison of RRL stars sample modeling edeasin dif-
ferent studies. Thd/a ratio obtained from the OGLE-IIl data was larger than
values presented in this work even for the smallest ellgsgie., log(n) = 2.15—
2.2 kpc3). The closest result to ours was presented by Pejcha andkSta09)
by removing RRL stars outside 250 per square degree coniche. differences
may also be caused by the removal of stars located withinrthelar radius of 15
from the LMC center from our sample.

The c/a ratio (of the shortest to the longest ellipsoid axis) is aswaller in
our analysisj.e., our ellipsoids are less stretched, and this differencges enore
prominent. It may be due to the restricted OGLE-IIl coverag@nd the LMC
blend-artifact that may distort the results. The inclioatangle for larger ellipsoids



Table4
Parameters of the LMC RRL stars modeling from literature
Reference b/a c/a i [ded P.A.[ded |Data
2.00 350 6 1134 OGLE-Ill RRab
Pejcha and Stanek (2009) 1.36 353 3 — Removed RRab outside 250 per square degree contour
1.99 314 9 — Additional color cut
. . - - 313+35 125+17 | OGLE-Ill RRL stars on-sky projection
Subramaniam and Subramanian (2009) — 208+35 — Included extra-planar features
— — 32+4 114+ 13 | OGLE-IIl RRab on-sky projection
Haschkeet al. (2012a) - - — 102+21 |Innermost 3 from optical center
— - - 122+32 |RRL starse (3°,7°) from optical center
. 1.67 407 2420 17601 OGLE-Ill RRab
Deb and Singh (2014) - - 3643 14908 | OGLE-IIl RRab plane fittindz| = 10 kpc
van der Marel and Kallivayalil (2014) - - 340+7.0 1391+4.1 |Proper motions + old pop. LOS velocity
This work: logn) =2.15-2.2 kpc® |1.1684+0.006 1950+0.022 703+0.37 19574279
This work: logn) =1.3—1.4 kpc 3 |1.1994+0.011 1453+0.015 2622+1.34 —30.21+3.20| OGLE-IV RRab
This work: logn) = 0.0-0.4 kpc® | 1.25040.018 1378+0.020 3661+3.37 —57.32+5.21

For comparison with other tracers see Table 7 in Paper I.
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is well correlated with the literature values, not only fbetRRL stars but also for
other tracers (see Table 7 in Paper I). The position angl&jistly correlated only
for larger ellipsoids.

Fig. 4 from Pejcha and Stanek (2009) shows a bar-like strectiat seems to
emerge from the center of the LMC and is elongated along tteedf-sight (along
the z axis). Other studies showed that there is an evident ovsityan the LMC
center (Subramaniam and Subramanian 2009, Haseth&ke2012a). Fig. 2 from
Haschkeet al. (2012a) also seems to show that this overdensity is elodgdbag
the line-of-sight and forms a bar-like structure (see Fign Blaschkeet al. 2012a
where the RRL stars in the closer bins seem to form the bafyraBwaniam and
Subramanian (2009) state that this RRL bar-like structuag atso aid understand-
ing the LMC bar evolution suggesting that there must have lzeprominent star
formation episode that led to the formation of the LMC diskorigover, that study
suggested that the LMC RRL stars were formed in the disk ratiza in the halo.

Our analysis sheds new light on these conclusions basedeoretitral LMC
regions. Because the LMC blend-artifact is very prominamt hard to remove,
and was not easily distinguishable within the OGLE-Ill ddtamay have been
mistakenly treated as the LMC bar. We argue that the LMC RRtsalistribution
does not have a bar, or if there is one, it is not as prominepteasously thought
and a very careful analysis is needed to extract it from tbevded central areas of
the galaxy.

Subramaniam and Subramanian (2009) obtained the incdmaind position
angle of their RRL stars sample very similar to that of the L€k and concluded
that most of the LMC RRL stars constitute a non-sphericakstire, while the rest
form an inflated structure. This double-structured RRLssthstribution was later
confirmed by Deb and Singh (2014) based on the metallicityyaizaof the LMC
RRL stars. They found that the RRL stars form the disk andrherihalo. The
LMC RRL stars inner halo was also suggested by Subraman®abramaniam
(2009). Our analysis of the three-dimensional distributibthe RRL stars does not
support these findings. Similarly as Pejcha and Stanek (2009 Haschket al.
(2012a), we do not see any extra-planar substructuresdavaath-east that could
be an extension of the disk. On the other hand, change in tmgalion between
the innermost and outermost ellipsoids may reflect the @onature of the LMC
RRL stars distribution (the disk and the inner halo), but iomermost ellipsoids
are not disk-like (see Fig. 9). Again, the elongation of teatcal ellipsoids along
the line-of-sight may be affected by residual blends in aiad

5. The Small Magellanic Cloud

5.1. Three-Dimensional Structure

In the case of the SMC, RRL stars density in the center is maelerd so
crowding and blending effects are mild, allowing us to sttitly galaxy’s central
regions in detail and compare our results with the liteeat@imilarly as its larger
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neighbor, the SMC also has a regular, ellipsoidal or neghesoidal shape (Ka-
pakoset al. 2011, Subramanian and Subramaniam 2012, Kapakos and atzid
itrou 2012, Haschket al. 2012b, Delet al. 2015). In this section, we concentrate
on the three-dimensional analysis of the SMC using the OBGLEollection of
RRL stars which, in contrast to the OGLE-IIl Catalog, covergery extended area
around the SMC (see upper panel in Fig. 5 where the OGLE-Iddigky coverage
and the SMC are presented).

70«1 45\\- /56 kpc g . iy 59\\_ 61 kpc

BN e

Fig. 11. Distance tomography of the RRL stars distributiothie SMC in the Hammer equal-area
projection. Note different distance ranges. White circlarks the SMC dynamical center. White
triangle marks the RRL stars distribution maxima along tieaRd Dec axes.

Our data show that the SMC has a very regular shape in thmerdions (see
Fig. 4). Also, the on-sky projection of the SMC does not pnésay evident irreg-
ularities (see Fig. 5). We decided to slice-up this galaxgigtance bins in order
to see its genuine structure along the line-of-sight. Tretadice tomography is
shown in Fig. 11. White circle shows the SMC dynamical ce(®animirovt et
al. 2004) while white triangle shows the SMC RRL stars distilmucenter. The
latter was estimated in three dimensions using the maxintaedRight Ascension,
Declination and distance RRL stars distribution which &kc = 0h55m48%0,
dsmc = —72°4648", dsmc = 60.45 kpc. The median SMC RRL stars distance
based on our data idspmcmed = 60.58 kpc. The on-sky distribution center param-
eters are significantly shifted with respect to the dynah®®4C center which are:
asmc_cen= 1"05™, Ssmc_cen= —72°2512" (StanimirovE et al. 2004). The dis-
tribution distance maximum and the median RRL stars digtame also different
from the mean SMC distance obtained from eclipsing bindrne&raczyket al.
(2014), which isdspyc = 62.1+1.9 kpc.
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Fig. 12. RRL stars column density maps in the SMC in the Ciamesoordinates (the axis is
pointing toward the SMC dynamical center). Bin size i pc inx, y, andz axis. Contour levels
on the xy plane are 5, 30, 70, 120, 200, 260, on tieand yz 5, 30, 60, 100, 130 RRL stars per
1 kpc2. White circle and triangle mark the SMC dynamical and distiion centers, respectively.

The closest RRL stars in the SMC are spread evenly on the dkig istshown
in the first panel of Fig. 11. Next three panels presenting RRits around the
SMC mean distance do not suggest any asymmetries or sufosésic Last two
panels showing the most distant SMC RRL stars reveal thgtareeslightly more
numerous in the south-western part of the galaxy than in onéhreastern part.

Fig. 12 shows RRL stars distribution in three dimensionstt@o left panel
shows the SMC as a regularly, near spheroidally shapedgagoszyski et al.
(2010, see their Fig. 7) and Haschéeal. (2012b, see their Fig. 1) noticed that
there are two overdensities in the SMC center, on-sky ptiojecA similar feature
is visible in the on-sky projection in the OGLE-IV data (sdg.A6), but it is not
seen in the three-dimensional Cartesian column densitysrtsge Fig. 12). Thus
this may be a projection effect. Views “from the top{aplane) and “from the side”
(yz plane) demonstrate an elongation of the SMC. This galaxiyrésched almost
along the line-of-sight and its shape is ellipsoidal. Nosiulrtures or evident
irregularities can be derived from Fig. 12.
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5.2. Ellipsoid Fitting

As a result of the analysis from Section 5.1, we decided toehtte SMC
RRL stars distribution as a triaxial ellipsoid. The detailshe fitting procedure are
given in Section 3.4. We divided the SMC RRL stars into eldvi@s consisting of
126 to 356 stars. The detailed results of the modeling asepted in Table 5 and
in Figs. 13, 14, and 15.

log(n [kpc_?’]) log(n [kpc_s])
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Fig. 13. Parameters of the best-fit triaxial ellipsoids foe EMC RRL stars. Green points represent
the innermost ellipsoids while blue points — the outermost.

From Table 5 and Fig. 13 we see that for ellipsoids with desinealogn)
(increasinga axis size) bottb/a andc/a ratios neither increase nor decrease and
do not change significantly. This means that all ellipsoiaehvirtually the same
shape. The median axis ratio is 1.1@: 213. The inclination angle appears to
slightly decrease from°9to 3 in the central regions of the SMC. Because the
inclination is small, the position angle (P.A.) of the magaiis is not well-defined,
varying from —5° to 41°.

Fig. 14 shows a three dimensional Cartesian space prajsadithe SMC el-
lipsoids. Bothxy and xz planes suggest that the outer parts of the SMC are more
rotated toward the LMC than the inner parts, although thieifice is not very
significant and is not visible on gz plane. The SMC ellipsoids are elongated al-
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Tableb

Triaxial ellipsoid best-fit parameters for the SMC

log (n [kpc3]) ‘ a[kpc] b/a c/a
12-13 | 151040031 1138+0.040 2113+0.080
11-12 | 1.969+0.033 1093+0.029 2056+ 0.054
10-11 237540034 1068+0.023 2096:0.041
09-10 |2773+0035 1037+0.018 2020+0.040
0.8-09 |298740042 1051+0.024 2312+0.060
0.7-0.8 |3.253+0.049 1097+0.028 2170+0.052
06-0.7 |3.600+0.059 1111+0024 2111+0.058
05-06 |3.83240063 114840030 2129:+0.064
04-05 |411740.069 1098+0.037 2181+0.059
02-04 |4.328+0058 1114+0028 2328+0.052
00-02 |4817+0083 117640033 2222+0.066

log(n[kpc3])| i [deg] P.A. [deg]
12-13 3164157 —4.82+3168
11-12 4874091  2900-+14.44
1.0-11 577£079  173347.29
09-1.0 7774081 19654562
0.8-0.9 7324078  1382+7.13
0.7-08 7324083  500+7.49
06-0.7 914+084 29974510
0.5-0.6 8254099  7.13+8.03
0.4-05 8994123  1268+5.80
0.2-0.4 9454089  2491+4.28
0.0-0.2 7004106  4077+7.15

log(n [kpc3])|  ao [ded 3 [deg do [kpd

12-13
11-12
10-11
0.9-10
0.8-0.9
0.7-0.8
0.6—0.7
0.5-0.6
0.4-0.5
0.2-0.4
0.0-0.2

13452+0.115 —72.987+0.023 61045+0.060
13.581+0.084 —72.993+0.026 61011+0.048
13.534+0.085 —72.985+0.023 61086+ 0.041
13.320+0.095 —72.958+0.026 61067+ 0.049
13951+0.113 —73.000+ 0.036 60594+ 0.093
14.009+0.116 —72.985+0.035 60585+0.076
14.068+0.133 —72.894+ 0.037 60561+0.079
13.929+0.149 —72.874+0.047 60475+0.101
14.427+0.221 —73.048+0.065 60177+0.121
14.697+0.187 —72.876+0.050 60240+0.109
14.727+0.195 —72.877+£0.070 59836+0.131

A A



Vol. 67 25

68

64

x [kpc] z [kpc]

Fig. 14. Best-fit triaxial ellipsoids for the SMC data. Caare compatible with Fig. 13. White circle
and triangle mark the SMC dynamical and distribution centerspectively. Red line connects LMC
and SMC distribution centers.

most along the line-of-sight, as already shown in Fig. 12.rédger, rotation of
larger ellipsoids on thety plane toward the LMC may also suggest that there is an
overdensity located near the SMC Wing.

The Cartesian space projections of the ellipsoid centerslaown in Fig. 15.
Green points denote the smallest ellipsoids while blue Hatgest. It is clearly
visible that the larger the ellipsoid is the closer its cergdocated to the observer
(see also Table 5 and Fig. 13). Moreover, with increasiraxis size the Right As-
cension of the ellipsoid center rises while the Declinatioes not show tendency
to increase or decrease distinctly. This is reflected in thggSian space projec-
tions where centers of larger ellipsoids are located clas¢ne LMC. This trend
may be caused by the overdensity in the SMC Wing area or/anththractions
between the Magellanic Clouds.
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Fig. 15. Best-fit triaxial ellipsoids centers in the Caréscoordinates projections for the SMC data.
Colors are compatible with Fig. 13 and 14. White triangle kmahe RRL stars distribution center.

Red line connects the LMC and SMC distribution centers aagkbline connects the SMC center
with the Milky Way center (Boehlet al. 2016).

5.3. Comparison with Previous Studies

A comparison between results obtained in this work and irero#tudies is
presented in Table 6. Our value bfa ratio is quite well compatible with those
calculated for the OGLE-IIl RRL stars data. The best cotiefais for restricted
samplesi(e., RRL stars withinr < 0275 in Subramanian and Subramaniam 2012 or
the SMC main body in Debt al. 2015). The differences are caused by the limited
OGLE-III sky coverage. On the other hantj,a ratio is not that well correlated.
The closest values were also the ones obtained for restréatmplesi(e., RRL
stars located within equal extent ¥y y, andz in Subramanian and Subramaniam
2012 or within spherical cells in Kapakos and Hatzidimit@fil2). Other values
suggested very elongated ellipsoids. This is probablyrediaé to the smaller area
observed by OGLE-III.

We also compare tilt parameters in Table 6. The inclinatiogiexcalculated
for the OGLE-IV data is compatible with values obtained foe OGLE-III data.
These values fall into the rang&-07°. As we have already mentioned, small value



Table6

Parameters of the SMC RRL stars modeling from literature

Reference b/a c/a i [deg] P.A.[deg] |Data

1.17 128 42 675 OGLE-II RRL stars equal extent ig y andz r < 220

1.24 139 33 695 Equal extentir, yandz r < 2°5

1.33 161 26 702 Equal extentir, y andz r < 320
Subramanian and Subramaniam (2012) 1.07 2001 05 4884 r <0275

1.30 800 01 64.87 r <2200

133 647 03 7440 r <3200

1.05 1984 04 7883 Excluded 3 NW fields; < 0°75

1.34 821 01 66.00 Excluded 3 NW fields; < 2200

157 771 04 6596 Excluded 3 NW fields; < 3200
Haschkeet al. (2012b) - - 7+15 83+21 OGLE-IIl RRab on-sky projection

121 157 - - OGLE-III RRab within spherical cell 2.5 kpc
Kapakos and Hatzidimitrou (2012) 1.18 153 - - Within spherical cell 3 kpc

1.23 180 - - Within spherical cell 3.5 kpc

Debet al.(2015)

1.3104+0.029 8269+0.934 2265+0.784 74307+ 0.509
1.18540.001 9411+ 0.860 0507+0.287 55966+ 0.814

OGLE-IIl RRab
The SMC main body

This work: logn) = 1.2—1.3 kpc 2
This work: logn) = 0.7—0.8 kpc 3
This work: logn) = 0.0-0.2 kpc 2

1.1384+0.040 2113+0.080 316+1.57
1.097+0.028 2170+0.052 7.32+0.83
1.17640.033 2222+ 0.066 7.00-+1.06

—4.82+31.68
500+7.49
4077+7.15

OGLE-IV RRab
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of i makes P.A. not well defined and we should not rely on a compauas this
parameter. Even though, the P.A. derived from our samplasézbe smaller than
the ones from the OGLE-IIl RRL stars.

We do not see any indicators of a bulge or a bar, similarly tbr&manian
and Subramaniam (2012) and Hasckkal. (2012b). Our equal-density ellipsoids
based on the OGLE-IV data that cover a very extended area@tba SMC are all
elongated along the line-of-sight and have almost the saisgaio. This means
that the shape of the distribution does not change withmistérom the center (see
Fig. 14). Thus the elongation along the line-of-sight anthgohigher line-of-sight
depth might not indicate the presence of a bulge as &edl. (2015) stated, and
as Subramanian and Subramaniam (2009) deduced from tlaysanof the red
clump and RRL stars depth profile.

Many studies revealed that the north-eastern part of the &Miécated closer
to us than the SMC main body (Subramanian and Subramania) Pl@schkeet
al. 2012b, Debet al. 2015). Our data do not support this as we do not see any
irregularities in the SMC structure that may cause a diffeesn the mean distance
between some part of this galaxy and the rest{geé-ig. 12). This may be caused
by the extended OGLE-IV sky coverage in comparison to the B@L On the
other hand, we do see some asymmetries of the equal-depsityus (Figs. 12
and 14) that may cause such effect.

