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Galactic and Extragalactic Astronomy

in the Age of Large Sky Surveys

Xinlun Cheng

(ABSTRACT)

Large-scale sky surveys have been and are the backbone of many revolutionary dis-
coveries in astronomy and astrophysics. With huge strides in computer science and
statistics, sky surveys are generating ever increasing amounts of data, posing both
opportunities and challenges to astronomers in terms of proposing new astrophysical
models to explain observed phenomena and machine learning models for data anal-
ysis and data mining. In this thesis, I will cover several such areas of progress used
in my research. I will first present a characterization of the Galactic warp using the
phase space and chemical information contained within millions of stars provided by
Gaia and APOGEE, and our physics modeling attempt is the first to discover pre-
cession of the warp through stellar kinematics. Next we examine previously adopted
assumptions in describing the density and velocity dispersion profile of the Galactic
disk against a database formed by combining Gaia and APOGEE database, and we
conclude that the traditional analytical methods of interpreting and modeling the
stellar kinematics within such data sets are no longer adequate. A similar chemo-
dynamical exploration can be applied to nearby galaxies — including dwarf galaxies
— and we do so in the case of the Large Magellanic Cloud (LMC). Here we discover
the existence of a kinematically and chemically distinct population of stars at the
southern edge of the LMC. The discovered population has patterns consistent with

an origin deriving from an interaction between the LMC, the Small Magellanic Cloud,



v

and the Milky Way. Lastly, we present a novel deep learning technique, contrastive
self-supervised learning, applied to mitigate the lack of annotated training set in many
astrophysically interesting problems. The pre-trained deep learning model exhibits
a strong zero-shot learning capability and has great accuracy after fine-tuning when
applied to the problem of searching for white dwarf - main sequence binaries within
a large survey database of optical stellar spectra. The research areas covered in this
dissertation serve as demonstrations of recent progress gained by the application of

new approaches applied to large-scale astronomical survey data.
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Chapter 1

Introduction

1.1 Astronomy and Sky Surveys

Ever since the beginning of their field of study, astronomers have relied on large-scale
sky surveys, targeting either a large number of a pre-selected type of celestial object
of interest (e.g., stars, galaxies, etc.), or all objects down to a certain brightness
level. In modern surveys, the observed results are then usually processed through a
dedicated data processing pipeline and typically released publicly after a period of
proprietary access. Because astronomers cannot run laboratory experiments under
controlled conditions, a practice common in many fields of natural science, to probe
many astrophysically interesting problems, an alternative approach must be adopted.
One is to gather as much data as possible from the universe to maximize the coverage
of parameter space related to a specific problem or class of target and then apply
statistical and modeling techniques to ascertain the astrophysical processes behind

the observed phenomenon.

With recent advances in computing power, data mining in sky surveys is getting
more popular and much progress in astronomy wouldn’t have been possible with-
out extensive data mining of large databases from these sky surveys. For example,
many supernovae were discovered through sky survey programs, such as the All Sky

Automated Survey for SuperNovae (ASAS-SN, Kochanek et al. 2017), and the re-



sults of these programs have revolutionized our understanding of cosmology. Grav-
itational wave detection also relies heavily on continuous monitoring of the sky for
signals and fast follow-up observations from other telescopes and observatories for
multi-messenger astronomy. Exoplanet detection through transit searching also re-
quires the monitoring of thousands of stars through programs such as was done by
NASA'’s Kepler mission (Borucki et al. 2010), the Transiting Exoplanet Survey Satel-
lite (TESS, Ricker et al. 2015) and the CoROT Mission (Auvergne et al. 2009). The
various generations of the Sloan Digital Sky Survey (SDSS, York et al. 2000), each
composed of multiple dedicated sky surveys, such as the Baryon Oscillation Spectro-
scopic Survey (BOSS, Dawson et al. 2013) and the Apache Point Observatory Galactic
Evolution Experiment (APOGEE, Majewski et al. 2017), have enabled great strides
in the understanding of stellar populations, galaxy formation and evolution, large
scale structure, and our own Milky Way galaxy. The large amount of data available
enables the proposing and testing of astrophysical models of increasing complexity

with the elevated statistical power.

1.2 Bigger Data, Better Astronomy: The History,
Present, and Future of Chemo-dynamical Stud-

ies in (Galactic Astronomy

In Galactic astronomy, it has always been beneficial to combine stellar kinemati-
cal/dynamical properties with chemical abundance information to perform what is
known as a chemo-dynamical study, with chemical abundances often serving as a

proxy for stellar population ages. Reviews of the field (e.g., Majewski 1993; Freeman