6. TheMagellanic Bridge

We do see some RRL stars located between the Magellanic €£(ead Figs. 4
and 5), although they seem to belong to the halos of the twaxged. This is not
the first time old stars are observed there (Baghesl. 2013), although we are
the first to show a three dimensional distribution of an olgyation in the Mag-
ellanic Bridge, represented by RRL stars. Because of the EM&lo irregularities
and the OGLE-IV limited sky coverage around the outskirtghi$é galaxy that
we described above it is very difficult to statistically ayrd the area between the
Clouds. That is, it is practically impossible to separateBnidge RRL stars from
the LMC and SMC halos without having a good model of the LMGeomost halo,
especially that the density of RRL stars in the MBR area idlsand any deviations
from the LMC halo density profile would be lost in the noise. @én only state
that these two halos are overlapping.

A column density map of the Magellanic Bridge (MBR) is showrthe left
panel of Fig. 16 as an on-sky projection. The RRL stars coldewsity is color-
coded. The overdensity near the SMC Wing is visible on thbtrigt a ~ 2",
0~ —75°. There may seem to be an overdensity connecting the Cloodg al
Dec~ —75° although as we have mentioned it is very difficult to analyds &rea
statistically and spectroscopic observations will be eeéd tell the true origin of
these RRL stars.
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Fig. 16. Left panel: The on-sky projection of the binned RRL stars distributinritie Magellanic
Bridge area (using Hammer equal-area projection). The RRis €olumn density is color-coded.
Additionally, the Classical Cepheids from Paper | are mankéh white dots. The MBR CCs are
represented with larger dots and labeled M1-M9 as in PagRight panel: The xz plane of the
Cartesian projection of RRL stars in the Magellanic Systeiew( “from the top”). Bin size is 0.7 kpc
in X, y, andz axis. Light green lines represent density contours, whiekls are: 1, 10, 40, 100,
300, 600, 700 RRL stars per 1 kbc

Another view of the MBR area is presented in the right panéligf 16. A col-
umn density map of th&z Cartesian space projection shows a “view from the top”
of the entire Magellanic System. Additionally, density taurs are plotted with
light green lines. Extended SMC halo is fully pictured white LMC outskirts
reveal limited OGLE-IV sky coverage in the eastern parthdd galaxy. Without
seeing the entire LMC outskirts we are unable to say if thesdtaat we see be-
tween the Clouds constitute the genuine MBR. Even thouglcamedefinitely say
that the LMC and SMC halos are overlapping.

7. Comparison with Distribution of the Classical Cepheids

In this section we compare the discussed distribution ofRR& stars with
the distribution of the Classical Cepheids (CCs) that wdyaea in Paper I. The
RRL stars represent an old stellar population while the G€yaung stars. Both
types of objects in the entire Magellanic System are show#iga. 17 and 18. The
former presents data in an on-sky equal-area Hammer pimjecthe latter in the
three-dimensional Cartesian space projections.
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RRab SMC  «
Classical Ceplieids e

Fig. 17. The equal-area Hammer projection of the RRL stateérMagellanic System — similar to
Fig. 5 but Classical Cepheids from Paper | are overplotted btack dots. Blue dots mark the LMC
RRL stars and green dost — the SMC RRL stars. White circlek malexies’ dynamical centers
(Stanimirovt et al. 2004, van der Marel and Kallivayalil 2014). White trianglesark RRL stars
distribution centers.

7.1. The Large Magellanic Cloud

The most obvious difference between the CCs and RRL statrshdions in
the LMC is their spread in the on-sky projection (see Fig. Iif)e CCs are less
spread than the RRL stars and are concentrated toward doeygainter. The RRL
stars are present in every OGLE-IV field and seem to be loeatexl farther. There
are more CCs than the RRL stars in the northern parts of ther il C, because
of the well populated northern arm of this galaxy. The on4sigjection in Fig. 17
also shows that the CCs are located mainly in the LMC subtstres: the bar and
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Fig. 18. The RRL stars in the Magellanic System in the Caatesbordinates. The LMC stars are
marked with blue dots, while the SMC stars — with green dotidiflonally, the Classical Cepheids
from Paper | are overplotted with black dots. The white eirdénotes the LMC (Pietriagki et al.
2013, van der Marel and Kallivayalil 2014) and SMC (Stanaowic et al. 2004, Graczylet al.2014)
dynamical centers. White triangles mark RRL stars distidoucenters.

northern arm. The RRL stars are distributed definitely moreathly and regularly
and we do not see any evident substructures. The CCs digtribn the LMC can

be modeled with a plane (see Paper I), while the RRL starshliition is modeled
as a triaxial ellipsoid that is far from being flat and so theC/RRL stars may not
be described as a plane.

The three-dimensional Cartesian space projections inll8Biglso show differ-
ences between the CCs and RRL stars distributions. The medditance of the
LMC RRL stars isdrr,med= 50.64 kpc, while for the Cepheids it watc med=
49.93 kpc (see Table 4 in Paper I). These values are in good agraevithin dis-
tance mean uncertainties and distance standard deviadioths similar conclusion
was reached by Haschlet al. (2012a). Thexy plane represents a similar view to
the on-sky projection from Fig. 18 that we have described/ab®iew “from the
top” (xz plane) again shows that the RRL stars distribution coulcbeadescribed
properly as a disk. Moreover, the CCs in the LMC were not aecsdid by crowding
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and blending effects (see., Fig. 5 in Paper |) as the RRL stars. This is probably
due to the fact that the RRL stars are fainter and have higilenm density in the
LMC center than the CCs. Thgz plane only shows that the RRL stars are more
spread than the CCs.

7.2. The Small Magellanic Cloud

Similarly as in the LMC, the RRL stars and CCs in the SMC ar¢ritisted
differently. Again, older stars are more spread and forngalee structure in the
on-sky projection, while younger stars are more clumped @rtentrated near
the galaxy center (see Fig. 17). The CCs seem to be more nusierthe south-
western part of the SMC.

The Cartesian coordinates projections in Fig. 18 show gildftrences be-
tween the RRL stars and CCs distributions in the SMC. The amedistance of the
RRL stars isdrrLmed = 60.58 kpc and for the CCs it wadccmed = 64.62 kpc
(see Table 8 in Paper I). This time the difference is largantfor the LMC and
these values are not correlated within median distancertaicges. Even though,
they are within distance standard deviations. The diffeeenay also be an effect
of different methods of distance calculations for the CCs$ RRL stars. The for-
mer were calculated relative to the LMC distance from Pigtski et al. (2013),
assuming the same zeropoint of the P-L relation in both th€lavid SMC, while
the latter were obtained independently of any other digt@stimations. However,
other studies show that the mean distance calculated fdRRies is smaller than
that for the CCs (Haschlet al.2012b, de Grijs and Bono 2015) and this is in good
agreement with our results.

The xy plane confirms that the RRL stars are more spread and cdasitiery
regular shape, while the CCs form a structure that is verggated. Thexz and
yz projections demonstrate the SMC CCs shape that is stretdbed the line-of-
sight. In this direction the RRL stars do not reach that fat are less elongated
than CCs, which is reflected in median distance differences.

7.3. The Magellanic Bridge

The RRL stars on-sky column density map of the Magellanid@iarea show-
ing also CCs locations is presented in the left panel of Fig.The Bridge Cepheids
are marked with large white dots and labeled M1-M9 (as in PRpkaterestingly,
their positions seem to be correlated with slightly highBlRstars densities, espe-
cially those located along Declination —75°.

A very different picture is presented in the Cartesian coaigsx and z pro-
jection of the same area that is shown in the right panel of Bég The Bridge
Cepheids are very spread along thexis (along the line-of-sight). Only three of
them fall into higher RRL stars density contour at the leel &RL star per kpé
(M4, M6, and M9) and two other are quite close (M3 and M5). Tiglhbst number
of RRL stars per 1 kptin the Bridge area is reached strictly between the Clouds
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and we would expect to find the genuine MBR RRL stars rightehddowever,
even if we account for the errors in distance estimations,ldications of MBR
CCs and RRL stars situated between the Clouds are not dexela

8. Conclusions

In this work, we present the analysis based on a sample 19 Rab Relected
from the newest release of the OGLE Collection of RRL starth@aMagellanic
System (SosZyskiet al.2016a) based on the OGLE-IV data (Udalskal. 2015).

The LMC has a regular shape in three dimensions and no proirsaéstruc-
tures are distinguishable. Even though, the LMC halo i#lljgasymmetrical with
larger number of RRL stars in its north-eastern part, whichl$o located closer
to us than the entire LMC. We argue that the putative LMC bd&RRL stars is in
fact an effect of strong blending and crowding effects in tMC center, and it
was not possible to distinguish before the OGLE-IV extemsiata were available.
Triaxial ellipsoids were fitted to surfaces of constant nendtensity, excluding the
densest central region. Smaller ellipsoids have higher @tio and are elongated
along the line-of-sight, which is probably not physical doghe residual blends.
Larger ellipsoids are slightly more rotated toward the SMiiagh not entirely.
The inclination and position angle change substantialthwie a axis size. The
ellipsoid centers move away from the SMC and from the obsemd Milky Way
center with increasing axis size.

The SMC is mostly free from the blending and crowding effedtse to a sig-
nificantly smaller number of RRL stars in this galaxy. The SW&S a very regular
shape in three-dimensions and we do not see any substrsictursymmetries. We
only see a slightly higher column density near the SMC Winge Wistribution
center is very different from the dynamical center, whictswat the case for the
LMC. All ellipsoids fitted to surfaces of constant number signhave virtually the
same shapd.€., axis ratios). The inclination angle is very small thus tlsition
angle is not well defined. In contrary to the LMC, SMC ellipd®icenters move
toward the LMC, the observer and the Milky Way center withrgasinga axis
size.

We show, for the first time, a three dimensional distribusiofithe RRL stars
in the extended area between the Magellanic Clouds — the IMageBridge. Un-
fortunately, we are unable to separate two Clouds’ halas ach other and thus
we cannot differentiate the genuine Bridge RRL stars froos¢hbelonging to the
LMC or SMC. This is mostly because of the limited OGLE-IV skyverage on
the eastern side of the LMC. With the LMC halo being asymroati@nd not fully
covered itis very difficult to analyze the Bridge area statily, especially that the
RRL stars numbers in the Bridge are small and most probalylylaniations from
the LMC/SMC halo profile would be lost in the noise. We can csthte that the
Clouds’ halos are overlapping.
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A comparison with the results from Paper | clearly shows thatClassical
Cepheids and the RRL stars are distributed differently ith iagellanic Clouds.
The younger stars are clumped and constitute substruciuris the older are
more spread and distributed regularly. For the LMC we havained a very simi-
lar median distance for the CCs and RRL stars, in contrarggd@MC, where the
difference is=~ 4 kpc. The CCs distribution is definitely showing signs of @ie’
interaction, while it is not easy to find such evidence in tf_Rtars distribution.
In the Magellanic Bridge area on-sky projection, CCs seeivettocated near the
highest column density of RRL stars between the Clouds. ©nttieer hand, Carte-
sian xz projection shows that the three-dimensional correlatsooverry small and
while the RRL stars are located mainly between the CloudsCtbs tend to spread
far beyond.
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Abstract

We present a detailed analysis of the Magellanic Bridge Cepheid sample constructed using the Optical
Gravitational Lensing Experiment Collection of Variable Stars. Our updated Bridge sample contains 10 classical
and 13 anomalous Cepheids. We calculate their individual distances using optical period—Wesenheit relations and
construct three-dimensional maps. Classical Cepheid (CC) on-sky locations match very well neutral hydrogen and
young stars distributions; thus, they add to the overall young Bridge population. In three dimensions, 8 out of 10
CCs form a bridge-like connection between the Magellanic Clouds. The other two are located slightly farther away
and may constitute the Counter Bridge. We estimate ages of our Cepheids to be less than 300 Myr for from 5 up to
8 out of 10, depending on whether the rotation is included. This is in agreement with a scenario where these stars
were formed in situ after the last encounter of the Magellanic Clouds. Cepheids’ proper motions reveal that they are
moving away from both Large and Small Magellanic Clouds. Anomalous Cepheids are more spread than CCs in
both two and three dimensions, even though they form a rather smooth connection between the Magellanic Clouds.
However, this connection does not seem to be bridge-like, as there are many outliers around both Magellanic

https://doi.org/10.3847/1538-4357 /ab61f1
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Clouds.

Unified Astronomy Thesaurus concepts: Magellanic Clouds (990); Cepheid variable stars (218)

1. Introduction

The Magellanic Bridge (MBR), which undoubtedly is direct
evidence of the Magellanic Clouds’ interactions, has been a
subject of interest of many research projects. Though observa-
tions of the Bridge area started with Shapley’s first discovery of
young stars located in the SMC Wing (Shapley 1940), the
Bridge as a structure was discovered as a hydrogen feature
(Hindman et al. 1963). Numerical models predict that the
connection between the Large and Small Magellanic Clouds
(LMC and SMC, respectively) was formed after their last
encounter, about 200-300 Myr ago (e.g., Gardiner et al. 1994;
Gardiner & Noguchi 1996; Razicka et al. 2010; Besla et al.
2012; Diaz & Bekki 2012) or, as recent study shows, slightly

Different studies of the gaseous counterpart of the MBR
showed that it is a rather complicated, multiphase structure
(D’Onghia & Fox 2016 and references therein). The neutral
hydrogen (HI) kinematics reveal that the Bridge is connected
with the western parts of the LMC disk (Indu & Subramaniam
2015) and, moreover, is also being sheared. Other studies
showed that the Bridge also contains warm ionized gas (Barger
et al. 2013). Moreover, Wagner-Kaiser & Sarajedini (2017)
found evidence of dust in the MBR, concluding that it has
probably been pulled out of either or both Magellanic Clouds
during their interactions.

Here we present a detailed analysis of classical and anomalous
Cepheids in the Bridge area. Different stellar components
of the Bridge have been discovered. This is in agreement
with numerical model predictions (e.g., Besla et al. 2012;

* Draft version prepared on 2019 December 5.

Diaz & Bekki 2012; Guglielmo et al. 2014). Many studies were
devoted to searching for young stars between the Magellanic
Clouds and found evidence of their presence therein (Shapley
1940; Irwin et al. 1985; Demers & Battinelli 1998; Harris 2007;
Noél et al. 2013, 2015; Skowron et al. 2014; Belokurov et al.
2017; Mackey et al. 2017; Zivick et al. 2019). Skowron et al.
(2014) showed, using the Optical Gravitational Lensing
Experiment (OGLE) data, that young stars form a continuous
bridge-like connection and that their distribution is clumped.
This was confirmed by Belokurov et al. (2017), who tested
young main-sequence stars from Gaia and GALEX, as well as
Mackey et al. (2017), who used Dark Energy Camera data.
Young ages of some of these stars strongly suggest an in situ
formation. Zivick et al. (2019) found a correlation between the
young population and HI. Moreover, studies of stellar proper
motions (PMs) for both young and old populations (Oey et al.
2018; Zivick et al. 2019) show that the Bridge is moving away
from the SMC and toward the LMC.

The clumped pattern of stellar associations’ distribution
between the Magellanic Clouds may suggest an ongoing
process of forming a tidal dwarf galaxy (Bica & Schmitt 1995;
Ploeckinger et al. 2014, 2015, 2018; Bica et al. 2015).
Recently, a dwarf galaxy was found located in the on-sky
Bridge area, though it is located halfway between the Sun and
the Magellanic System (Koposov et al. 2018).

Classical pulsators were also studied in the MBR. Soszyriski
et al. (2015b), as part of the OGLE Collection of Variable Stars
(OCVS), published a list of classical Cepheids (CCs), including
new discoveries located in the MBR. Jacyszyn-Dobrzeniecka
et al. (2016, hereafter Paper I) studied their three-dimensional
distribution and classified nine as MBR members. Five of these
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Figure 1. On-sky locations of Cepheids in the Magellanic System. The selected Bridge sample is featured with larger circles. Black contours show the newest addition
to the OGLE-IV fields, while gray contours show main OGLE-1V fields in the Magellanic System that were already observed before 2017 July. White circles mark the
LMC (van der Marel & Kallivayalil 2014) and SMC (Stanimirovi¢ et al. 2004) centers.

objects seem to form a bridge-like connection between the
Magellanic Clouds, while the others are more spread in three
dimensions. Ages of these CCs suggest that they were formed
in situ, as almost all are under 300 Myr.

The evidence was found for intermediate-age and old stars
between the Magellanic Clouds (Bagheri et al. 2013; Noél et al.
2013, 2015; Skowron et al. 2014; Carrera et al. 2017). Classical
pulsators belonging to the latter group, the RR Lyrae stars, are
also present in the MBR, and their distribution was thoroughly
tested (Jacyszyn-Dobrzeniecka et al. 2017, hereafter Paper II;
Belokurov et al. 2017; Wagner-Kaiser & Sarajedini 2017).
Also Mira candidates were searched for in the MBR (Deason
et al. 2017). Another paper in the series of using OCVS to
analyze the three-dimensional structure of the Magellanic
System (Jacyszyn-Dobrzeniecka et al. 2020, hereafter Paper IV),
following closely this paper, summarizes and updates the current
knowledge of RR Lyrae stars’ distribution in the Bridge. For more
information on the old stellar counterpart of the MBR, see the
Introduction in Paper IV.

In this work we present an analysis of Cepheids in the MBR
using the updated, corrected, and extended OGLE data. We
studied three-dimensional distributions of CCs, anomalous
Cepheids (ACs), and type II Cepheids (T2Cs), though we did
not classify any of the latter as MBR members. For CCs and
ACs we also present a detailed analysis of many parameters and
a comparison of different methods used. In this paper we also
compare our sample to Gaia Data Release 2 (DR2) Cepheids
and for the first time present their distribution in the Bridge.

We organized the paper as follows. In Section 2 we present
the OCVS, as well as the latest changes and updates applied to
the collection. Section 3 presents methods of calculating
individual distances and coordinates’ transformation. A

detailed analysis of CC and AC distributions is included in
Sections 4 and 5, respectively. In Section 6 we discuss the
influence of the recent reclassification of four Cepheids on their
parameters. For the first time we present Gaia DR2 Cepheids in
the Bridge and compare them to the OCVS Cepheids in
Section 7. We summarize and conclude the paper in Section 8.

2. Observational Data
2.1. OGLE Collection of Variable Stars

In this study we use data from the fourth phase of the OGLE
project (Udalski et al. 2015). In particular, we use Cepheids
from the OCVS in the Magellanic System (Soszynski et al.
2015b, 2017), including the latest updates (Soszynski et al.
2019). Most of the updates come from the newly added OGLE
fields that are marked with black contours in Figure 1.
Moreover, the updates also concerned a reclassification of types
and modes of pulsation for four Cepheids from the MBR area
that were presented in Paper 1. This is due to their light-curve
Fourier decomposition parameters suggesting different classi-
fication (Soszyriski et al. 2015a). One Cepheid was moved
from first-overtone to fundamental-mode CC. Three CCs were
reclassified as ACs.

For one CC in our sample, namely, OGLE-SMC-CEP-4986,
the V-band magnitude was not available in the OGLE database.
Thus, we used the ASAS-SN Sky Patrol light curve (Schappee
et al. 2014; Kochanek et al. 2017) to calculate its mean
magnitude in the V band. To make sure it is properly calibrated,
we selected 10 reference stars located in the same detector
(OGLE operates a 32-chip mosaic camera) as the Cepheid.
These objects were nonvariables and had the closest magnitude
and color to OGLE-SMC-CEP-4986, as well as good-quality
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magnitude measurement in the OGLE database (many epochs).
For the reference stars we compared magnitudes in the OGLE
and ASAS-SN Sky Patrol and calculated a correction, which
was on the order of 0.08 mag.

3. Data Analysis
3.1. Period—Luminosity Relations and Individual Distances

To calculate individual distances of Cepheids, we used the
entire Magellanic System samples and applied the same
technique as in Paper I (see Section 3.1 therein for more
details). We did this separately for CCs and ACs. Using
Wesenheit magnitudes (Madore 1982), we fitted period—
luminosity (PL) relations (Leavitt law) to the LMC sample
(see Equations (1) and (2) in Paper I). Together with the least-
squares method, we applied 3o clipping to the data. We note,
however, that this approach may not be the most appropriate
for studying distances (Deb et al. 2018), as Nikolaev et al.
(2004) showed that the error distribution is not normal for
Wesenheit index at a given period. On the other hand, many
studies proved this technique to be very robust in the case of
the Magellanic System (e.g., Haschke et al. 2012a, 2012b;
Moretti et al. 2014; Paper I; Inno et al. 2016; Ripepi et al.
2017).

For fundamental-mode CCs we included a break in the PL
relation at log P = 0.4. For first-overtone CCs we excluded
objects with log P < —0.3 (see Section 3.1 in Paper I and
Soszynski et al. 2008). Figure 2 shows separate PL relations for
the final LMC and SMC CC and AC samples with Bridge
Cepheids overplotted on each panel using larger symbols. Each
type and mode is plotted using a different point type.
Additionally, the bottom row highlights the four reclassified
Cepheids and shows their local IDs (labels consisting of an
“M” with a number that we started using in Paper I). The
parameters of our fits are consistent with those from Paper I and
are shown in Table 1. The number of stars included in the fits is
slightly smaller than in Paper I because this time we did not
complement our final set with OGLE-III observations.

We then followed our previous technique as described in
detail in Section 3.2 of Paper I. We assumed that the fitted PL
relation corresponds to the mean LMC distance and the
individual distances were calculated with respect to the best fit
(see Equations (3), (4), (5) in Paper I). As a reference distance
we have used the most accurate up-to-date result obtained by
Pietrzyriski et al. (2019). The resulting three-dimensional
distribution of CCs is discussed in the next section.

3.2. Coordinate Transformations

In this study we again use Hammer equal-area sky projection
as we did in Papers I and II. The projection is rotated so that the
z-axis is pointing toward Qe = 3"20™, §n = —72°. This
time we have introduced one small correction to Equations (7)—
(11) from Paper I that leads to a coordinate system with an x-
axis that is symmetrical with respect t0 ., We have also
added a coefficient of ,g when normalizing / that was missing
in our original equations:

ap =« + (g - acen) (1)

| — arctan(sin(ab)COS(écen) + tan(é)sin(&cen)) @

cos(ap)
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where [ and ( are auxiliary variables. We normalize the

coordinates so that [ — g € (—m m and 3 € (,g, %)
S — 242 cos(B)sin (1/2) @
\/1 + cos(B)cos (I/2)
V2 sin(B)
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YHammer
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4. Classical Cepheids
4.1. Updated Bridge Sample

In this section we present a detailed analysis of the updated
sample of CCs in the Magellanic System in the context of the
MBR. The sample of Bridge CCs was first presented by
Soszyniski et al. (2015b) and included five objects. Later, in
Paper I we have enlarged that sample to nine and discussed
their three-dimensional locations in detail (see Section 6
therein). We labeled the objects M1-M9 (see Table 10 in
Paper I). Since then, Soszynski et al. (2017) have already added
one classical Cepheid to the OGLE Bridge sample, making it
the 10th one (M10).

Later, Soszynski et al. (2019) reclassified M7 from first-
overtone CC to fundamental-mode CC. Moreover, three objects
were moved from the CC sample to the AC sample, namely,
M2, M3, and M8. The applied corrections influenced Cep-
heids’ distances, decreasing them by even up to ~20 kpc. Thus,
the three-dimensional distribution of the Bridge sample has
significantly changed as compared to Paper 1.

We have constructed our final Bridge Cepheid sample based
on the on-sky and three-dimensional locations of Cepheids in
relation to the LMC and SMC entire samples. We decided to
add two objects located close to the LMC (M12 and M13) to
the Bridge sample. These CCs were already included in the first
OGLE-IV Collection of CCs by Soszynski et al. (2015b) as
LMC stars, though we did not incorporate these in the Paper I
sample. All of the four outlier Cepheids, located both on the
SMC side (M9 and M11; M11 was added by Soszynski et al.
2017 and was not present in the Paper I sample) and on the
LMC side (M12, M13), are connecting the Clouds’ samples to
the genuine MBR sample.

Due to these updates and corrections, our final Bridge CC
sample consists of 10 objects. The list of CCs and their basic
parameters is included in Table 2, which provides the object’s
OCVS ID, local ID used in Paper I and this work, pulsation
period P, mean magnitudes from both OGLE passbands
(I and V), R.A. and decl. (epoch J2000.0), distance d (details
on the method used—see Section 3.1), and age estimated using
the period—age relation from Anderson et al. (2016) (including
average rotation) and Bono et al. (2005) (without rotation). The
list comprises five fundamental-mode pulsators, four first-
overtone pulsators, and one double-mode Cepheid (pulsating
simultaneously in the first and second overtone), for which we
used its first-overtone period in this analysis.

Our Bridge Cepheid sample also consists of ACs that we
discuss in Section 5. We note that we did not classify any of the
recently published T2Cs in the Magellanic System (Soszyriski
et al. 2018) as a Bridge candidate, as these stars do not seem to
form any bridge-like connection and none are located in the
direct area of interest.
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Figure 2. PL relations for classical and anomalous Cepheids in the LMC (left column) and SMC (right column). CCs are marked with smaller circles than ACs. The
entire Bridge sample is overplotted on the presented PL relations in every panel, with each type marked separately. Additionally, bottom panels highlight four
Cepheids that were reclassified and are marked with a star and their local ID. M7 was reclassified from first-overtone CC to fundamental-mode CC; M2 and M3, from
fundamental-mode CCs to fundamental-mode ACs; and M8, from first-overtone CC to first-overtone AC. Plots do not show 3¢ outliers, as these were removed from
the final sample. The fit for fundamental-mode ACs in the SMC has significantly different slope than all of the other relations. Note, however, that we do not use the
SMC AC PL relations and that these are only plotted here for comparison.

Table 1
PL Relations for CCs in the Magellanic System in the Wesenheit Magnitude

Wiy_1 =alogP + b

Galaxy Puls. Mode log P a b (mag) o (mag) Xz/dof Nine Niei
LMC F <04 —3.234 £+ 0.033 15.866 + 0.010 0.104 3.029 273 6
>0.4 —3.315 £ 0.008 15.888 + 0.005 0.076 1.613 2042 85

all —3.311 £ 0.006 15.885 + 0.004 0.079 1.714 2308 98

10 all —3.411 £+ 0.007 15.387 + 0.003 0.077 1.634 1772 85

SMC F <04 —3.470 £ 0.015 16.501 £+ 0.004 0.162 7.362 1698 38
>0.4 —3.330 £+ 0.008 16.389 + 0.006 0.149 6.170 935 28

all —3.453 £ 0.005 16.489 £+ 0.002 0.159 7.106 2636 63

10 all —3.535 £ 0.007 15.957 + 0.002 0.171 8.198 1879 30

Note. Nj, is the number of objects included in the fit, while N is the number of objects rejected during the 3o-clipping procedure.

It is noteworthy, however, that Iwanek et al. (2018) studied
three-dimensional distributions of ACs and T2Cs in the context
of the stellar evolution theory. They found that T2Cs are
probably members of old and intermediate-age populations,

while ACs seem to belong to the old population as is
demonstrated by their spread on-sky view.

In Figure 3 we compare the on-sky distribution of different
tracers in the central Bridge area. The plot shows classical
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Table 2
Magellanic Bridge Classical Cepheids: Basic Parameters
Mode 0CVS ID Age (Myn)
Loc. ID P (day) (I) (mag) (V) (mag) RA. Decl. d (kpc)*® rot. no-rot.
F OGLE-SMC-CEP-4956
Ml 1.1162345 17.372 17.930 032324590 —74°58'07"3 71.53 £+ 2.00 567 283 + 59
OGLE-SMC-CEP-4953
M4 21.3856352 12.965 13.824 02"20m49% 46 —173°05'08"3 5328 + 1.49 48 27 +6
OGLE-SMC-CEP-4952¢
M7 1.6414839 16.901 17.535 02"04™09% 38 —77°04/38"4 69.99 + 1.97 410 209 + 44
OGLE-SMC-CEP-4987"
MI10 2.9284749 15.738 16.458 03"31™34340 —70°59/38"2 56.45 + 1.56 252 132 £ 28
OGLE-SMC-CEP-4986¢
Mill 16.4454990 13.480 14.378 02"02™59572 —74°03/24"7 54.87 + 1.53 59 34 +8
10 OGLE-SMC-CEP-4955
M5 2.0308924 15.675 16.281 0242285 88 —74°43'17"6 59.58 + 1.64 297 120 + 20
OGLE-LMC-CEP-3377
M6 3.2144344 14.629 15.291 04104™28% 88 —75°04'47" 1 48.38 + 1.34 191 74 £ 13
OGLE-LMC-CEP-3380
Mi2 1.0178714 16.485 17.101 04"35™32589 —74°33/46"17 53.62 + 1.48 576 252 + 41
OGLE-LMC-CEP-3381"
M13 0.5188341 17.230 17.677 04"37™03$ 69 —74°58/25"3 53.84 + 1.49 1101 519 + 84
1020 OGLE-SMC-CEP-4951"
M9 0.7170500 16.769 17.222 02"02m335 88 —75°30'48"0 54.06 + 1.49 807 367 £ 60

Notes. All Cepheids except M1 and M7 form a continuous-like connection between the Magellanic Clouds.
% The distance uncertainty does not include the mean LMC distance uncertainty from Pietrzyriski et al. (2019) diyc = 49.59 4 0.09 (statistical)

+0.54 (systematic) kpc.

® For comparison of distance estimates using different techniques, see Table 4.

€ This age value was estimated using the period—age relation for average instability strip crossing and including average initial rotation from Anderson et al. (2016).
This age determination was estimated using the period—age relation from Bono et al. (2005). For other estimates see Table 3.

¢ This Cepheid was reclassified from first-overtone to fundamental-mode pulsator.

{ This Cepheid was added to the sample by Soszynski et al. (2017).

£ V-band magnitude for this Cepheid was calculated using ASAS-SN Sky Patrol (Schappee et al. 2014; Kochanek et al. 2017).
h Ages of short-period Cepheids may not be calculated properly (see details in Section 4.3).

(white circles), anomalous (red circles), and type II (green
circles) Cepheids compared to the distribution of young stars
from Skowron et al. (2014), as well as neutral hydrogen density
contours from the Galactic All Sky HI Survey (McClure-
Griffiths et al. 2009; Kalberla et al. 2010; Kalberla &
Haud 2015). Larger circles distinguish the selected Bridge
sample, while smaller circles show other Magellanic System
Cepheids. Note that there is only one T2C in the highlighted
area. Labels M1-M13 mark the CC sample from Paper I, as
well as new CCs that we added to the final Bridge sample. Note
that three of these objects were reclassified as ACs.

4.2. Two- and Three-dimensional Analysis

The on-sky locations of CCs in the MBR are presented using
large white circles in Figure 3. Their locations match well with
the H I density contours. Only two Cepheids, namely, M7 and
M10, lie slightly offset from the peak HI density, though
still well within contours showing the densest regions. Actually,
the MBR CCs are forming an on-sky connection between the
Magellanic Clouds following young stars’ distribution (Skowron
et al. 2014). Based on the on-sky locations, we conclude that all
of our CCs in the Bridge match results from Paper I, where we
stated that the CCs add to the overall distribution of the young
population. For comparison we also show in Figure 3 ACs,
which are marked with large red circles. ACs are definitely more
spread out and do not follow the young stars’ distribution, as was

also already shown by other studies (Fiorentino & Monelli 2012;
Iwanek et al. 2018).

Figure 4 shows three-dimensional distribution of CCs in the
Magellanic System. Four out of five CCs that we listed in
Paper 1 as constituting a genuine connection between the
Magellanic Clouds, specifically M4, M5, M6, and M9, have
not been reclassified, and their locations are the same as we
presented therein. One out of these five, M3, was reclassified as
AC. The four CCs that were lately added to the sample, M10-
M13, add to the bridge-like structure. However, M12 and M13
may plausibly not belong to the genuine Bridge population, as
they seem to be the LMC outliers located in the extended LMC
structure. Similarly, M9 and M11 are located very close to the
SMC Wing and thus may also be the Wing stars. On the other
hand, the four LMC/SMC outliers may also add to the main
MBR sample. Taking that into account, we report here that 8
out of 10 CCs in our updated sample contribute to a bridge-like
connection between the Magellanic Clouds.

The farthest CCs in our sample are M1 and M7. M7 is one of
the two CCs that are located slightly offset from the H 1 contours
and the young population density distribution (see Figure 3). This
suggests that M7 and M10 may have a different origin than CCs
discussed in the previous paragraph. Yet, they may still constitute
the genuine Bridge population. To test that, other parameters than
discussed in this paper need to be taken into account (i.e.,
chemical composition). However, these Cepheids could also be
members of the Counter Bridge, predicted by the numerical
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Figure 3. On-sky locations of the central Bridge Cepheid sample as compared to
the color-coded young stars’ column density from Skowron et al. (2014) and
neutral hydrogen density contours from the Galactic All Sky HI Survey
(McClure-Griffiths et al. 2009; Kalberla et al. 2010; Kalberla & Haud 2015).
Different types of Cepheids are marked with different colors. The selected Bridge
sample is featured with larger circles, while smaller circles show LMC and SMC
Cepheids. Labels M1-M9 mark the classical Cepheid sample from Paper I, and
M10-M13 are new classical Cepheids that we added to the final MBR sample.
M2, M3, and M8 were lately reclassified as anomalous Cepheids. The HT is
integrated over the velocity range 80 km s~! < v < 400 km s~!. Contours are
on the levels (1, 2, 4, 8) - 102 cm~2. The color-coded value of each box is a
logarithm of the number of young stars per square degree area (each pixel is
~0.335 deg?). The map is represented in a Hammer equal-area projection
centered at aen = 3M18™, Geen = —70°. This plot is an updated version of
Figure 18 from Paper 1.

model by Diaz & Bekki (2012). This structure was already
discussed in Paper I in terms of the three-dimensional distribution
of our previous sample, where we classified two CCs as plausible
members of the Counter Bridge. Both were reclassified—MS as
AC and M7 as first-overtone CC—from fundamental-mode CC to
first-overtone pulsator (Section 6). With the updated sample we
do not have as evident candidates as before, though M1 and M7
are located near the borders of the Counter Bridge (see Figure 17
in Ripepi et al. 2017).

Our Bridge sample is not as spread out in terms of distances
as the sample presented in Paper 1. All of the CCs are located in
between the Magellanic Clouds, being farther than the closest
LMC Cepheid and closer than the farthest SMC Cepheid. On
the other hand, not all of the Bridge CCs form an evident,
bridge-like connection. Some of these stars may also be ejected
from the LMC and/or SMC instead of forming the genuine
Bridge. Indeed, we do see some individual objects spread over
in different directions near these galaxies. The origin of our
Bridge CCs will not be fully understood until further analyses
are carried out taking into account different parameters than the
ones we present in this paper. Of special importance are
spectroscopic observations that could lead to a definite
classification of these objects.