and Bland-Hawthorn 2002) typically attribute the first attempt at a systematic and
comprehensive (in terms of spanning multiple stellar populations) chemo-dynamical
study to Eggen et al. (1962), who found correlations between stellar metallicity and
derived kinematical properties such as orbital eccentricity and maximum distance a
star attains from the Galactic plane in a sample of 221 stars; from these sweeping
correlations Eggen et al. hypothesized that various stellar populations of the Galaxy
(namely the halo followed by the disk) formed during the collapse and spin-up of a
protogalactic cloud during which time star formation and chemical enrichment pro-
ceeded. It was later realized that the Eggen et al. catalogue was significantly affected
by survey bias, as explained at length by Mihalas and Binney (1981). Subsequent
chemo-dynamical studies of globular clusters (Searle and Zinn 1978) and field halo
stars (e.g., Marquez and Schuster 1994) challenged this proposed model of formation.
Instead an alternative “bottom up” model, where the Milky Way galaxy formed via
hierarchical aggregation of smaller elements and dynamically coherent debris of such
events can still be found in the stellar halo today as tidal streams, was proposed and
is now accepted as the consensus as multiple stellar streams were discovered around
both the Milky Way (e.g., Majewski et al. 2003) and other galaxies (e.g., Tyson et al.
1998; Calcéaneo-Roldan et al. 2000).

Despite these advances in arriving at the modern, more accepted model of galaxy
formation, parallaxes and proper motions of distant stars are difficult to measure ac-
curately using the primitive technology that was available in the 1970s and 80s, which
severely limited the amount of high quality stellar kinematical data available. On the
other hand, the increased volume of sky imaging data available allowed for improved
star count studies, which can be done solely with reasonable quality photometric

data. For example, Gilmore and Reid (1983) confirmed the existence of the previ-



ously proposed but somewhat elusive “Intermediate Population I1” by performing a
star count study in a dataset of about 12,500 stars at the Southern Galactic Pole,
and for this “thick disk” measured a vertical scale height of about 1350 pc. After the
year 2000, with the improvement in CCD and multi-band photometry, the estimation
of metallicities and parallaxes from photometry improved dramatically in quantity
and quality (e.g., Ivezi¢ et al. 2012). In an early CCD-based starcount study, Siegel
et al. (2002), using a database of 130,000 stars, concluded that the thin disk has a
scaleheight of 290-350 pc while the thick disk has a scaleheight of 700-1200 pc. Only
6 years later, Juri¢ et al. (2008), using almost 46 million stars from SDSS, pinpointed
the thin disk scale height to 300 pc and that of the thick disk to 900 pc — consensus

values still adopted in the Galactic astronomy community today.

Apart from improvements in photometry, huge improvments in astrometry and spec-
troscopy were also enabled by technological progress. High resolution stellar spec-
tra gives Galactic astronomers access to accurate measurements of radial velocity.
Combined with more accurate measurement of parallax and proper motion through
space-based astrometry satellites — Hipparcos (Perryman et al. 1997) and much later
Gaia (Gaia Collaboration et al. 2016a) — full 6-D phase space investigations of large
parts of the Milky Way are finally a reality, enabling evermore detailed investigations
of the dynamics of individual stellar populations. For example, investigations of the
thin disk velocity dispersion profiles by Norris and Ryan (1989) and Edvardsson et al.
(1993) yielded relatively low velocity dispersions consistent with theoretical predic-
tions (Cuddeford and Amendt 1992) favored at the time. However, such attempts
for the thick disk would not be accomplished with reasonable accuracy until Pasetto
et al. (2012a) using RAdial Velocity Experiment (RAVE) data. The result revealed

that the thick disk population can be adequately described by an isothermal popu-



lation, but similar investigations into the thin disk are very limited radially (Pasetto
et al. 2012b; Piffl et al. 2014; Sanders and Binney 2015). Self-consistent dynamical
modelling of the Galaxy with the Jeans and Poisson equations were attempted in
Bienayme et al. (1987), but this attempt was very limited in survey volume, even
though the result was not far from modern day consensus prescriptions. Meanwhile,
Binney (2012a) argued that action-angle phase space would prove to be more useful in
dynamical modelling than the position-velocity phase space. Many subsequent stud-
ies have followed this approach (e.g., Binney 2012b; Piffl et al. 2014), but with recent
advancements in numerical simulations, many studies are also shifting to comparison
with mock catalogues generated from galaxy or cosmological scale hydrodynamical
simulations, such as the Auriga Gaia mock catalogue (Grand et al. 2018). As another
example, the FIRE-2 catalogue has been used to investigate the evolution of stellar

streams (Panithanpaisal and Sanderson 2023).