4.3. Ages

Ages of our CCs were estimated using the period—age
relation from Anderson et al. (2016) and Bono et al. (2005).
The main difference between these two is that the former
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includes average rotation, while the latter does not include
stellar rotation at all. As we have already discussed in Paper I
(see Section 6 therein), the Bridge has metallicity similar to or
smaller than the SMC (Lehner et al. 2008; Misawa et al. 2009).
Neither Anderson et al. (2016) nor Bono et al. (2005) provide
any relation for metallicity smaller than the SMC; thus, we
applied to our Bridge sample the relation for the SMC
metallicity. Calculated values are presented in Tables 2 and 3.

Table 3 presents the age estimates based on the period—age
relation from Anderson et al. (2016) and Bono et al. (2005), as
well as values obtained using the period—age—color relation (we
used relations for the SMC metallicity). The relations from
Anderson et al. (2016) were derived from theoretical models
including rotation. Age values that they provide are approxi-
mately twice as large as values obtained using Bono et al.
(2005) relations. This should not be surprising, as rotation
induces mixing in stellar interiors, which leads to refreshing the
core hydrogen supplies. Thus, a rotating star can be burning
hydrogen for a longer time than a nonrotating one. As a result,
the star can remain on the main sequence for a longer period of
time and then cross the instability strip and become a Cepheid
at an older age. Results from both relations from Bono et al.
(2005) match well within the error bars.

Including rotation, 5 out of 10 CCs in our Bridge sample are
younger than 300Myr. This is in agreement with an
assumption that these objects were formed in situ after the
last encounter of the Magellanic Clouds (e.g., Gardiner et al.
1994; Gardiner & Noguchi 1996; Razicka et al. 2010; Besla
et al. 2012; Diaz & Bekki 2012; Zivick et al. 2019). All of these
five CCs are constituting a connection between the LMC and
SMC, as we have described in the previous section. These are
the CCs indexed M4, M5, M6, M10, and M11.

Two CCs in our sample are younger than 60 Myr. These are
M4 (48 Myr) and M11 (59 Myr), which are located close to the
SMC. Both may be stars ejected from this galaxy. The two
oldest CCs in our sample, M9 and M13, are also the shortest-
period pulsators. The age determination is 807 Myr for M9 and
1101 Myr for M13. These values seem rather large and could
be incorrect owing to the fact that models do not predict ages of
objects with such short periods. That is why we treat these
estimates as rather rough.

4.4. Proper Motions

We used Gaia DR2 (Gaia Collaboration et al. 2018) to
analyze PMs of our Bridge CCs. Following Kallivayalil et al.
(2013) and Zivick et al. (2018, 2019), we use here py, = p5 and
Ly = —[4, cos 6, where «, § are R.A., decl., respectively. We
compare our results to the LMC and SMC PMs (Kallivayalil
et al. 2013; Zivick et al. 2018) in Figures 5 and 6. CC PMs
follow the general on-sky movement of the Magellanic System.
PMs of M12 and M13 are relatively very similar to the LMC
PM, while PMs of M9 and M11 are relatively very similar to
the SMC PM. This supports our conclusions from the previous
subsection that these Cepheids are probably LMC and SMC
outliers. All of the other Bridge CC PM values fall in between
those of LMC and SMC. This is what we would expect for a
Bridge population (see Figure 3 in Zivick et al. 2019).

Figure 6 shows PMs of Bridge CCs, as well as the LMC and
SMC PMs, plotted as vectors on the sky. CC PMs as related to
the LMC or SMC are rather low and comparable to the Clouds’
relative PM. In the LMC-related frame all CCs are moving
away from this galaxy. For the SMC-related PMs the situation
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Figure 4. Three-dimensional distribution of classical Cepheids in the Magellanic System, with the MBR sample marked with large circles. Labels show local IDs of
these objects (see Table 2). The map is represented in Cartesian coordinates with the observer located at (0, 0, 0). Ages were calculated using relations from Bono
et al. (2005).

Table 3
Magellanic Bridge Classical Cepheids: Ages
Mode Loc. ID P (day)* Age,,(Myr)° Agep,(Myrn)© AgePAC(Myr)d
F Ml 1.1 567 283 + 59 271 + 63
M4 21.4 48 27+6 27+ 8
M7 1.6 410 209 + 44 207 = 50
MI10 29 252 132 + 28 110 + 26
Mll 16.4 59 34 +£8 35+ 10
10 M5 2.0 297 120 + 20 123 + 22
M6 3.2 191 74 £ 13 79 £ 15
MI2 1.0 576 252 + 41 279 + 50
M13°¢ 0.5 1101 519 + 84 475 £ 71
1020 M9® 0.7 807 367 £ 60 329 + 54
Notes.

% Find a more precise period determination in Table 2.

® Calculated using the period—age relation from Anderson et al. (2016) that includes average stellar rotation on an average instability strip crossing.

¢ Calculated using the period—age relation from Bono et al. (2005).
4 Calculated using the period—age—color relation from Bono et al. (2005).

€ Ages of short-period Cepheids may not be calculated properly (see details in Section 4.3).

is similar. This means that the Bridge CCs are moving away
from both Clouds.

4.5. Different Distance Estimates

The Cepheid PL relation has an intrinsic dispersion caused by a
finite width of the instability strip (e.g., Anderson et al. 2016)
and/or depth effects (e.g., Inno et al. 2013; Scowcroft et al. 2016;
Paper I). This implies that the PL relations are more useful for

estimating the sample’s mean distance than individual distances
of each Cepheid. The natural spread of PL relations is
significantly smaller in the infrared (e.g., Storm et al. 2011;
Ngeow et al. 2015; Scowcroft et al. 2016; Gallenne et al. 2017;
Madore et al. 2017). However, one can obtain useful PL relations
in the optical regime with Wesenheit magnitude that combines
two passbands and includes a color term (Udalski et al. 1999;
Fouqué et al. 2007; Soszynski et al. 2008; Ngeow 2012; Lemasle
et al. 2013; Anderson et al. 2016; Paper I). Ngeow (2012) showed
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Figure 5. PMs of Bridge CCs as compared to the PM of the LMC (Kallivayalil
et al. 2013) and SMC (Zivick et al. 2018). All 10 CCs from our sample are
marked with their local IDs.
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Figure 6. PMs of Bridge CCs, as well as LMC (Kallivayalil et al. 2013) and
SMC (Zivick et al. 2018), shown as vectors on the sky. The top panel presents
absolute PMs, while the middle and bottom panels present the LMC- and
SMC-related frame, respectively. We adopted the LMC center of van der Marel
& Kallivayalil (2014) and the SMC center of Stanimirovi¢ et al. (2004).

that the period—Wesenheit relations can be used to determine
individual distances of Galactic Cepheids. Here we have also tried
other techniques to calculate individual distances of our MBR CC
sample. The results are shown in Table 4 and Figure 7 and
discussed in this section.

As described in Section 3.1, our basic method of calculating
distances is the same as we used in Paper I. It relies on the
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Figure 7. Three-dimensional distribution of CCs in the Magellanic System in
Cartesian x-z plane projection. The distribution obtained using our basic
distance estimates (as described in Section 3.1) is marked with black in every
panel. Overplotted are, for comparison, different distributions marked with
colored circles (see text for details). The Bridge CC sample is highlighted with
larger symbols. In all of the panels white circles mark LMC (Pietrzyriski
et al. 2019; van der Marel & Kallivayalil 2014) and SMC (Graczyk et al. 2014;
Stanimirovi¢ et al. 2004) centers.

Wesenheit PL relation for the LMC and an assumption that the fit
corresponds to the mean LMC distance (Pietrzyriski et al. 2019).
We called this distance estimate dj e, as it is related to the LMC,
and show it in the fourth column in Table 4 (as well as in
Table 2). The resulting uncertainty does not include uncertainty
from Pietrzyniski et al. (2019), as it would only lead to a
systematic error, which would be the same for our entire sample.
In order to test how the adopted reddening law influences
individual distances, we also calculated distances the same way
but with a different color term coefficient in the Wesenheit index.
Instead of 1.55 we used 1.44 (see Equation (6) in Paper I and
Udalski 2003). The results are shown as djyc,was (fifth column
in Table 4) and match very well our basic distances, although the
former are slightly smaller. For comparison, see also the left panel
of Figure 7, where the three-dimensional distribution obtained
with basic distances is marked with black circles, while with that a
different reddening law is marked with blue circles and is
overplotted on the former. This also means that the adopted
reddening law does not have much impact on the Bridge
Cepheids’ distances. This is in agreement with the fact that the
reddening toward the MBR is low (Schlegel et al. 1998; Wagner-
Kaiser & Sarajedini 2017, Skowron et al. 2019, in preparation).

We also calculated distances in relation to the SMC (dsmcs;
sixth column in Table 4). We used the same technique as in our
basic approach but adopted the SMC fit and the SMC mean
distance as a reference (Graczyk et al. 2014). The resulting
distances are smaller than our basic values, and the difference is
up to Skpc in some cases, even though the geometry of the
entire LMC and SMC samples does not differ much using both
approaches. This is shown in the middle panel of Figure 7,
where we overplotted the three-dimensional distribution
relative to the SMC (red) on that relative to the LMC (black).
This incoherence may be caused by the fact that our SMC
sample reveals a slightly larger mean distance when using our
basic method than that from Graczyk et al. (2014). Thus, when
we changed the reference point to the SMC, the entire sample
moved slightly closer.

Having magnitudes in both OGLE passbands, I and V, we
could also deredden our data. This is the same approach as used
by Haschke et al. (2012a, 2012b). First, we calculated absolute
magnitudes using PL relations from Sandage et al
(2004, 2009) that were derived for the LMC and SMC data
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Table 4
Magellanic Bridge Classical Cepheids: Distances

Mode Loc. ID P (day)® dive (kpe)® dimc, was (kpe)® dsmc (kpe)® dreq (kpc)
F M1 1.1 71.53 £ 2.00 71.17 + 1.89 67.22 + 1.86 67.37 + 10.83
M4 214 53.28 + 1.49 53.00 £+ 1.41 53.43 £+ 1.50 51.53 £ 7.46
M7 1.6 69.99 + 1.97 69.87 + 1.87 66.98 + 1.85 65.40 + 10.25
MI10 2.9 56.45 + 1.56 56.45 £+ 1.49 56.29 + 1.56 52.39 + 7.73
Ml1 16.4 54.87 + 1.53 54.80 £+ 1.46 55.30 £+ 1.55 51.24 + 7.36
10 M5 2.0 59.58 + 1.64 59.42 + 1.56 58.39 + 1.61 56.74 4+ 8.33
M6 3.2 48.38 + 1.34 4831 + 1.27 4795 + 1.33 4591 + 6.40
Mi12 1.0 53.62 + 1.48 53.61 + 1.40 51.66 + 1.43 49.18 + 7.51
M13 0.5 53.84 + 1.49 53.47 £ 1.40 51.01 & 1.41 51.62 £+ 8.21
1020 M9 0.7 54,06 &+ 1.49 53.66 = 1.41 51.63 + 1.42 52.50 + 8.14
Notes.

% Find a more precise period determination in Table 2.

® The distance uncertainty does not include the mean LMC distance uncertainty from Pietrzyfdski et al. (2019) dpyc = 49.59 £ 0.09 (statistical)
+0.54 (systematic) kpc.

¢ The distance uncertainty does not include the mean LMC distance uncertainty from Graczyk et al. (2014) dsmc = 62.1 £+ 1.9 kpe.

Table 5
Magellanic Bridge Classical Cepheids: Absolute Magnitudes
Loc. ID M; (mag)* M;2 (mag)® My (mag)* My, (mag)” E(V — I) (mag) E(V — 1) (mag)
Ml —1.984 £ 0.028 —1.742 £ 0.184 —1.524 £ 0.036 —1.175 £ 0.209 0.098 £ 0.053 —0.009 £ 0.280
M4 —5.654 £ 0.054 —5.504 £ 0.057 —4.842 £ 0.070 —4.644 £ 0.063 0.048 £ 0.093 —0.001 £ 0.089
M7 —2.463 £ 0.029 —2.233 £ 0.159 —1.957 £ 0.037 —1.628 £ 0.181 0.128 £ 0.054 0.029 £ 0.242
MI10 —3.183 £ 0.032 —2.971 £0.123 —2.608 £ 0.041 —2.308 £ 0.139 0.145 £ 0.059 0.057 £ 0.188
Ml1 —5.327 £ 0.051 —5.170 £ 0.052 —4.547 £ 0.065 —4.336 £ 0.058 0.118 £ 0.087 0.072 £ 0.082
M5 —3.140 £+ 0.032 —2.928 £ 0.125 —2.569 £ 0.041 —2.268 £ 0.141 0.035 £ 0.059 —0.053 £ 0.191
M6 —3.723 £ 0.036 —3.525 £ 0.097 —3.096 £ 0.046 —2.819 £ 0.109 0.035 £ 0.065 —0.044 £ 0.149
MIi2 —2.264 £ 0.028 —2.029 £ 0.170 —1.777 £ 0.036 —1.440 £ 0.192 0.129 + 0.054 0.027 £ 0.258
MI13 —1.410 £+ 0.028 —1.153 £ 0.215 —1.004 £ 0.036 —0.633 £ 0.243 0.042 £ 0.054 —0.074 £ 0.325
M9 —1.820 £+ 0.028 —1.574 £ 0.193 —1.375 £ 0.036 —1.020 £ 0.219 0.009 £ 0.053 —0.101 £+ 0.293

Notes. For first-overtone pulsators we used fundamentalized periods.
 Calculated using relations from Sandage et al. (2004, 2009).
b Calculated using relations from Gieren et al. (2018).

separately. We applied the SMC relations to the MBR sample,
as the Bridge metallicity is close to or slightly lower than the
SMC metallicity (e.g., Lehner et al. 2008; Misawa et al. 2009;
Carrera et al. 2017; Wagner-Kaiser & Sarajedini 2017). We
used relations not including the PL break at log P = 1, as the
samples used to derive these relations only consisted of
Cepheids with log P > 0.4. Half of our Bridge sample are CCs
with shorter periods; thus, we extrapolate these PL relations.
Moreover, it was shown that the break at logP = 1 is not
significant, at least for the SMC (Bhardwaj et al. 2016).

The PL relations that we used for the LMC (Sandage et al.
2004) are

M; = (—2.949 +£ 0.020)log P — (1.936 £ 0.015) 6)

My = (—2.701 £ 0.035)logP — (1.491 £+ 0.027).  (7)
Those for the SMC (Sandage et al. 2009) are

M; = (—2.862 + 0.028)log P — (1.847 £ 0.022) ®)

My = (—2.588 £ 0.045)log P — (1.400 £+ 0.035). (9)

These relations were derived only for the fundamental-mode
pulsators. For the first-overtone CCs in our sample we

fundamentalized the periods using the relation between periods
from Alcock et al. (1995) (as in Groenewegen & Oudmaijer
2000):

We have simplified the above equation and used the following
form:

This relation does not account for metallicity dependence of
the ratio of the fundamental-mode and the first-overtone
periods (Sziladi et al. 2007, 2018). We used data for double-
mode Cepheids in the LMC and SMC (Soszynski et al. 2015b)
to verify the possible error that could arise from this
simplification. We found that the median difference between
the real fundamental mode of the Cepheid and the one
calculated from its first-overtone period is 0.2% in the case of
the LMC and 1.3% in the case of the SMC. This translates to
differences in distance of order ~1%, which do not influence
this analysis.

It is noteworthy that relations for the LMC were derived
using a significantly different mean distance modulus to this
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Table 6
Magellanic Bridge Classical Cepheids: Reddening Parameters

Loc. ID Ar (mag)* Arwas (mag)” Ar (mag)® Ay (mag)* Av.was (mag)” Ay, (mag)®

M1 0.083 £ 0.070 0.094 + 0.067 0.248 £ 0.134 0.181 £ 0.073 0.192 £+ 0.071 0.150 + 0.081
M4 —0.014 £+ 0.084 —0.002 £ 0.082 0.121 £ 0.234 0.034 £ 0.095 0.045 £ 0.093 0.073 + 0.142
M7 0.139 £ 0.070 0.143 £+ 0.070 0.325 £ 0.137 0.267 £+ 0.074 0.271 £+ 0.072 0.196 + 0.083
MI10 0.162 £ 0.071 0.162 £ 0.069 0.368 + 0.150 0.307 £ 0.076 0.307 £ 0.073 0.223 £+ 0.091
Ml1 0.111 £ 0.082 0.113 £ 0.080 0.319 £+ 0.221 0.236 £+ 0.091 0.239 £ 0.090 0.193 £+ 0.134
M5 —0.061 £ 0.071 —0.055 £ 0.068 0.089 + 0.149 —0.025 £ 0.075 —0.019 £ 0.073 0.054 £ 0.090
M6 —0.071 £ 0.073 —0.069 £ 0.070 0.090 £ 0.164 —0.036 = 0.078 —0.033 £ 0.076 0.054 £+ 0.099
M12 0.102 £ 0.069 0.103 £ 0.067 0.327 £ 0.135 0.231 £ 0.073 0.232 + 0.070 0.198 =+ 0.082
MI13 —0.016 + 0.069 —0.001 £ 0.067 0.106 £ 0.135 0.026 £ 0.073 0.041 £ 0.070 0.064 £ 0.082
M9 —0.076 =+ 0.069 —0.059 + 0.066 0.022 £ 0.134 —0.067 £+ 0.073 —0.051 £+ 0.070 0.013 £ 0.081

Notes. All parameters based on absolute magnitudes were calculated using relations from Sandage et al. (2004, 2009) (see Table 5). This is only an estimate, and we
discourage using values presented here in scientific research, as many obtained parameters are nonphysical (values under zero).

# Total reddening obtained using basic method distances.

® Total reddening obtained using distances calculated assuming different reddening law (different color term coefficient in Wesenheit index as described in

Section 4.5).

¢ Theoretical total reddening calculated without assuming any distance to each Cepheid. Here we used Schlegel et al. (1998) reddening laws (see Equation (12)).

galaxy. Sandage et al. (2004) based their calculations on the
value from Tammann et al. (2003), which is ppmc = 18.54
mag. In our basic approach we use ppyc = 18.477 mag
(Pietrzynski et al. 2019). For the SMC the difference is not that
significant. Sandage et al. (2009) use psmc = 18.93 mag
(Tammann et al. 2008), while Graczyk et al. (2014) obtain
HUsMC = 18.965 mag.

Following the Haschke et al. (2012a, 2012b) approach, in
the next step we calculated color excess for each Cepheid
E(V —1I) = (my — my) — (My — M), where my ; are observed
magnitudes and My ; are absolute magnitudes in the appropriate
filter. We noticed a mistake in Haschke et al. (2012a), Equations
(6) and (7), that appears when trying to subtract one from
another, and A(V) — A(I) does not result in E(V — I). We thus
calculated these relations based on original Schlegel et al. (1998)
coefficients to obtain total extinction in each passband:

Ay = 324(E(V — 1)/1.278)
A = 1.96(E(V — I)/1.278).

(12)
13)

Note that there is 1.278 in the denominator instead of 1.4 as in
Haschke et al. (2012a). Calculated reddening parameters are
shown in Table 6 and discussed in the following section, as
here we concentrate on distances. To calculate distance moduli,
we used the /-band magnitudes, as these values are usually
more accurate than V-band ones. The distance modulus is
simply

p=m — My — Ay, (14)

and distance is

d = 100+m/5, (15)

Results are presented in the last column of Table 4 and in the
right panel of Figure 7. The individual dereddening technique
resulted in significantly lower distances for every CC in the
Bridge sample than previously discussed methods. Moreover,
this technique has changed the entire geometry of the LMC and
SMC samples, as is clearly visible in Figure 7. Our basic
method relying on fitting the PL relations to the observational
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data is very robust, which was proven by many different
surveys (e.g., Haschke et al. 2012a, 2012b; Moretti et al. 2014;
Paper I; Inno et al. 2016; Ripepi et al. 2017). Thus, we do not
think that the individual dereddening technique is suitable to
properly determine distances to Magellanic System Cepheids
and especially to infer any conclusions about structure and
geometry.

4.6. Reddening Parameters

Table 5 shows local IDs and absolute magnitudes in 7 and V
bands, as well as color excesses of our Bridge CCs. For each
passband we present two values for each parameter calculated
using different PL relations (Sandage et al. 2004, 2009; Gieren
et al. 2018). As expected, the longer the period, the younger the
Cepheid, and thus more luminous. Relations from Sandage
et al. (2004, 2009) have significantly different zero-points than
those of Gieren et al. (2018), and this results in CCs being less
Iuminous in the latter case. Relations from Gieren et al. (2018)
also have larger uncertainties, and this is reflected in Table 5.
On the other hand, slopes are very consistent.

Color excesses, E(V — I), in general have quite low values,
consistent with the fact that there is low extinction toward the
Bridge area (Schlegel et al. 1998; Wagner-Kaiser & Sarajedini
2017, Skowron et al. 2019, in preparation). E(V — I)
calculated using relations from Gieren et al. (2018) in many
cases have values that are physical only within the error bars;
thus, we use absolute magnitudes based on Sandage et al.
(2004, 2009) in further analysis. The discrepancy is probably
due to a difference in zero-points between these relations.
However, we also note that relations from Gieren et al. (2018)
were derived for CCs with periods 4 days < P < 69 days, and
only 3 out of 10 of our CCs fall into this range.

Values obtained for color excesses of each CC are very well
consistent with the mean value of this parameter found toward
the Bridge by Wagner-Kaiser & Sarajedini (2017), who studied
RRab-type stars in that area. Their median is E(V — I) =
0.101 + 0.007 mag.

Table 6 presents reddening parameters for our Bridge CCs
calculated using absolute magnitudes based on PL relations
from Sandage et al. (2004, 2009). A,y are total extinctions
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Table 7
Magellanic Bridge Anomalous Cepheids: Basic Parameters

Mode OCVS ID Loc. ID* P (day) (I) (mag) (V) (mag) RA. Decl. d (kpe)

F OGLE-LMC-ACEP-084 2.0506071 17.033 17.859 03"49™00% 53 —75°00'49"”1 51.38 £+ 1.46
OGLE-LMC-ACEP-085 0.9156319 17.358 17.974 03"59™33343 —63°16'40"5 43.01 £+ 1.19
OGLE-SMC-ACEP-100 1.6414839 17.405 17.908 02"05™36% 66 —72°24'19"9 46.05 + 1.28
OGLE-SMC-ACEP-104 0.8780260 17.197 17.654 02"14™51337 —66°5930"4 43.64 £+ 1.21
OGLE-SMC-ACEP-105 0.7559469 18.218 18.840 02"30™m22:39 —79°08'25"9 56.81 £ 1.58
OGLE-SMC-ACEP-106 1.5007656 17.425 18.096 02"37™03 1 85 —177°03'02"8 57.14 £+ 1.60
OGLE-SMC-ACEP-107 0.9317619 17.254 17.755 024127395 —73°48'45"1 4497 £ 1.25
OGLE-SMC-ACEP-108 0.9147562 18.000 18.589 02"58™18594 —67°05'46"8 58.90 £ 1.63
OGLE-SMC-ACEP-109 - 1.1701982 17.749 18.326 03"04™44 43 —66°11'15"1 61.23 £ 1.70
OGLE-LMC-ACEP-146%¢ M2 1.4300017 17.376 18.112 03"43™04: 54 —76°56'02"6 51.83 £ 145
OGLE-GAL-ACEP-028¢ M3 1.1589986 15.892 16.350 04"01™383 02 —69°28'40"5 28.18 +0.79

10 OGLE-SMC-ACEP-102 0.9396136 17.347 17.904 02"13™39352 —66°25'17"0 58.35 £ 1.67
OGLE-SMC-ACEP-122" M8 0.8883309 17.302 17.738 022128345 —65°45'22"4 60.05 £ 1.72
OGLE-LMC-ACEP-147 0.7777591 16.537 16.961 04"35™35329 —81°062170 39.01 £ 1.13

Notes.

# Local IDs are provided only for ACs reclassified from CCs.

® The distance uncertainty does not include the mean LMC distance uncertainty from Pietrzyfski et al. (2019) dpimc = 49.59 £ 0.09 (statistical)

+0.54 (systematic) kpc.
¢ These objects were reclassified from fundamental-mode CCs.
¢ Former OGLE-SMC-CEP-4957.

¢ Former OGLE-LMC-CEP-3376. This Cepheid was reclassified as a Milky Way object owing to its proximity.
T This object was reclassified from first-overtone CC. Former OGLE-SMC-CEP-4954.

Table 8
PL Relations for ACs in the Magellanic System in the Wesenheit Magnitude

VVI,V—I = alOgP + b

Galaxy P. Mode a b (mag) o (mag) x?%/dof Nine Niei

LMC F —2.960 + 0.044 16.599 + 0.007 0.165 7.880 97 4
10 —3.297 4+ 0.081 16.041 £ 0.017 0.144 6.260 39 1

SMC F —2.725 + 0.054 16.927 + 0.009 0.178 9.228 74 1
10 —3.710 + 0.094 16.539 + 0.017 0.169 8.592 40 0

Note. F stands for fundamental mode, while 10 stands for first-overtone pulsators. Nj, is the number of objects included in the fit, while N, is the number of objects

rejected during the 3o-clipping procedure.

obtained using our basic method distances, and A vy w44 are
calculated using distances obtained with a slightly different
reddening law—assuming a different color term coefficient in
the Wesenheit index (as described in Section 4.5). Both values
are very similar, showing again that the adopted reddening law
does not influence our technique much. However, the total
extinction is of a quite low value, close to zero, and has a rather
low precision (uncertainties are twice the obtained values or
even higher). In some cases, the obtained value is even less
than zero. We want to emphasize here that these values are still
physical, as they are consistent with zero or very low positive
values within the error bars.

Similarly to Haschke et al. (2012a, 2012b), we also
calculated extinction without using a priori distances but
assuming a reddening law as described in Section 4.5 (see
Equation (12)). Results are shown in Table 6 as A(; v ,. Values
obtained for I passband are significantly larger than resulting
from previously described methods, however, surprisingly,
they are consistent within the error bars. The V-band extinction
matches quite well with values obtained using other techniques.
On the other hand, the error bars for A v, are quite high.
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5. Anomalous Cepheids
5.1. Final Sample and Basic Parameters

We used the recently published OGLE Collection of ACs in
the Magellanic System (Soszyriski et al. 2017) to construct our
Bridge sample. Based on three-dimensional locations of these
stars in comparison to the entire LMC and SMC samples,
we decided to classify 10 ACs as Bridge candidates. Due to the
latest updates and corrections applied to the OCVS (see
Section 2.1), three Bridge CCs were reclassified as ACs. That
enlarged our AC MBR sample to 13. Table 7 shows basic
parameters of these objects: OCVS ID, local ID used in Paper I
and this work (only for Cepheids reclassified from CCs to
ACs), pulsation period P, mean magnitudes from both OGLE
passbands (/ and V), R.A. and decl. (epoch J2000.0), and
distance d.

To calculate individual distances of ACs, we used the same
technique as for CCs (Section 3.1). We applied one exception
to 30 clipping. We did not exclude one anomalous Cepheid
from our sample that was treated by our algorithm as an outlier,
namely, OGLE-LMC-ACEP-147. This star is located in the
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Figure 8. Three-dimensional distribution of anomalous Cepheids in the
Magellanic System, with the MBR sample marked with darker circles. The map
is represented in Cartesian coordinates with the observer located at (0, 0, 0).
White circles mark LMC (van der Marel & Kallivayalil 2014; Pietrzyriski
et al. 2019) and SMC (Stanimirovic¢ et al. 2004; Graczyk et al. 2014) centers.

newly added southern extension of the OGLE fields. The
parameters of the fits are presented in Table 8 and are
consistent with those of Iwanek et al. (2018). There is a slight
discrepancy between our results and those of Groenewegen &
Jurkovic (2017) and Ripepi et al. (2014) that is probably caused
by the latter being based on less numerous samples.

5.2. Two- and Three-dimensional Analysis

The on-sky locations of all OGLE ACs along with CCs and
T2Cs are presented in Figure 1, where the Bridge sample is
highlighted with larger circles. Figure 3 shows a close-up of the
central Bridge area. The Cepheid locations are compared to
young stars (Skowron et al. 2014) and HT1 distribution (the
Galactic All Sky HI Survey, McClure-Griffiths et al. 2009;
Kalberla et al. 2010; Kalberla & Haud 2015). Both plots clearly
show that ACs are more spread than CCs and do not form as
evident substructures as the latter in any area of the Magellanic
System, including the Bridge. In contrary to CCs, ACs do not
follow any line or bridge-like connection between the Clouds
and do not match either the neutral hydrogen or young
population distribution. Nevertheless, this is what we could
expect for an older stellar population. For a detailed statistical
analysis of the three-dimensional distribution of ACs, see
Iwanek et al. (2018).

We were still able to distinguish the Bridge candidates
located between the Magellanic Clouds in three dimensions.
Figure 8 shows the three-dimensional distribution of ACs in the
entire Magellanic System, with the Bridge sample distin-
guished using larger circles. Although not very numerous, the
ACs seem to create a rather smooth connection between the
Clouds. However, we cannot state that this connection is
bridge-like because these ACs may also be LMC and/or SMC
outliers that we also see located in different directions around
these galaxies.

5.3. Proper Motions

Similarly to CCs, we also used Gaia DR2 (Gaia Collaboration
et al. 2018) to analyze PMs of our Bridge ACs. Again, we
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Figure 9. PMs of Bridge ACs as compared to the PM of the LMC (Kallivayalil
et al. 2013) and SMC (Zivick et al. 2018). Three reclassified Cepheids are
shown with their local IDs.

compare results to the LMC and SMC PMs in Figures 9 and 10.
ACs follow the general on-sky movement of the entire
Magellanic System. Almost all of them fall into the PM range
that we would expect for Bridge objects (see Figure 3 from
Zivick et al. 2019).

6. Reclassified Cepheids

The latest reclassification of four CCs is slightly disputable,
as all of these objects have parameters located close to the CC/
AC (or CC F/10) boundary. In Table 9 we compare basic
parameters of the four stars before and after the reclassification
and list the following: local ID, type, and mode, as well as
distance and age before and after the reclassification. The
estimates for the latter were already presented in the previous
sections. The estimates for before the reclassification were
calculated simply including these objects in the appropriate CC
or AC sample and using the same technique as for the entire
samples that we present in this paper.

The bottom row of Figure 2 shows the four reclassified
Cepheids on the PL relations for the entire LMC (left panel)
and SMC (right panel) CC and AC samples. The Bridge
Cepheid sample is overplotted in each panel using large
symbols. Additionally, the reclassified Cepheids are also
marked with a star and their local ID. We discuss locations
of these objects on the PL diagrams according to all of the
presented relations, as these Cepheids may be neither LMC nor
SMC members. Thus, their parameters need to be analyzed in a
broader context. Note that we do not classify objects based only
on their location on the PL diagrams, but we mainly use their
light curve (shape and Fourier decomposition parameters;
Soszynski et al. 2015a).

M7, which was reclassified from first-overtone CC to
fundamental-mode CC, is indeed located much closer to the
fundamental mode than first-overtone PL relations. This object
is also situated close to the LMC fundamental-mode ACs but at
the same time is close to the SMC fundamental-mode CCs. M2,
recently reclassified from fundamental-mode CC to funda-
mental-mode AC, is very close to the LMC fundamental-mode
AC PL relation. On the other hand, it is located in between the
fundamental-mode CC and AC PL relations for the SMC. M3
is another object reclassified in the same way as M2. M3 is
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Figure 10. PMs of Bridge ACs, as well as LMC (Kallivayalil et al. 2013) and
SMC (Zivick et al. 2018), shown as vectors on the sky. The top panel presents
absolute PMs, while the middle and bottom panels present the LMC- and
SMC-related frame, respectively. We adopted the LMC center of van der Marel
& Kallivayalil (2014) and the SMC center of Stanimirovi¢ et al. (2004).

situated almost on the fit that we obtained for the first-overtone
CCs in the LMC. In fact, it is located quite far from the LMC
fundamental-mode PL relation for the CCs, and for the ACs, it
is even farther. Compared to the SMC relations, M3 definitely
seems to be an outlier from the fundamental-mode PL relations.
In the case of M8, which was reclassified from the first-
overtone CC to the first-overtone AC, the closest PL relations
in the LMC are relations for both types of ACs. This star is
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located between these relations. When compared to the SMC,
MBS is situated close to the first-overtone PL relation for ACs
but at the same time is quite close to both PL relations for
the CCs.

The reclassification has a significantly changed three-
dimensional distribution of Cepheids in the Bridge area, as
distances of all reclassified objects have decreased by more
than 10kpc in each case. We show this change in Figure 11,
where we plotted projections of a three-dimensional Cartesian
distribution of all Cepheids analyzed here (both CCs and ACs),
with the Bridge sample highlighted using larger circles. The
reclassified objects are marked separately, and the arrows show
the change of distances that occurred with the reclassification.

A change of close to or more than 20 kpc has occurred for
M2, M7, and MS. If these stars were not reclassified, they
would be perfect candidates for Counter Bridge members, as
we have already stated in Paper I. Moreover, their ages would
match very well the scenario in which they would be formed
in situ in this structure. M2 and M8 were reclassified as ACs,
and after this change these objects are located in between the
Magellanic Clouds, matching very well the three-dimensional
distribution of ACs (see Figure 8). M7 is a CC, and even after
the reclassification this star could be a Counter Bridge member,
though it is now located farther from the center of this
structure, and thus this scenario is less plausible (we have
discussed M7 location in detail in Section 4.5).

In our Bridge CC sample from Paper I M3 was the closest
Cepheid—Ilocated even closer than any LMC CC. After the
reclassification, this object is located even closer at ~28 kpc—
halfway between the Sun and the Magellanic System. Due to
this, M3 was treated as an LMC outlier by our 3o-clipping
algorithm that we applied to the AC sample. Based on its
proximity, we decided to classify this object as Milky Was
halo AC.

7. Gaia DR2 Cepheids in the Bridge
7.1. Comparison with OCVS

The Gaia DR2 contains a list of variable stars including
Cepheids and RR Lyrae stars (Gaia Collaboration et al. 2018;
Holl et al. 2018; Clementini et al. 2019). As following Holl
et al. (2018), due to the probabilistic and automated nature of
the classification process, the Gaia DR2 catalog of classical
variables is not as complete and pure as the OCVS is (see Table
2 in Holl et al. 2018; Clementini et al. 2019). In this section we
revive the Gaia DR2 classical pulsators, listed in the
vari_cepheid table (Gaia Collaboration et al. 2018; Holl
et al. 2018), in the MBR area and compare it to the OCVS.