Progress in technology also allows for high resolution stellar spectra to be acquired
en masse. While the existence of different stellar populations has been known for
decades, spatial, metallicity, and kinematics overlap of stellar populations made it
difficult to separate them using only one of thee criteria. Pioneering work that showed
that one can use multi-elemental chemistry featuring a/Fe ratios to distinguish the
thin and thick disk stars started to appear around the year 2000. Fuhrmann (1998)
established difference patterns in [Mg/Fe|-[Fe/H] space for thin and thick disk stars
with a total of around 50 stars having high resolution stellar spectra, while Bensby
et al. (2003) pointed out a similar distinction in [O/Fe]-[Fe/H] space with around
70 stellar spectra. Reddy et al. (2006) analyzed 22 elements of around 130 stars
with high resolution spectra and found that different elements might give completely

different trends, with a-elements showing enhancement in thick disk stars while other



elements show enhancement in Fe or no enhancement at all. More recently, with
APOGEE surveying hundreds of thousands of red giant stars, even more distinct
chemical signatures of the thick disk have been discovered. Masseron and Gilmore
(2015) revealed adding [C/N] onto the commonly used [o/Fe]-[Fe/H] chemical space
gives better separation of the thin and thick disk, and Hawkins et al. (2015) argued

for more elements to be included in the separation criteria for even better accuracy.

In recent years, chemical studies of the thin and thick disk have been extended beyond
the confines of the solar neighborhood (e.g., Hayden et al. 2014; Hayden et al. 2015;
Hayden et al. 2020). Spatial variations in the well-known metallicity-age relation were
discovered in Feuillet et al. (2019), and various mono-abundance population studies
(e.g., Lian et al. 2022; Eilers et al. 2022), where the sample is further refined into
smaller sub-populations in chemical spaces, have started to explore sub-population
density profiles and kinematics. The combination of datasets has also extended be-
yond the practice of simply joining large databases of kinematics and chemistry. For
example, the APOKASC (Pinsonneault et al. 2014; Pinsonneault et al. 2018) and
later APO-K2 catalogue (Schonhut-Stasik et al. 2024), assembled from the spectro-
scopic observations of APOGEE and the asteroseismology data from the Kepler and
K2 missions, consist of highly accurate measurements of stellar kinematics, chemistry,

mass, radius, and age.



1.3 Bigger Data, Better Mining: The Rise of Ma-
chine Learning in Astronomy and its Associ-

ated Challenges

The increased volume of data also facilitates the discovery of rare objects. Recent
progress in machine learning and artificial intelligence has enabled the incorporation
of such methods directly in data processing pipelines and the toolboxes of individual
researchers. With the large amount of data available, astronomers have started to ap-
ply machine learning techniques to astronomical data mining, making the previously
laborious tasks of searching for “needle in the hay stack” sources fully automated,
achieving a speed and scope that cannot be matched by humans. Automated ma-
chine learning pipelines incorporated in data processing steps of sky surveys have been
proven successful in the search for supernovae by quickly identifying potential candi-
dates in near-real time (Masci et al. 2019), searching for strong and weak gravitational
lensing by image analysis (Jacobs et al. 2017; Abbott et al. 2018), and helping provide
constraints on galactic dynamics through the discovery of stellar streams (Shih et al.
2022). Neural networks are seeing increasing adoption and application in astronomy,
given their versatility, the existence of well-established Python frameworks for coding
them, and the proliferation of high performance computing hardware in recent years.
For example, ESA’s Gaia mission (Gaia Collaboration et al. 2016a) uses an artifi-
cial neural network to estimate stellar parameters and chemical abundances from the
combined Radial Velocity Spectrometer (RVS) spectra, forming the backbone of the
General Stellar Parametrizer from spectroscopy (GSP-spec, Recio-Blanco et al. 2023)

pipeline.



Nevertheless, a few issues have been identified in the application of machine learning in
astronomy. Physics models with analytical solutions are rare and often too simplified
to deal with many statistically significant fine patterns and structures in the observed
data. While complex machine learning systems are versatile, they are often brittle and
display a lack of ability to generalize. Extrapolation outside the training set coverage
and /or low signal-to-noise regime is sometimes more than enough to produce unusable
results from a machine learning model even though high accuracy was observed within
the testing set. The training of complex machine learning systems often requires a
large annotated training set. While sky surveys can produce a lot of data, finding
enough objects of interest to assemble a training set can still be a very hard task
to accomplish, either requiring significant computing time or nearly impossible to
automate at all. Citizen science programs, such as Galaxy Zoo 2 (Willett et al. 2013)
and Gravity Spy (Zevin et al. 2017), have been employed in the past to mitigate this
problem, but such programs require the development of dedicated graphical interfaces
and back-end systems to present data and record responses, can result in biases if the
participants are not properly trained, and often require collaboration with commercial
companies (the most famous example being EVE Online Project Discovery, Sullivan
et al. 2018) to guarantee a large enough audience to reduce individual biases and

finish the task in a reasonable amount of time.

1.4 Summary of Dissertation

In this thesis, I will be presenting several discoveries enabled by the increased amount
of data provided by the sky surveys Gaia and APOGEE in the context of Galactic

and extra-galactic astronomy. In Chapter 2, I will present a characterization of the



Galactic warp using the phase space and chemical information of millions of stars
provided by Gaia and APOGEE, and our physics modeling attempts that included
previously ignored radial velocity terms. In Chapter 3, I will illustrate the failure
of the traditional Jeans equation approaches to described the surface mass density
of the Milky Way disk and argue for more complex modeling and comparison meth-
ods to understand the Milky Way Galaxy, especially for stellar populations and dark
matter near the disk. In Chapter 4, I will present the discovery of a kinematically
distinct population in the Large Magellanic Cloud and some insights gathered from
the thousands of stars in the LMC/SMC region from Gaia. We proposed one likely
cause of this particular kinematics pattern is warping of the LMC disk due to inter-
action with SMC and/or MW. Lastly in Chapter 5, I will present a novel approach
to training complex deep learning systems without an extensive annotated training
set, how to preserve generalization of the deep learning model to even extrapolate on
never-before-seen data, and the application of this approach on the search for white

dwarf-M dwarf binary systems with stellar spectra.
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Chapter 2

Exploring the Galactic Warp
Through Asymmetries in the

Kinematics of the Galactic Disk

This chapter was originally published as Cheng et al. (2020).

2.1 Introduction

Disk warps are common features of spiral galaxies (Bosma 1978; Binney 1992), and
the presence of a warp in the outer Milky Way disk has been long-established, as
seen in its H I (e.g., Kerr 1957; Westerhout 1957; Weaver 1974; Levine et al. 2006;
Voskes and Butler Burton 2006), dust (Freudenreich et al. 1994), star-forming regions
(Wouterloot et al. 1990) and stellar disk components (e.g., Amores et al. 2017, and
references therein). The ubiquity of warps suggests that they are either repeatedly

regenerated or long-lived phenomena in the lives of galaxy disks (Sellwood 2013).

While the origin of the Galactic warp still invites controversy, the fact that the stellar
warp follows the same topology as the gaseous one is evidence that the warp is grav-

itationally induced (e.g., Miyamoto et al. 1988; Drimmel et al. 2000). Interactions
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with massive satellite galaxies can also affect the outskirts of galaxy disks, where the
most likely candidates to create a warped outer disk in the Milky Way are the Sagit-
tarius (Sgr) dwarf spheroidal (dSph) galaxy (Ibata and Razoumov 1998; Laporte et al.
2019), and the Magellanic Clouds (Weinberg and Blitz 2006; Garavito-Camargo et al.
2019). External torques on galaxy disks have also been identified with the accretion
of intergalactic matter (Ostriker and Binney 1989; Wang et al. 2020), intergalactic
magnetic fields (Battaner et al. 1990; Guijarro et al. 2010) and mis-aligned dark halos
(Sparke and Casertano 1988; Widrow et al. 2014; Amores et al. 2017). Moreover, disk
instability has also been attributed to the cause of the warp. For instance, Chen et al.
(2019) probed line-of-node twisting of the Galactic warp with classical Cepheids and
suggested that the warp originated from the torques from the massive inner Galactic

disk.

While the origin of the Galactic warp understandably remains a complex puzzle,
simply defining the geometry of the warp is a problem that is also far from resolved,
with a variety of potential models posited for its shape (Romero-Gémez et al. 2019).
Even something as seemingly straightforward as the radius of the onset of the Galactic
warp is still under debate. For example, Drimmel and Spergel (2001) found the onset
of the warp to lie ~ 1 kpc inside the solar circle using a three-dimensional model for
the Milky Way fitted to the far-infrared (FIR) and near-infrared (NIR) data from
the COBE/DIRBE instrument, a result supported by Huang et al. (2018) using stars
from TGAS-LAMOST. Schonrich and Dehnen (2018), using Tycho- Gaia Astrometric
Solutions (TGAS) data set, also claimed that the warp begins inside the solar circle.
On the other hand, population synthesis models from Derriere and Robin (2001) and
Reylé et al. (2009) placed the onset of the Galactic warp at or outside the solar circle

(see also Romero-Gémez et al. 2019, discussed further below).
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In addition, the precession rate of Galactic warp is also unsettled. Drimmel et al.
(2000) claimed that the warp is precessing rapidly (about 25 km s~ kpc™') in the
direction of Galactic rotation, though the authors also acknowledge that the biased
photometric distance caused the observed vertical motion to be smaller than their
true values, mimicking the signal of precession. On the other hand, Bobylev (2010)
analyzed the three-dimensional kinematics of about 82,000 Tycho-2 stars belonging
to the red giant clump (RGC), and claimed that no significant precession of the warp
is detected in the solar neighborhood. Most recently, Poggio et al. (2020) applied
the precessing warp model from Drimmel et al. (2000) to Gaia DR2 data with warp
starting radius, height and shape (R,,, h, and «) fixed to values in previous studies,
and report that the warp is precessing at 10.46 km s~ kpc™!, i.e., roughly half
the rate found by Drimmel et al. Yet still more complicated are the definition of
warp parameter dependencies as a function of stellar ages, which may bear on the
evolution of the warp or on the relative responses of different stellar populations to
perturbations. For example, Amores et al. (2017), using 2-Micron All Sky Survey
(2MASS; Skrutskie et al. 2006) data and the Besancon Galaxy Model (Czekaj et
al. 2014), identified a clear dependence of the thin disc scale length as well as the
warp and flare shapes with age. Meanwhile, the recent availability of enormous
samples of Milky Way stars with precise 3-D kinematics coming from the second
data release of Gaia (Gaia DR2; Gaia Collaboration et al. 2018a) has enabled much
more comprehensive analyses of Galaxy dynamics over large ranges of Galactocentric
radius, with the added means to estimate ages for field stars, and with much greater
statistical robustness for both. For instance, Poggio et al. (2018) using a combined
sample of Gaia DR2 and 2MASS photometry found the presence of a warp signal in
two stellar samples having different typical ages, and suggested that this means the