Figure 12 compares on-sky locations of individual Cepheids
of different types and modes in the Bridge area. The top row
shows OGLE data, while the middle and bottom rows show
Gaia DR2. The latter shows the DR2 Cepheid sample after the
reclassification made by Ripepi et al. (2019). The first three
columns show CCs of the following modes, both single- and
multimode—fundamental, first-overtone, and both of these
together. Based on only these plots, it may seem that Gaia DR2
discovered several new CCs that were not present in the
virtually complete OGLE Collection of CCs (Soszyniski et al.
2017).

Comparing distributions of anomalous Cepheids, both
fundamental-mode and first-overtone pulsators, as well as
entire samples, the Gaia DR2 seems to classify no objects as
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Table 9
Magellanic Bridge Cepheids: Reclassification

Before — After

Loc. ID

Type and Mode d (kpe)? Age (Myr)®
M2 CCF — ACF 74.07 + 2.08 — 51.83 + 1.45 233 + 49 — NA
M3 CCF— ACF 39.81 &+ 1.11 — 28.18 + 0.78 275 £ 57 — NA
M8 CC 10 —- AC 10 80.95 £ 2.23 — 60.05 +£ 1.72 292 + 48 — NA
M7 CC 10 —- CCF 88.83 = 2.45 — 69.99 4+ 1.97 151 £ 25 — 209 + 44
Notes.

% The distance uncertainty does not include the mean LMC distance uncertainty from Pietrzyfiski et al. (2019) dimc = 49.59 £ 0.09 (statistical)

+0.54 (systematic) kpc.

® This age determination was estimated using the period—age relation from Bono et al. (2005) and is available for CCs only.
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Figure 11. Three-dimensional distribution of CCs and ACs in the Magellanic
System, with the MBR sample marked with large circles. Additionally,
locations of four reclassified Cepheids are highlighted with different markers.
Arrows show the direction of changes in locations. Labels show local IDs of
these objects (see Table 9). The map is represented in the Cartesian coordinates
with the observer located at (0, 0, 0).
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Figure 12. Comparison of OGLE (top row) and Gaia DR2 (middle and bottom
rows) Cepheids in the Magellanic Bridge area. The bottom row shows the DR2
sample after the reclassification made by Ripepi et al. (2019). It may seem that
Gaia DR2 discovered more CCs in the Bridge area than contained in the nearly
complete OCVS. However, a comparison of different panels leads to a
conclusion that many of the ACs were classified in DR2 as CCs. Finally, the
OCVS contains several more Cepheids in the Bridge area than DR2.

anomalous Cepheids in the Bridge. At the same time, the
OCVS contains many ACs in between the Magellanic Clouds.
This leads to a conclusion that many ACs were classified as
CCs in DR2. This is probably due to different classification
methods used in both cases (i.e., see reclassification of the
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Milky Way Cepheids from Gaia DR2 in Ripepi et al. 2019). It
is very similar for T2Cs, though neither OGLE nor Gaia DR2
classifies any objects of this type in the central Bridge area. A
comparison of all of the Cepheids between the Magellanic
Clouds reveals that the Gaia DR2 has incorrectly cataloged a
number of objects in the Bridge area.

We compared the OCVS and Gaia DR2 Cepheid samples in
numbers. For the cross-match we selected a DR2 sample
covering the entire OGLE fields in the Magellanic System (see
Figure 1). We use the OCVS sample containing the latest
updates and corrections as described in Section 2.1. Out of
10,140 Cepheids included in the OGLE Collection in the
Magellanic System (9532 CCs, 268 ACs, 340 T2Cs), 7490
objects were found in the Gaia DR2 Cepheid sample. Thus,
when comparing to the virtually complete OGLE Collection of
Cepheids, the Gaia DR2 completeness is on a level of 73.9%,
which is consistent with Table 2 in Holl et al. (2018). High
completeness is not surprising, as the OCVS Cepheid data set
from the Magellanic Clouds was a training set for the Gaia
Cepheid detection algorithms. In other areas of the sky, the
Gaia DR2 Cepheid sample completeness is significantly lower,
i.e., Udalski et al. (2018) showed that in the Milky Way disk
and bulge area it is on a level of 9.1%.

We additionally compared the Gaia DR2 detections in the
region designed as MBR in OGLE-IV fields (Figure 18 in Udalski
et al. 2015). A total of 30 Gaia DR2 Cepheids are located in the
OGLE MBR field footprint; 29 were confirmed in the OGLE
Collection as genuine Cepheids, and the one lacking object is likely
an eclipsing star. A total of 59 Cepheids in the OGLE Collection
(CCs, ACs, and T2Cs) lie in the OGLE MBR fields. Thus, the
completeness of the Gaia DR2 in this region is 29/59 ~ 49%.

8. Conclusions

In this paper, which is the third in a series of analyzing the
three-dimensional structure of the Magellanic System, we
present an updated detailed analysis of Cepheids in the MBR.
We use data from the OGLE project—released parts of the
OCVS (Soszynski et al. 2015b, 2017, 2018, 2019). The
collection was recently updated: seven Cepheids were added,
and four were reclassified. We present a thorough study of
classical and anomalous Cepheid Bridge samples using very
precise OGLE photometry. We note that we did not classify
any T2C as an MBR member owing to their absence in
this area.

Similarly to Paper I, our basic method of calculating
distances relies on fitting PL relations using the Wesenheit
W,.v_; index to the entire LMC sample. Then, we estimate the
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individual distance of each Cepheid relative to the LMC mean
distance and the LMC fit. Based on three-dimensional
coordinates and on-sky locations of stars in relation to the
LMC and SMC entire samples, we selected our Bridge
samples.

The updated Bridge CC sample contains 10 objects. As
compared to the Paper I sample, we removed three objects (M2,
M3, and M8, which were reclassified as ACs) and added four
objects (M 10, added by Soszyrski et al. 2017, and M11-M13).
On-sky locations of the CC MBR sample match very well the
H 1 density contours and the young stars’ distribution. Only two
Cepheids, namely, M7 and M10, are located slightly offset,
though still well within the densest regions. The CCs add to the
overall distribution of young stars in the Bridge area.

In three dimensions, 8 out of 10 objects from the CC sample
form a bridge-like connection between the Magellanic Clouds.
Four out of these eight are located close to the LMC (M12 and
M13) or SMC (M9 and M11). Two that do not form the bridge-
like connection, namely, M1 and M7, are located slightly
farther than the main sample; thus, they may constitute a
Counter Bridge. However, they may also be genuine MBR
members. Further study is needed to test this. We also analyzed
different methods of obtaining distances and conclude that the
adopted reddening law does not influence results much and the
reddening toward the Bridge is low. Moreover, the individual
dereddening method used by, e.g., Haschke et al. (2012a,
2012b) seems to be inappropriate in this case.

From 5 up to 8 out of 10 Bridge CCs have ages of less than
300 Myr (as based on the period—age relations from Bono et al.
2005; Anderson et al. 2016). This agrees with a hypothesis that
some of the Bridge objects may have been formed in situ after
the last encounter of the Magellanic Clouds. The two youngest
CCs have ages less than 60 Myr. The two oldest CCs can be
LMC or SMC members. Moreover, their periods are shorter
than 1 day; thus, their age estimate may not be appropriate, as
the models do not predict ages of such short-period pulsators.

Our Bridge AC sample consists of 13 objects. Their on-sky
locations do not match H1 or young star density contours. AC
distribution is very spread out in both two and three
dimensions. However, they form a rather smooth connection
between the Magellanic Clouds. But we also cannot state that
this connection is bridge-like, as these stars may also be LMC/
SMC outliers.

We also tested Gaia DR2 Cepheids’ on-sky distribution in
the Bridge area. DR2 contains more CCs in the MBR than the
OCVS. However, DR2 does not include virtually any AC in
between the Magellanic Clouds. This is explained by a
different classification process, where many ACs are classified
as CCs in DR2. A comparison of all types of Cepheids shows
that the OCVS has more objects in the MBR and thus is
definitely more complete.

We present a complementing study of older classical
pulsators in the MBR—RR Lyrae stars—in a closely following
Paper IV.
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Abstract

We use the extended and updated Optical Gravitational Lensing Experiment (OGLE) Collection of Variable Stars
to thoroughly analyze the distribution of RR Lyrae stars in the Magellanic Bridge. We use photometric metallicities
to derive the absolute Wesenheit magnitude and individual distance of each RR Lyrae star. We confirm results
from our earlier study showing that RR Lyrae stars are present in between the Magellanic Clouds, though their
three-dimensional distribution more resembles two extended overlapping structures than a strict bridge-like
connection. The contours do connect in the southern parts of the Bridge, albeit on a level too low to state that an
evident connection exists. To test the sample numerically, we use multi-Gaussian fitting and conclude that there is
no additional population or overdensity located in the Bridge. We also try to reproduce results on the putative RR
Lyrae Magellanic Bridge stream by selecting RR Lyrae candidates from Gaia Data Release 1. We show that we are
not able to obtain the evident connection of the Clouds without many spurious sources in the sample, as the cuts are
not able to remove artifacts without eliminating the evident connection at the same time. Moreover, for the first
time, we present the Gaia Data Release 2 RR Lyrae stars in the Magellanic Bridge area and show that their

1

, Dorota M. Skowron ',
Radoslaw Poleski®

)

distribution matches our results.

Key words: galaxies: Magellanic Clouds — stars: variables: RR Lyrae

1. Introduction

Interactions between the Magellanic Clouds, and probably
between the pair and the Milky Way, led to the formation of an
entire complex of structures, together with the Clouds, referred to
as the Magellanic System (e.g., Gardiner et al. 1994; Gardiner &
Noguchi 1996; Yoshizawa & Noguchi 2003; Connors et al. 2006;
Ruzicka et al. 2009, 2010; Besla et al. 2010, 2012; Diaz & Bekki
2012a, 2012b; Guglielmo et al. 2014). One piece of evidence of
the latest encounter of the Large and Small Magellanic Clouds
(LMC and SMC, respectively) is the Magellanic Bridge (MBR,;
i.e., Harris 2007).

Many studies proved that there are young stars located in
between the LMC and SMC (Shapley 1940; Irwin et al. 1985;
Demers & Battinelli 1998; Harris 2007; Noel et al. 2013, 2015),
and moreover, that they form a continuous connection matching
the neutral hydrogen (HT) contours (Skowron et al. 2014). The
young ages of some objects suggest an in situ Bridge formation
(e.g., Jacyszyn-Dobrzeniecka et al. 2016, 2020, hereafter Paper I
and Paper III, respectively). This implies that the interactions
were strong enough to pull out gas from the Magellanic Clouds
and trigger star formation outside these galaxies. For a better
understanding of the processes leading to these events, it is also
important to test the older stellar populations in the MBR. Were
the interactions strong enough to pull out not only gas but also
stars from either the LMC, the SMC, or both? Hereafter, we
focus on the older population of stars. For more information
about different characteristics of the Bridge, see the introduction
in Paper III.

* Draft version prepared on 2019 December 5.

Candidates for a stellar Bridge counterpart belonging to the
older population were found by Bagheri et al. (2013) and
Skowron et al. (2014). Wagner-Kaiser & Sarajedini (2017)
analyzed RR Lyrae (RRL) stars using the Optical Gravitational
Lensing Experiment (OGLE) collection of RRL stars and
demonstrated that there exists a continuous flow of these objects
between the Magellanic Clouds. The authors pointed out that the
metallicities and distances of old population members show a
smooth transition between the LMC and SMC. Moreover, the
RRL star distribution does not match the H I density distribution.
Thus, they suggest that RRL stars better resemble two
overlapping structures than a tidally stripped bridge. Recently,
Zivick et al. (2019) used Gaia data to show that an old stellar
population is more broadly distributed and does not follow the
HT bridge, in contrast to a young population.

Jacyszyn-Dobrzeniecka et al. (2017, hereafter Paper II) also
used the RRL sample from the OGLE Collection of Variable
Stars (OCVS; Soszynski et al. 2016) to analyze the three-
dimensional distribution of RRL stars in the Magellanic System
and the Bridge. Their results are perfectly consistent with those
of Wagner-Kaiser & Sarajedini (2017), showing that there is
little evidence for a bridge-like structure formed by an old
population between the Magellanic Clouds.

On the other hand, Carrera et al. (2017) studied 39
intermediate-age and old stars in two Bridge fields located
near the highest H1 density contours and close to the SMC
(between R.A. 2" and 3" and found that, based on chemistry
and kinematics, these objects are tidally stripped from the
SMC. Their metallicities are consistent with those of Wagner-
Kaiser & Sarajedini (2017). Both results are not necessarily
incoherent, as stars analyzed by Carrera et al. (2017) may just
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be SMC halo members. Their kinematics are in agreement with
recent studies by Oey et al. (2018) and Zivick et al. (2019),
who found that both young and old stellar populations are
moving away from the SMC toward the LMC.

Another study of the Bridge old population was carried out
using Gaia Data Release 1 (DR1; Gaia Collaboration et al.
2016). Belokurov et al. (2017, hereafter B17) developed a
procedure to select RRL candidates from DR1 and analyzed
their distribution in the MBR. They found an evident stellar
bridge between the Magellanic Clouds that is shifted from the
young star bridge, and thus from the highest HI density
contours, by about 5°. They explained this difference with an
older bridge trailing rather than following the Magellanic
System. Moreover, they also performed a simulation to test
whether such a scenario is plausible. Later, at least one stellar
substructure partially cospatial with the B17 RRL bridge was
found by Mackey et al. (2018), who used a deep panoramic
survey conducted with the Dark Energy Camera. Also,
Belokurov & Erkal (2018) found such substructures in the
red giant distribution using Gaia Data Release 2 (DR2).

Similarly to B17, Deason et al. (2017) selected Mira
candidates from DR1 and analyzed their distribution in the
Magellanic System. They found that there are not as many
Miras as RRL stars in the Bridge, and no bridge-like
connection could be found. However, Miras form a slightly
extended feature stretching out of the SMC toward the RRL
bridge discovered by B17.

In this paper, which is the fourth in a series devoted to
analysis of three-dimensional structure of the Magellanic
System using the OCVS, we examine the RRL star distribution
in the Bridge area with extended and updated OGLE data. We
also compare our results to those of B17, whose results are not
in agreement with Paper II. Moreover, we perform an analysis
of the DR1 data using the B17 method and show their
distribution of RRL candidates. We also show, for the first
time, the distribution of RRL stars from Gaia DR2 (Gaia
Collaboration et al. 2018; Holl et al. 2018; Clementini et al.
2019) in the Bridge area.

We have organized the paper as follows. Section 2 describes
the RRL stars from the OCVS and the updates, corrections, and
extensions that were later applied to the collection. Sample
selection, as well as the methods used for analysis, are found in
Section 3. In Section 4 we describe a study of the three-
dimensional distribution of RRL stars from the OCVS.
Section 5 presents a reanalysis of the OCVS sample using a
different method, which is an attempt to reproduce the B17
results. In Section 6 we present our analysis of DR1 data using
the B17 method to select RRL candidates. In Section 7 we
compare distributions of different stellar tracers in the Bridge
and present the DR2 RRL star distribution. We conclude the
paper in Section 8.

2. Observational Data
2.1. OCVS

Since Paper II was published, the OCVS has been updated,
and a number of new RRL pulsators were added (Soszyriski
et al. 2016, 2017, 2019). In this paper, similarly to Paper III, we
use the newest data from the OCVS. The largest number of
newly included objects was added from the newest fields
located east and south of the LMC—almost 1000 RRL stars.
The newest fields in the southern parts of the MBR resulted in
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an addition of over 100 RRL pulsators. For a current OGLE-IV
footprint with the newly added fields and the on-sky
distribution of all OCVS RRL stars, see Figure 1. For more
technical details about the fourth phase of the OGLE project,
see Udalski et al. (2015).

3. Data Analysis
3.1. Sample Selection

In our basic approach, we use a very similar method to Paper II.
Hereafter, we only analyze the RRab stars, as these are the most
common type, and about 70% of all RRL stars pulsate solely in
the fundamental mode (i.e., see number of RRL stars published by
Soszynski et al. 2011, 2014, 2016, 2017).

We select a few different samples from the entire OGLE
collection of RRL stars in the Magellanic System. The first
sample (hereafter the entire sample) contains all of the RRab
stars and can only be represented in the on-sky maps, as we are
not able to calculate distance for each star in this sample. All of
the RRab stars for which we were able to calculate distance
constitute the second sample (hereafter the uncleaned sample).
These stars must have both /- and V-passband magnitudes and a
well-estimated ¢3; coefficient (this is one of the light-curve
Fourier decomposition parameters; Simon & Lee 1981). To
create the third sample (the cleaned sample), we made an
additional cut on the Bailey diagram, the same as we did in
Paper II (see Section 2.2 and Figure 1 therein for more details).
Then we fit period—luminosity (PL) relations to the second
sample using the Wesenheit magnitude and iteratively applied
30 clipping to the data after each fit (see Section 3.1 in Paper II
for more details). The number of RRL stars in each sample is
presented in Table 1. Any other additional cuts or selections
made to the three described samples are discussed later.

Taking into account the updates made and less complicated
cleaning process, this sample should not be identical to our
Paper II sample.

3.2. Individual Distances and Coordinates

To calculate individual distances of RRab stars, we use
exactly the same method as we did in Paper II and Skowron
et al. (2016). We use the Fourier coefficient ¢5;, which we
obtained from Fourier decomposition of OGLE light curves, to
determine the photometric metallicity (we apply the relation
from Nemec et al. 2013). Then we use relations from Braga
et al. (2015) to calculate absolute Wesenheit magnitudes. We
are aware that their relations are not best suited to our data set,
as they were derived for the M4 cluster with different value of
Ry. This will cause a systematic shift in our distances and will
not influence the geometry of obtained distributions. We
continue to use these relations to keep our calculations
consistent with Paper II. Having photometric metallicity, as
well as absolute and observed magnitudes, we were able to
determine the distance to each RRab star. For more details on
the relations used and exact transformations, see Section 3.2 in
Paper II and Section 5 in Skowron et al. (2016).