warp is a gravitationally induced phenomenon. Shortly thereafter, Romero-Gémez
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et al. (2019) used two populations of different ages — young (OB-type) stars and
intermediate-old age (red giant branch, RGB) stars — selected from Gaia DR2 and
reported different onset radii for the Galactic warp for each, namely 12-13 kpc for the
young sample versus 10-11 kpc for the older sample. These authors also report that
the older sample reveals a slightly lopsided warp, i.e., the warp is not symmetric in

shape about the plane, with a possibly twisted line of nodes.

One of the significant outcomes of this new capability in Galactic astronomy is the
mapping of stellar motions — and asymmetries in those motions — across the Milky
Way disk (e.g., Kawata et al. 2018; Poggio et al. 2018; Lopez-Corredoira et al. 2020).
Such kinematical asymmetries would be expected in the presence of a warp, but
they can also explain smaller-scale features. For example, Bennett and Bovy (2019)
and Carrillo et al. (2019) each reported a combination of bending and breathing
modes using stellar kinematics derived from Gaia astrometry, and confirmed that the
Galactic disk is undergoing a wave-like oscillation with a dynamically perturbed local

vertical structure within the solar neighborhood.

Such oscillatory motions may also explain various low latitude substructures that
reside in the outer Galactic disk, like the Monoceros ring (Newberg et al. 2002),
Triangulum-Andromeda (TriAnd) (Rocha-Pinto et al. 2004; Majewski et al. 2004),
A13 (Sharma et al. 2010; Li et al. 2017) and other ring-like overdensities (Penarrubia
et al. 2005), whose origins have long been debated. For example, Monoceros and
TriAnd were originally thought to be low-latitude tidal debris from dwarf galaxies
(Chou et al. 2010; Sollima et al. 2011; Sheffield et al. 2014). However, there is now
mounting chemical and kinematical evidence that some of these overdensities belong
to the disk of the Milky Way (Bergemann et al. 2018; Hayes et al. 2018; Sales Silva

et al. 2019) and represent concentrations of stars at the crests or troughs of ripple-like



14

density waves in the Galactic disk or vertical oscillations of the Milky Way midplane at
large Galactocentric radii that are excited by orbiting dwarf galaxies (e.g., Kazantzidis
et al. 2008; Newberg and Xu 2017; Laporte et al. 2018; Bland-Hawthorn et al. 2019).
If these overdensities are related with the local vertical structure of the Milky Way
disk, they may therefore provide further constraining power on the source of these

perturbations.

In this study we use Gaia DR2 and APOGEE together with the StarHorse distance
solutions (Anders et al. 2019) to explore vertical and radial velocity patterns and
structures in the kinematics of the Galactic disk and to use these features to charac-
terize the onset radius and precession rate of the warp. In Section 2.2, we describe
the sources of our data, the distances adopted and conversion to the Galactocentric
reference frame. In Section 2.3, we present several detected kinematical signatures
in vertical and radial velocity, and in Section 2.4 we apply a simple model, based on
the Jeans Equation, to characterize these findings. In Section 2.5, we compare the
responses to the galactic warp in four different age populations. In Section 2.6, we
present the main conclusions from our analysis and outline prospects for building on

the present work.

2.2 Data

The data in this paper come primarily from Gaia DR2 (Gaia Collaboration et al.
2016a; Gaia Collaboration et al. 2018a) and the Apache Point Observatory Galactic
Evolution Experiment (APOGEE & APOGEE-2, Majewski et al. 2017), part of SDSS-
IIT (Eisenstein et al. 2011) and SDSS-IV (Blanton et al. 2017). We use these two

primary sources to generate two different data-sets for our analysis of the Galactic
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warp.

The first data-set uses information for the 7,224,631 stars down to G ~ 13 for which
Gaia DR2 provides full 6-dimensional phase space coordinates: positions (a, d), par-
allaxes (w), proper motions (uf = fi,c080, us), and radial line-of-sight velocities
(vies) (Cropper et al. 2018). From that catalog, stars with suspect photometry and
stars where the v, measurement is based on fewer than four Gaia transits are re-
moved. In addition, we decontaminate our sample of stars from the Large Magellanic
Cloud (LMC) and Small Magellanic Cloud (SMC) by removing any sources within 5

degrees of the center of these systems.

Our second data-set is smaller, combining the proper motion, parallax and photo-
metric information from Gaia DR2 with the chemical and radial velocity information
from the latest public release of data from the APOGEE-2 survey, as contained in
Sloan Digital Sky Survey (SDSS) Data Release 16 (DR16 Ahumada et al. 2020).
DRI16 contains high resolution spectroscopic observations from both the Northern
and Southern Hemispheres taken with the twin APOGEE instruments (Wilson et
al. 2019) on the Sloan 2.5-m (Gunn et al. 2006) and the du Pont 2.5-m (Bowen
and Vaughan 1973) telescopes, respectively. Individual stellar atmospheric parame-
ters and chemical abundances are derived from the APOGEE Stellar Parameter and
Chemical Abundance Pipeline (ASPCAP, Garcia Pérez et al. 2016). For SDSS DRI16,
ASPCAP has been updated to use a grid of MARCS stellar atmospheres and a H-
band line list (Jonsson et al. 2020; Smith et al. 2021), all of which are are used to
generate a grid of synthetic spectra against which are compared the target spectra to
find the best match (e.g., Zamora et al. 2015). From the full APOGEE sample we re-
quire all sources to have the APOGEE TARFLAG and \verb ACAPFLAG set to “0”

and to have an effective temperature between 3700K and 5500K. A further restriction



[Mg/Fe]
|_|
S
Number of Stars

=
o
o

Figure 2.1: The [Mg/Fe]-[Fe/H] chemical plane from APOGEE DRI16, from which we
define our thin disk selection for our analysis. The colorbar represents the number of
stars in each chemical bin (with yellow representing the highest density) and is on a
logarithmic scale. Our thin disk selection is defined very conservatively by the solid
line.

in [Fe/H] and [Mg/Fe|] was made to only keep stars having chemistry characteristic
of stars in the thin disk (see e.g. Bensby et al. 2014; Hayes et al. 2018), as illustrated
and defined in Figure 2.1. The adopted thin disk selection criterion is defined very

conservatively, to limit contamination by non-thin-disk stars.

In this study we use distances derived through Bayesian inference using the StarHorse
code (Queiroz et al. 2018). StarHorse combines precise parallaxes and optical pho-
tometry delivered by Gaia DR2 with the photometric catalogues of Pan-STARRSI1
(Chambers et al. 2016), 2MASS (Skrutskie et al. 2006), and AIUWISE (Wright et al.
2010), aided by the use of informative Galactic priors (Santiago et al. 2016; Queiroz

et al. 2018). For the APOGEE data-set we use the StarHorse distances and extinc-
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Figure 2.2: The spatial distributions of the Gaia (left) and Gaic-APOGEE (right)
data-sets used in this paper, in Galactocentric coordinates. Each pixel represents
0.25 x 0.25 kpc®. The top panel shows the Xgo-Yae projection onto the Galactic
plane, while the lower panels show projections onto the Xgo-Zge plane. Similar
plots are seen in Anders et al. (2019) and Queiroz et al. (2020).
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tions from the APOGEE-2 DR16 StarHorse Value Added Catalog (Queiroz et al.
2020). The latter combines high-resolution spectroscopic data from APOGEE DR16
with the broad-band photometric data from the above sources and the Gaia DR2
parallaxes. Following the recommendation in Queiroz et al. (2020), we adopt the
combination of SH_GATIAFLAG=="000" and SH_OUTFLAG=="00000" to filter out stars
that have a problematic Gaia photometric or astrometric solution or a troublesome

StarHorse data reduction.

The mean distance uncertainties for stars in our Gaia /Gaic-APOGEE samples is
0.24/0.42 kpc, and the mean relative uncertainties of distance are ~ 8/10%. The
mean uncertainty for the proper motions are 0.06/0.06 mas yr—! for each the right
ascension (RA) and declination (Dec) directions. Meanwhile, the mean uncertainties
for the radial velocities are 1.69 km s~! for those coming from Gaia , and 0.21 km s~*

for those from APOGEE. The total number of stars in the Gaia and Gaiac—APOGEE

data-sets are 5,460,265 and 179,571, respectively.

The Galactocentric coordinate system adopted in this paper is right-handed, with the
Sun at (X,Y,7) = (—8.12,0,0.02) kpc (Gravity Collaboration et al. 2018a; Bennett
and Bovy 2019), a Local Standard of Rest (LSR) velocity Visr = 233.4 km s~ (Reid
and Brunthaler 2004; Gravity Collaboration et al. 2018a), and a solar velocity rela-
tive to the LSR of Vg = (12.9,12.24,7.78) km s~! (Drimmel and Poggio 2018). Note
that in this adopted Galactocentric Cartesian coordinate system, Galactic rotation
converts to a negative azimuthal velocity (v,s) when expressed in cylindrical coordi-
nates. For this reason, in many of the figures presented below, we adopt — L, for the

abscissa.