Similarly to Jacyszyn-Dobrzeniecka et al. (2016, 2017) and
Paper III, we use a Hammer equal-area projection for on-sky
plots and the Cartesian three-dimensional coordinate system.
The exact equations can be found in Section 3.2 of Paper III
(Equations (1)—(5)).
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Figure 1. On-sky locations of RRL stars in the Magellanic System. Black contours show the newest additions to the OGLE-IV fields, while gray ones show the main
OGLE-1V fields in the Magellanic System that were already observed before 2017 July.

Table 1
Number of RRL Stars in the Samples
Sample Number
Entire 34,177
Uncleaned 30,675
Cleaned 27,212

4. OGLE RRL Sample
4.1. Three-dimensional Distribution

Figure 2 shows top (upper row) and front (bottom row) view
of the three-dimensional distribution of RRab stars in the
Magellanic System. The plots were made using two-dimensional
Cartesian space projections. The left panels show the uncleaned
sample with a clearly visible “blend artifact” in the LMC. This
is a nonphysical structure that seems to be emanating from the
LMC center and is caused by blending and crowding effects
(for a more detailed description, see Section 2.2 and Figure 3 in
Paper II). The blend artifact is not protruding and elongated in
the next panels, where we show the cleaned sample. The three
middle panels show the same sample but with different bin sizes.
The contours fitted to the middle panels (medium-sized bins) are
shown in the right panels. The lines are on the levels of 1, 5, 20,
and 100 RRab stars kpc 2.

All of the panels in Figure 2 show the Bridge area. As in
Paper II, we do see some RRab stars located between the
Magellanic Clouds. These objects may belong to broad halos,
though some evidence was found that the LMC may also
have an extended disk (Saha et al. 2010; Balbinot et al. 2015;

Besla et al. 2016; Mackey et al. 2016; Nidever et al. 2019).
However, again, we do not see any evident bridge-like
connection between the Magellanic Clouds formed by RRL
stars in any dimension—neither xz nor xy projection. Note
that the xy projection is very similar to the on-sky view. The
contours do connect but on a very low level (1 star kpc™> and
below). It is too low to state, based on the maps only, that there
is an overdensity or evident connection in the Bridge area.
Based on three-dimensional maps, we can only state that we do
see two extended structures overlapping.

4.2. Numerical Analysis

To analyze our RRab sample quantitatively, we performed a
multi-Gaussian fitting to our cleaned sample. We approximate
the spatial distribution using a Gaussian mixture model with 32
components. The underlying space density of stars is approximated
as a sum of Gaussians. Their relative weights and parameters
(means, covariances) are found using an expectation-maximization
algorithm (Dempster et al. 1977) implemented in the Python scikit-
learn package (Pedregosa et al. 2011). We tested whether the
multi-Gaussian fitting properly describes our data by comparing
histograms of the real distribution of stars with the simulated ones.
We did not specify any parameters—only the number of Gaussians
and the three-dimensional locations of stars from our sample. We
separately tested models with 32, 64, 128, and 256 Gaussians and
did not find any significant difference between the obtained results.

Results of the multi-Gaussian procedure for 32 Gaussians are
shown in Figure 3, where we overplotted Gaussian centers on
the three-dimensional distribution of RRab stars from our
sample. Each resulting Gaussian is represented with an open
circle. The circle size marks the number of stars included in
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Figure 2. Top (upper row) and front (bottom row) view of the RRab stars in the Magellanic System using Cartesian space projections. The left panels show the
uncleaned sample. The blend artifact, a nonphysical structure seemingly emanating from the LMC center, is very clearly visible. Note the characteristic shape the
blend artifact represents in the Cartesian xy projection, which is not identical to the on-sky view (and the observer is located at (0, 0, 0). The blend artifact is not
protruding and elongated in the other panels, where we show the cleaned sample. The three middle panels present the same sample but with different bin sizes of (left
to right) 0.5, 1, and 1.5 kpc. The right panels show the contours fitted to the middle panels (medium-sized bins, 1 kpc). Contours are on the levels of 1, 5, 20, and 100

RRab stars kpc 2 The lines do connect but on a very low level.
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Figure 3. Centers of 32 fitted Gaussians overplotted on the three-dimensional
distribution of RRab stars from the cleaned sample to which the fit was
performed. Each Gaussian center is represented as an open circle, while the
circle size marks the number of stars included in each Gaussian. No Gaussian is
centered in the genuine Bridge area, leading to the conclusion that there is no
additional population or overdensity located there.

each Gaussian: the smallest circle represents 237 objects, and
the largest represents 2362 objects. The circle radius increases
linearly with the number of objects.

Figure 3 shows that all of the Gaussians are centered in
either the LMC or SMC, and none of them is centered in the
genuine Bridge area. This leads to the conclusion that there is
no additional population or overdensity located there. Note that
this does not mean that there are no stars in the Bridge, as the
Gaussians have their own individual spread. The Bridge RRab
stars are thus modeled as objects located in the Gaussian wings.

To show how and when the contours connect, we use a
multi-Gaussian fit to simulate the distribution of objects in the
Magellanic System while adding an offset to each Magellanic
Cloud sample. We use the three-dimensional Cartesian
coordinates of our cleaned sample and add an offset to the x
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Figure 4. Two-dimensional plots of three-dimensional Cartesian space
projections showing points simulated using a multi-Gaussian fit. The top
panel shows binned data, while the bottom panel shows fitted contours (black
lines) and Gaussian centers (red points). Each column represents a different
separation between the LMC and SMC samples, starting with 8 kpc in the left
column and decreasing by 2 kpc toward the right. The right column shows
points simulated for no additional offset. The bin size is 1 kpc along every axis,
and the color scale is the same in each plot in the top panel. The contours are on
the same levels as in Figure 2, namely 1, 5, 20, and 100 RRab stars kpc’z.

coordinate of each Magellanic Cloud sample separately for the
LMC and SMC. We then fit the Gaussians and simulate the
locations of the exact number of points that are included in our
cleaned sample, precisely 27,212. We bin the data and fit
contours. The results are shown in Figure 4. The top panel
shows binned data with color-coded column density, while the
bottom panel shows contours (black lines) and Gaussian
centers (red points). The bin size and contour levels are the
same as in the middle and right columns of Figure 2. The total
offset added or subtracted from the x coordinate decreases from
left to right. In the left column, the offset is 8 kpc (4 kpc added
in the case of SMC, 4kpc subtracted for the LMC), and it
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decreases by 2 kpc in each column. The right column shows the
simulated data with no additional offset. Comparing this
column to the middle column of Figure 2, it is clearly visible
that the multi-Gaussian fit reconstructs the real three-dimen-
sional distribution of our data very well.

In the left column, where the distance between the LMC and
SMC is largest, the contours do not connect, and these galaxies
are separated. Once we reduce the offset, the lowest contours
finally connect at a level of 2kpc of additional offset. The
galaxies’ outermost regions seem to merge as the Clouds are at
their current natural separation. This occurs in both the xy and
xz Cartesian planes shown in Figure 4. This simulation shows
that the effect of merging contours is natural for galaxies that
are close enough. It does not necessarily imply that there is an
additional structure between these objects, i.e., the Bridge, as
the model itself has proven that there is no overdensity located
in the genuine Bridge area.

However, one can argue that the lowest contours are spread
more in the direction toward the MBR than in any other direction
(in every plot in Figure 4). In order to verify this, we would need
to significantly improve our analysis, and this is beyond the scope
of this paper. First, we would need to abandon the o-clipping and
choose another method of rejecting outliers that would take into
account the real error distribution, which is not normal in the case
of PL relations (Nikolaev et al. 2004; Deb et al. 2018). By using
o-clipping, we probably remove some of the objects that are truly
located at lower and higher distances in the outskirts of the LMC
and SMC. Thus, the lowest contours perpendicular to the line of
sight should not be used in such a detailed analysis. Second, we
would need to observe the entire LMC outskirts located in the
eastern, northern, and southern directions. Even though OGLE has
lately significantly improved its sky coverage in the Magellanic
System, it is still not sufficient for such an analysis, where we
need to compare the very lowest contours.

Summarizing this subsection, we want to emphasize that
comparison of the lowest-level contours is not sufficient to state
whether or not there exists a bridge-like connection between
the Magellanic Clouds.

5. A Reanalysis

The results that we presented in the previous section agree with
our findings from Paper II. We do not see any evident connection
in the MBR area but rather only two extended structures in the
LMC and SMC outskirts that are overlapping. Recently, B17 also
presented a map of the OGLE RRL stars in the Magellanic
System (their Figure 18). This map clearly shows a connection
between the Magellanic Clouds that was supposed to be consistent
with the Gaia DR1 RRL candidate distribution presented in their
paper. This seems to be in contradiction with any of our results—
for comparison, see Figure 16 from Paper II or Figure 2 in this
paper. We tried to reconstruct the results from B17. In this
subsection, we describe the method that we used to reanalyze the
OGLE sample of RRab stars.

5.1. No Evident Connection

In order to thoroughly check whether we actually see the
connection in the OGLE data, we have reanalyzed the entire
sample of RRab stars. To reproduce the B17 map precisely
(their Figure 18), we have once again calculated metallicities
and distance moduli using the same technique as they did
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(V. Belokurov 2019, private communication). In the next
paragraphs, we describe this method, and later, we discuss our
results.

We used the Smolec (2005) relation for the OGLE I band to
calculate the metallicity of each RRL star. This relation was
derived for Fourier sine decomposition, and Soszyriski et al.
(2016) gave coefficients for the cosine decomposition; thus, we
transformed the ¢3; coefficient before applying the Smolec
(2005) relations:

¢31,sin = ¢3l,cos + (1)
The relation is (Equation (2) from Smolec 2005)
[Fe/H] = —3.142 — 4.902P + 0.824¢5,. 2)

Then we transformed [Fe/H] to Z using Equations (9) and
(10) from Catelan et al. (2004),

logZ = [Fe/H] + log(0.638f + 0.362) — 1.765,  (3)

where f= 10*/Fel. We assumed [o/Fe] = 0 following B17,
although Carney (1996) suggested [«/Fe] = 0.30 based on
stellar clusters. We have tested both options in our analysis and
found that this value does not influence our main conclusions.
Then we used theoretical calibrations of the PL relations from
Catelan et al. (2004) to calculate the absolute magnitudes of the
RRab stars. Their Equation (8) shows a quadratic dependency
between metallicity and absolute V-band magnitude,

My = 2.288 + 0.88241log Z + 0.1079(log Z)?, “)

and Equation (3) from Catelan et al. (2004) for the I-band
absolute magnitude,

M; = 04711 — 1.13181log P + 0.20531log Z, )

where P is the fundamental mode pulsation period.
Having absolute magnitudes, we were able to calculate color
excesses,

EWV—-1)=my —m — (My — M), (6)

where my,; are the observed mean magnitudes. We used the value
obtained by Nataf et al. (2013), dA;/d(E(V — 1)) = 1.215, and
assumed that A; = 1.215E(V —I). Note that these values were
obtained for the Galactic bulge, where the extinction is nonuniform
and anomalous (standard extinction is around 1.5; see Udalski
2003). However, we decided to apply values from Nataf et al.
(2013) in order to exactly follow the procedure used by B17.

In the last step, we calculated distance moduli using
magnitudes in the / passband:

o =my — Mp — Ay @)

The reproduced map is shown in the bottom panel of
Figure 5, and the original map from B17 is shown in the top
panel. Both plots show the OGLE RRab sample, though in the
case of our map (bottom panel), we used the updated sample.
Both plots present samples with the same cuts: distance moduli
falling into the range 18.5 < m; — M; < 19 and metallicities
[Fe/H] < —1.5, as well as other parameters including
coordinates, sphere projections, method of calculation, bin
sizes and ranges, and color-scale range. Under all of these
conditions, we were able to reproduce the connection visible in
the B17 map. The bridge-like structure is visible only on a very
low level of counts. Moreover, due to the large bin size and
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Figure 5. Top: bottom panel of Figure 18 from B17 showing OGLE RRab
stars in the Magellanic System. The data are binned into rectangles, and a gray
color scale is applied to show the column density. We only show RRab stars
with distance moduli falling into the range 18.5 <m; — M; <19 and
metallicities [Fe/H] < —1.5. The scale is logarithmic and limited to 10°-
10%! RRab stars deg . The blue contour represents the density of Gaia DRI
RRL candidates analyzed by B17. The coordinates used are in the MBR
system, and the sky projection is not equal-plane. Bottom: our map showing
OGLE RRab stars in the Magellanic System with parameters calculated using
the same method as in B17. Note that the bridge-like structure is even more

visible due to the elongation of bins along the connection (and equator).

elongation of bins along the x-axis, and thus along the Bridge,
the connection is even more pronounced.

To test whether the choice of coordinate system also
influences the visibility of the bridge-like connection, we
plotted the same sample as in Figure 5 using different
transformations. The top panels of Figure 6 show the same
rectangular bins with a gray color scale but using an equal-area
Hammer projection applied to the MBR (top row) and
equatorial (bottom row) coordinate systems.

In the left column of Figure 6, where the color-scale range
starts at 1 star deg_z, the connection is not visible in either
coordinate system. It only starts to emerge in the second
column, where the bottom of the color-scale range is under the
level of 1 star deg >—namely, 0.3. The bridge-like structure is
even more pronounced in the third column, where the range is
even lower. However, in the latter plot, other extended features
are starting to emerge. Moreover, comparing the top and
bottom gray rows demonstrates that the connection is more
clearly visible in the MBR coordinates. This is due to the fact
that in this system, the bridge-like structure is located along
the equator. Comparing contours for both coordinate systems,
we conclude that the contours do connect in both cases but on a
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very low level. Again, the connection is slightly more visible in
the MBR coordinate system.

Furthermore, to test whether the binning influences the results,
we also plotted the same sample using square bins of different
sizes. Results are shown in the bottom panels of Figure 6.
Similarly to the gray panels, the top row shows the MBR, and
the bottom row shows the equatorial coordinates. Comparison of
rectangular and square bins leads to the conclusion that binning
does indeed have an impact on the visibility of the bridge-like
structure. The square bins make the connection appear
significantly less visible than the rectangular bins. This is not a
surprise, as the rectangular bins used by B17 were aligned with
the bridge.

6. B17 RRL Candidates from Gaia DR1
6.1. Selection Process

In this section, we present the results of an analysis of the
Gaia DR1 data (Gaia Collaboration et al. 2016) performed the
same way as in B17. The main goal of B17 was to select RRL
candidates from Gaia DR1 and analyze the on-sky distribution
of these stars in the Magellanic System area, with an emphasis
on the Bridge. They found that there is an evident connection
between the Magellanic Clouds. Hereafter, we try to reproduce
their results and compare with the OGLE and Gaia DR2
databases.

In order to reproduce the B17 list of RRL candidates using
Gaia DR1, we use their procedure with the following steps.

1. From the entire Gaia DR1 database, we selected all
sources located in an area where R.A.€(0", 9") U
(22b, 24" and decl. €(—85°, —45°) with more than 70
CCD crossings and Galactic longitude b < —15°. The
latter two requirements are corresponding to iv and vii
cuts from B17 (see their Section 3.3).

2. An appropriate value of extinction E(B — V) was found
for all sources using Schlegel et al. (1998) maps. This
allowed us to deredden all of the objects from the selected
sample using the following relation for the extinction
coefficient for the Gaia G band (Equation (1) from B17),
AG:

Ag =255EB - V). ®)

3. Then we calculated the amplitude value, Amp, using the
following relation (Equation (2) from B17):

Amp = loglo(qlNobS (;_l) )

G
where Ngy is the number of CCD crossings, I is the
mean flux in the Gaia G band, and o7 is the error of the
mean flux.

4. Finally, the remaining cuts presented in Section 3.3
of B17 were applied. The cuts concern amplitude as
defined above, astrometric excess noise (AEN), G-band
magnitude,and reddening.

We applied different versions of cuts ii and vi as presented
in B17. We use both strict and weak cuts on the amplitude,
—0.75 < Amp < —0.3 and —0.65 < Amp < —0.3, respec-
tively. Similarly for the AEN, log,,(AEN) < —0.2 is a strict
cut, and log,(AEN) < —0.2 is weak. Additionally, we
analyzed an even weaker version of the AEN cut, where
log,,(AEN) < 0.3. Results are presented in Figure 7.
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Figure 6. Every plot shows the same sample as in the bottom panel of Figure 5. In the top panels, we used the same binning as in Figure 5 but in Hammer equal-area
projection applied to the MBR (top row) and equatorial (bottom row) coordinate system. Each column shows a different bottom range of color scale. The right column
shows contours that are on the levels of 0.5, 1, 5, and 15 RRab stars deg 2. In the bottom panels, we used square bins instead of rectangular ones. We also applied a
different color scale with a different range to show the subtlest features. The bin size is linearly different between each column. The top row shows the MBR, while the
bottom row shows the equatorial coordinate system. Both are represented using Hammer equal-area projection. Additionally, the right column shows contours fitted to
the binning shown in the second column. The contours levels are 0.5, 1, 5, and 15 RRab stars deg’zA

6.2. Two-dimensional Analysis

Figure 7 clearly shows that when using the Amp and AEN
cuts, both in strict versions, there are not many stars left in
between the Magellanic Clouds. To test whether this result
reproduces the RRL bridge reported by B17, we binned the
data in the same way as their Figure 11. The bins are on too low
a level, and no connection is visible; thus, strict cuts do not
reproduce their bridge. Moreover, the sample we obtained
using strict versions of cuts consisted of ~7000 objects, which
is three times less numerous than the B17 sample (~21,500
objects). In the case of applying at least one cut in the weak

version, we obtained a distribution revealing stripes in the
Bridge area.