Under this coordinate system, the spatial distribution of stars in our samples is shown

in Figure 2.2. As may be seen, both of our samples have kinematical information
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extending to ~10 kpc from the Sun, although most of the stars are concentrated in
the disk, within Z = 43 kpc of the Galactic plane. The presence of the Galactic bar
and bulge starts becoming evident at X < —4 kpc. The presence of the Galactic bar
and bulge starts becoming evident at X < —4 kpc in our data, as already reported by
Anders et al. (2019) and Queiroz et al. (2020) using the StarHorse distance solution.
As expected, the all-sky Gaia sample is more smoothly and completely distributed,
while the Gaiac-APOGEE sample shows the pencil-beam spikes corresponding to the
field-by-field coverage of the APOGEE and APOGEE-2 surveys, as well as the more
limited coverage in the Southern Hemisphere, where APOGEE only began observing
more recently in APOGEE-2.

2.3 Kinematical Structures and Patterns

2.3.1 The General Trend and Ripples in Vertical Velocity

The warp and its kinematical signature are expected to be more prominent towards
the Galactic anticenter and evident by large-scale systemic stellar motions perpen-
dicular to the plane (e.g., Binney 1992; Drimmel et al. 2000). Our Gaia and Gaia—
APOGEE samples, in combination with the StarHorse distances, allow us to charac-
terize the stellar vertical motion over a large range of Galactocentric radius, where
we are able to explore to Rgec ~ 18 kpce. Here we study the kinematical signature
of the Galactic warp in our two stellar samples, specifically by exploring the vertical
velocity v, in the disk as a function of angular momentum (L,) and Galactocentric
radius (R), as was done previously by Schonrich and Dehnen (2018) and Huang et al.

(2018). In addition, we look for any azimuthal asymmetries in these trends.
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Figure 2.3: The vertical velocity (V) versus angular momentum (L,) for the Gaia
(top) and Gaia-APOGEE thin disk (middle) and thick disk (bottom) samples. Stars
are sequentially grouped into 2000-star bins for the Gaia sample, 1000-star bins for
the Gaia-APOGEE thin disk sample, and 500-star bins for the Gaia-APOGEE thick
disk sample (however, so that they would not be hindered by small sample size, the
bins at largest L, contain 2265 stars for the Gaia dataset, 1571 stars for the Gaia-
APOGEE thin disk dataset and 526 stars for the thick disk dataset). Each data point
represents the median angular momentum and median vertical velocity (‘Z) for stars
in that bin. Error bars represent the uncertainty of the median values, estimated
through bootstrapping (see text). The solid red lines are smoothed trends to help
visualize the data better. The dashed vertical lines indicate the angular momentum
of spiral arms — see discussion of the potential origin of the observed V, ripples in
Section 3.1.
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Figure 2.4: The same as in Figure 2.3, but now showing the vertical velocity (v,)
shown as a function of Galactocentric radius (R), with stars sorted and binned se-
quentially in R. As in Figure 2.3, the trend in the Gaia sample (top panel) is well-
matched by the Gaie-APOGEE thin disk sample (middle panel), but not the thick
disk sample (bottom panel).
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Figure 2.3 shows the run of v, with L,, for the Gaia data-set (in the left panel), and
the chemically selected thin disk stars from the Gaia—~APOGEE sample (in the right
panel). Stars in Figure 2.3 are sorted and binned by angular momentum, with each
point representing 2000 stars for the former data-set, and because the parent sample
is smaller, each point representing 1000 stars for the Gaia—APOGEE sample. The
error bars represent the uncertainty of the median value, which have been estimated
through bootstrapping: 1000 subsamples containing 80% of the stars in each bin were
randomly drawn and the standard deviation of the median of these subsamples were

taken as error of the median.

The trend of the Gaia sample (top panel of Figure 2.3) strongly resembles that of the
Gaia-APOGEE sample (middle panel). Because the latter was deliberately chosen
via chemistry (Figure 2.1) to select thin disk stars, we can conclude that the features
shown in the larger Gaia sample are driven by thin disk stars. This conclusion is
reinforced by the trend of the thick disk stars (bottom panel), which doesn’t at all

resemble the trend of the Gaza stars.

Figure 2.3 shows that over a large range of L, the overall mean vertical velocity

1

increases with L., starting at —2 km s™! and peaking at around +6 km s~!. This

velocity increase is more pronounced for values larger than L, > 1800 kpc km s~*
and continues until L, ~ 2800 kpc km s™!, after which 0, sharply declines. A gen-
eral increasing trend of v, with L, was also noted by Schoénrich and Dehnen (2018)
and Huang et al. (2018). However, while these previous studies reported that the
correlation between v, and L, can be approximated by a rising linear fit over their
entire sample, our more extensive radial coverage of disk kinematics reveals that the

increasing trend is limited to L, < 1800 kpc km s™!, beyond which v, actually de-

clines. We believe that this entire global trend in v, is the signature of the Galactic
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warp, and we further characterize it and model it as such in Section 2.4.