The right panel of Figure 5 in B17 shows an on-sky
distribution of all nominally variable stars selected from DR1.
Many nonphysical features are visible, including the artifact
east of the LMC. A detailed analysis of the stripes appearing in
this plot was performed by B17 (for details, see their Section
3.2 and Figure 6). These stripes are aligned with the Gaia
scanning pattern and caused by cross-match failures. Thus,
most of the sources forming the stripes are not physical.
Further, B17 claimed that the stripes disappear due to the cuts
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AEN strict, Amp weak

Amp strict

AEN weaker,

Figure 7. On-sky locations of RRL candidates using different versions of B17 cuts. Clearly visible is the nonphysical artifact east of the LMC that we did not remove.
It is created by spurious variables, which are caused by Gaia DR1 cross-match failures (B17). Stripes are the matching Gaia scanning pattern. Similar stripes visible in
the Bridge area suggest that many of the objects located there are nonphysical sources. Additionally, white circles mark the LMC (van der Marel & Kallivayalil 2014)
and SMC (Stanimirovié¢ et al. 2004) centers.
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Figure 8. Comparison of the top panel of Figure 11 from B17 (top panel) with
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applied, and only a small number of spurious sources fall into
the selected RRL regions. Our study reveals that this is not the
case and that the final RRL candidate sample still contains a
number of nonphysical sources forming the stripes. Comparing
our Figure 7 with Figure 5 from B17, it is clearly visible that
the features in the MBR area are not removed by the applied
procedure. Thus, the discovery of the bridge-like connection
by B17 was likely based on a nonphysical structure.

Moreover, clearly visible in Figure 7 is a nonphysical artifact
located east of the LMC that we did not remove. This feature is
located in the area most influenced by cross-match failures in
Gaia DRI (see masked pixels in the left panel of Figure 5
in B17). The sources in between the Magellanic Clouds are
forming stripes that are aligned with the nonphysical artifact
east of the LMC. This supports our conclusion from the
previous paragraph that the Bridge area is highly influenced by
nonphysical sources. Additionally, we obtain a distribution
close to the center of the LMC, where the sources are missing,
due to the requirement of N,,s > 70. However, we managed to
recreate the sample in the MBR, which is our main area of
interest.

As our final sample of RRL candidates, we selected the one
with a strict cut on Amp and weaker cut on AEN, as it perfectly
reproduced a sample of 113 central Bridge objects from
the B17 analysis (V. Belokurov 2019, private communication).
In Figure 8, we show a comparison of a binned map of this
sample with Figure 11 from B17. Both maps are plotted using
the same coordinate system, sphere projection, bin size, and
color-scale range. We managed to reproduce the Bridge features
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Table 2
B17 RRL Candidates from Gaia DR1: Cross-match

Cross-match with

Sample No. Obj.

OGLE RRL Gaia DR2 RRL
Entire 13,327 5516 (41.4%) 4872 (36.6%)
MBR 6041 2971 (47.5%) 2542 (42.1%)
Cen. MBR 113 17 (15.0%) 15 (13.3%)

Note. The MBR sample consists of objects located in the range
—20° < Xpp < 0°. The central MBR sample consists of objects located
between the Magellanic Clouds that contribute to B17 overdensity.

very well. One main difference between our map and that of B17
is the nonphysical artifact located east of the LMC. Note that in
this binning, the Gaia stripes are not visible. The sample we select
as our final one contains more than 13,300 stars. This is more than
half of the B17 sample, indicating that they have applied even
weaker cuts in their final sample.

In Figure 9, we also show our final sample using square bins
of different sizes. We represented the data in the MBR
coordinates using Hammer equal-area projection. As the bin
size increases from left to right, the Gaia stripes appear less
visible. The contours shown in the right panel match very well
contours obtained by B17 (see their Figure 12).

6.3. Comparison with OGLE and Gaia DR2

The OGLE collection of RRL stars in the Magellanic Clouds
is nearly complete—the level of completeness is higher than
95% (Soszynski et al. 2016, 2017). Therefore, we cross-
matched the list of RRL candidates obtained in this section
with the OCVS to test how many of these objects are genuine
RRL stars. We separately cross-matched the entire sample
of B17 DR1 RRL candidates and a subsample created by
selecting only objects in the Bridge area located between the
LMC and SMC centers. This Bridge subsample consists of
sources located within —20° < X,z < 0°.

Results are presented in Table 2, which shows that only
about 41.4% of the objects in the entire RRL candidate sample
are genuine RRL stars. For the Bridge subsample, this ratio is
at the level of about 47.5%. Moreover, we separately tested a
subsample of 113 objects in the central Bridge area, where the
B17 overdensity is located. Only 17 of these objects are RRL
stars, which leads to a total ratio of 15.0%. The difference between
this ratio for the entire sample and the central Bridge subsample
indicates a higher contamination in the latter. This is consistent
with the fact that many sources in the Bridge area are nonphysical.
The contamination of 85% in the central Bridge sample is not
consistent with B17, who gave a value of 30%-40% for their
entire sample.

Note that the area that we use for the RRL candidate
selection process is larger than the OGLE-IV field coverage
(see Figure 1), so our Gaia search window is larger than the
plotted area. For the entire sample, the difference in purity level
is larger than for the Bridge sample, as the former includes the
nonphysical artifact in DR1 data that is not entirely covered by
the OGLE fields. For the Bridge sample, only a few sources are
located north and south of the OGLE footprint. Thus, this effect
should not be significant for the selected Bridge subsample. It
also explains the significant difference between the cross-
matches of RRL candidate samples with the OGLE data.

We would expect that a proper technique of selecting RRL
candidates would lead to a result of high completeness. To test
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Number of RRL candidates per 1 square degree

Figure 9. Same sample as in Figure 8 (bottom panel) but binned using square bins.

B17 RRL candidates OCLE RRL stars (CMD) of the sample obtained in this section with the cleaned
14 w w w w w w w 14 sample of RRL stars. Both are overplotted on the OGLE (top
15 s 115 panels) and Gaia DR2 (bottom panels) data from selected fields
‘ in the Magellanic System. The reconstructed B17 sample spans
16 - -+ -16 different areas than those usually occupied by the genuine RRL
stars. Thus, this sample contains a lot of different types of
= 17r T 117 = objects.
£ 18- 118 £ We have also performed a cross-match between the RRL
— — candidate sample from Gaia DRI obtained in this section and
19- 7119 the Gaia DR2 RRL stars listed in the vari_rrlyrae table
2L 190 (Gaia Collaboration et al. 2018; Holl et al. 2018; Clementini
et al. 2019). Table 2 lists the exact results. Only about 37% of
21+ 121 sources from the RRL candidate sample are present in the Gaia
DR2. For the Bridge sample, this result is slightly higher: 42%.
2 22 Lower numbers as compared to the cross-match with the OGLE
V-I [mag] V-1 [mag] data are probably a result of lower DR2 RRL sample
15 ‘ ‘ ‘ ‘ 15 completeness, which we describe in the following section.
16 - - 116
7. Comparison of Different Tracer Distribution
= e T 7 = In this section, we compare on-sky distributions of different
ERT 1 118 & tracers in the MBR area. The main plot that we discuss is shown
o g - in Figure 11. The first row contains the HI density contours from
19r 19 the Leiden/Argentine/Bonn HI Survey (Kalberla et al. 2005;
same as Figure 8 in Skowron et al. 2014) and the Galactic All Sky
20 120 HT Survey (McClure-Griffiths et al. 2009; Kalberla et al. 2010;
91 Loy Kalberla & Haud 2015) and the young population, red clump, and
-1 3 top and bottom of the red giant branch (RGB) distributions
B, R, [mag] B, R, [mag] (Figures 8, 9, 11, and 13 from Skowron et al. 2014). The middle

row shows the different types of classical pulsators from the

Fi 10. The CMDs of the B17 RRL didates (left; red) obtained in thi . . X .
Bure ¢ e e candidates (loft; ted) obtained in this OCVS that we investigated in Paper III and this paper, namely

section and the cleaned sample of OCVS RRL stars (right; purple) overplotted

on the Hess diagrams for the data from selected fields in the Magellanic classical Cepheids (CCs), anomalous Cepheids (ACs), both these
System. Top: OGLE photometry. Bottom: Gaia DR2 photometry. types plotted together, RRabs of the cleaned sample, RRabs of the

entire sample, and RRLs of all types plotted together. Similarly,
that, we compared the number of RRL stars from our these types of objects are shown in the bottom row using data

from Gaia DR2 (with the exception of the cleaned RRab sample
that we calculated only for the OCVS). All of these plots show
a color-coded column density, while lines represent density
contours. For each plot, the color scale and contour levels are
different.

Comparing neutral hydrogen with other maps, it is clearly
visible that the most matches are distributions of young stars
and CCs. Each of these three seems to follow a bridge-like

reconstructed sample using the described technique to the total
number of these objects in the OGLE database in the
Magellanic System. The entire RRL candidate list has a
completeness level of 11.6%, while for the Bridge sample, it is
12.4%, which is consistent with what B17 estimated. This
means that almost 90% of RRL stars located in the OGLE-IV
fields in the Magellanic System were not discovered in the

reconstructed sample of B17. i connection between the Magellanic Clouds along a similar

Moreover, we also cross-matched the obtained RRL decl. range: decl.€(70°, 72°). Older tracers are more spread out
candidate lists with the entire OCVS published to date and and do not follow such strict connection. Red clump and RGB
the entire OGLE database. About 2.3% of objects from the bottom stars are more concentrated in the southern parts of the
candidate samples are eclipsing binaries. A few are also Bridge than RGB top and RRL stars. The RGB top objects are
classified in the OCVS as long-period variables. We show in very spread out, and the lowest-density contours show some
Figure 10 a comparison of the color—magnitude diagram clumps, with the most populated stripe located along the young

10
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Figure 11. Comparison of on-sky locations of different tracers in a Hammer equal-area projection. Each plot has its own color scale and contour levels. Top row: The
first panel shows neutral hydrogen density contours from the Leiden/Argentine/Bonn H 1 Survey (Kalberla et al. 2005, the same as in Figure 8 in Skowron et al.
(2014); see that figure description for details). The second panel shows H I from the Galactic All Sky H I Survey (McClure-Griffiths et al. 2009; Kalberla et al. 2010;

Kalberla & Haud 2015). Contours are on the levels (1,2, 4, 8, 16, 32, 64) - 1020 cm2.

In both panels, the HI is integrated over the velocity range

80 km s™! < v < 400 km s~!. The third to fifth panels show column densities of different stellar populations as selected in the CMDs in Skowron et al. (2014).
Shown here for comparison are the young population, red clump objects, and the top and bottom of the RGB. Middle row: classical pulsators from the OCVS. Bottom

row: classical pulsators from the Gaia DR2.

population bridge. However, the connection is on too low a
level to enable us to state that we see a connection similar to the
young bridge. Summing up, for all intermediate-age and older
tracers from Skowron et al. (2014), we can see two extended
structures overlapping with no evident bridge-like connection.

The RRL star on-sky distribution shows that these stars are
very spread out in many directions—even more than the other
tracers that we discussed in the previous paragraph. Among the
presented distributions, the distribution of RGB stars is the
most similar to the distribution of RRL stars. The difference
between the RRab cleaned and entire samples shows that a
number of objects are rejected from the Bridge sample. Note,
however, that the column density in this area is low, and
removing even a small number of objects can result in a
significantly different density contour distribution. The entire
RRab sample is distributed very similarly to all RRL types,
though the lowest-density contours are slightly different. This
is caused by the fact that the entire RRL sample is more
numerous. Moreover, one can state that the ACs are similarly
spread out as the intermediate-age and older tracers. On the
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other hand, the ACs sample is significantly less numerous. We
do not discuss further differences or similarities between
different types of classical pulsators in this paper; for a detailed
statistical study of three-dimensional distributions, see Iwanek
et al. (2018).

Figure 11 shows that in DR2, many ACs were classified as
CCs. This is the main reason for the differences between the
OCVS and DR2 CC distributions. For a detailed description,
see Section 7 in Paper III. Note also that Ripepi et al. (2019)
recently reclassified the DR2 sample of CCs. For a comparison,
see Figure 12 in Paper IIl. The Gaia DR2 RRL stars are
distributed very similarly to the OGLE RRL stars, both RRab
and all types of these pulsators. These objects are very spread
out, and while the lowest-density contours do connect, it occurs
on a very low level, below 1 star deg’z. Thus, this cannot be the
reason for stating that we see an evident bridge-like connection;
we actually do not.

Using our updated OGLE sample of RRL stars and the Gaia
DR2 sample, we performed a cross-match between these two.
Similarly to Paper III, we selected a DR2 sample covering the
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entire OGLE field in the Magellanic System. In this area, Gaia
DR2 has a completeness of 69.0% for all RRL stars. This value
is consistent with Table 2 in Holl et al. (2018). Again, this is
not surprising, as the OGLE collection of RRL stars was a
training set for the Gaia selection algorithms.

8. Conclusions

In this paper, closely following our analysis of CCs in the
MBR area (Paper III), we present a detailed study of RRL stars
in between the Magellanic Clouds using an extended OCVS
(Soszyniski et al. 2016, 2017, 2019). We calculated absolute
Wesenheit magnitudes for each RRL star, starting with
estimating photometric metallicities (Nemec et al. 2013) and
applying Braga et al. (2015) relations. This led to us calculating
individual distances for our sample, the same technique as in
Paper II and Skowron et al. (2016).

We analyzed a three-dimensional distribution of RRL stars
between the Magellanic Clouds in Cartesian coordinates. We
show—confirming the results from Paper II, as well as
Wagner-Kaiser & Sarajedini (2017)—that we do not see an
evident connection between the Magellanic Clouds in RRL
stars. Objects located in the Bridge area form a smooth
transition between the Clouds, rather than a bridge-like
connection. The RRL distribution seems to represent two
extended structures overlapping (i.e., halos or extended disks of
the LMC and SMC). Additionally, we bin the data and show
that the contours do connect, though on a very low level (below
1 star deg? or kpc™?). It is too low to state that an evident
overdensity exists.

To test our sample numerically, we performed a multi-
Gaussian fit. We made only two assumptions: the number of
Gaussians and the number of points to be simulated. Our results
show that there is no Gaussian centered in the Bridge area.
Thus, there is no additional population or overdensity therein.
We also used the multi-Gaussian procedure to show that when
we separate the Magellanic Clouds by 8kpc along the
Cartesian x-axis, and then gradually shift the LMC and SMC
back together, the lowest-density contours start to connect at
some point. Thus, the fact that the contours connect is not
necessarily evidence of the existence of an old bridge, as any
contours will connect when the galaxies are close enough.

Moreover, to carefully study the lowest-density contours,
one needs to use a very precise technique to classify and
analyze RRL stars. Even though the method we use is quite
robust, as it is used in many different studies of three-
dimensional structure, we do not think that it is precise enough
to test the very outskirts of the Magellanic Clouds.

Lately, B17 presented a distribution of OGLE RRL stars in
the Bridge that revealed a bridge-like connection (see their
Figure 18). This is in contradiction with results from Paper II or
even from this paper that were described earlier. We reanalyzed
our OGLE sample using a different technique to test
consistency. We show that the way the data are plotted
influences the final impression. Carefully testing how the
sample looks in different coordinate systems and using
different bin sizes and types of bins, we show that we are
able to reproduce the B17 plot only under specific conditions.
Thus, because the connection is not always visible, we are even
more convinced that it is on a very low level.

Using the same method as B17, we also reproduced their
main results by selecting RRL candidates from Gaia DRI data.
We applied a series of cuts to the data, as presented in B17.
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When all of the selection methods are used in strict versions,
we obtain a very small number of objects in between the
Magellanic Clouds. On the other hand, if at least one cut is
weaker, the resulting distribution contains many spurious
sources in the MBR area. Thus, we conclude that we are not
able to reproduce the B17 RRL bridge without nonphysical
artifacts, and we do not agree with their statement that the cuts
presented remove most of the spurious sources. We also
present a map of selected objects showing very evident stripes
that, according to B17, match the Gaia overlapping fields. This
nonphysical overdensity is matching the B17 discovery very
well. In the central Bridge area, only 15% of the sample are
genuine RRL stars.

We also show, for the first time, the distribution of Gaia
DR2 RRL stars in the MBR and compare it to the OCVS. On-
sky locations of RRL stars from both samples are very
consistent. Similarly to the OCVS RRL stars, the DR2 sample
reveals a very spread out distribution that more resembles two
overlapping structures than a strict bridge-like connection. The
lowest-density contours do connect, though on a very low
level, again below 1 star deg 2. These contours look slightly
different when using only RRab stars instead of the entire RRL
sample. This is probably due to the latter being more numerous.
Again, we conclude that the existence of a bridge-like structure
should not be based on the lowest-density contours.

At the same time, we want to emphasize that we do not state
that the RRL bridge does not exist. There are different surveys
showing that there are some substructures in between the
Magellanic Clouds. This is in agreement with our own study, as
we also show that there are RRL stars in the Bridge area,
though their distribution is not very bridge-like, and the
overdensity is on a very low level.
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