Figure 2.3 also reveals, superposed on top of this general trend, higher frequency,
wave-like ripples in v, as a function of L,. The source of these v, ripples is more
elusive (and will be explored after examination of similar trends in radial velocity,
discussed in Section 2.3.2). However, these ripples are less prominent in the vertical
velocity versus Galactocentric radius plot (Figure 2.4): Although the general trend of
vertical velocity first increasing and then decreasing as Galactocentric radius increases
is still evident, the ripples, especially those at solar radius, are smeared out in this
representation. We argue that the reason the ripples are present in Figure 2.3 but not
Figure 2.4 is because angular momentum is conserved for stars but for a given present-
day radius, you have a mix of stars at different phases in their orbits. Therefore,
after stars have made a few revolutions around the Galactic center, any initial spatial
patterns would smear out when binned in Galactocentric radius, even while L, is

preserved.

An asymmetry in the Galactic H T warp has been extensively studied (Burke 1957;
Baldwin et al. 1980; Henderson et al. 1982; Richter and Sancisi 1994), but whether
there is a similar effect on the stellar disk is less understood. Recently, Romero-
Gomez et al. (2019) reported asymmetry in the mean vertical distance of the stars
from the Galactic plane about the warp line of nodes at ¢ &~ 180°, with the warp-down
amplitude (at ¢ = 180°) being larger than the warp-up amplitude (at ¢ < 180°), i.e.,
that the warp is lop-sided. Such differences in the amplitude of the spatial distribution
may correlate to an asymmetry in the azimuthal variation of vertical velocity between
the up and down sides of the warp. Furthermore, previous research also probed the
possibility that the peak maximum vertical velocity is not in the anti-center direction

(Yusifov 2004; Skowron et al. 2019; Li et al. 2020).
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Figure 2.5: The vertical velocity versus Galactocentric azimuthal angle for the Gaia
sample. The binning size is different for each radial bin: 20 000 stars/bin, 20 000
stars/bin, 10 000 stars/bin , 6000 stars/bin and 1500 stars/bin. The character of the
trends for different radial annuli do not track one another; in particular, the rates of
increase and decrease of v, and the ¢ of maximum v,. These variations suggest that
the warp may be lopsided.
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Figure 2.6: The vertical velocity differences between stars at ¢ < ¢peqar and ¢ > @pear

versus Galactocentric azimuthal angular separation from ¢, for the Gaia sample.

Stars are binned in 5° bins. @peqr is determined through binning the stars with 10°
bins and finding the bin with maximum vertical velocity.
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To verify these presumptions, we plot the median vertical velocity as a function
of Galactocentric azimuth angle, ¢, for different radial annuli in Figure 2.5. At
Galactocentric radii around the solar neighborhood, we see that the vertical velocity
is relatively constant as a function of azimuthal angle; but at larger radii, we begin to
see substantial differences in the vertical velocities at different azimuths. In particular,
the vertical velocity first increases as ¢ increases, reaches a maximum vertical velocity
peak or plateau around ¢ =~ 170°, and then decreases with increasing ¢. Furthermore,
the increasing and decreasing slopes of the vertical velocity with ¢ appear to be
asymmetric about this peak or plateau, with a steeper decline in vertical velocity at
¢ > 170° than the increase at ¢ < 170°. For a warp with an equal warp-up and warp-
down amplitude, the vertical velocity should be symmetric about the longitude of peak
vertical velocity; that this is not seen further indicates that the warp is lop-sided, as
previous studies have identified using the altitude with respect to the Galactic plane
at a given Galactocentric radius (e.g., Marshall et al. 2006; Romero-Gomez et al.

2019).

To illustrate further the kinematical lopsidedness of the Galactic warp, we directly
measure the velocity asymmetry by subtracting the median vertical velocity of stars
on one side of @peqr from its complement on the other side at the same azimuthal
separation for each radial annulus (Figure 2.6), and ¢peq; is estimated within each

radial annulus by using a wider bin (10°) between 160 < ¢ < 200°.

2.3.2 Ripples in Radial Velocity and their Potential Origin

Figure 2.7 and Figure 2.8 show the complementary stellar radial motions with respect

to L, and R, respectively. Here, again, a pattern of ripples is seen, and they are even
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more dramatic, reaching more extreme velocity amplitudes. As was observed with
the v, trends (i.e., Figure 2.3 and Figure 2.4) (a) the trends of the Gaia sample
are best matched by the Gaia-APOGEE thin disk sample rather than the thick disk
sample, and (b) the vg ripples seen when plotted as a function of L, are smeared
out when plotted as a function of Galactocentric radius. Such a kinematical pattern
for vz was also reported for very young OB stars alone when viewed with respect to

Galactocentric radius (Cheng et al. 2019).

Two possible mechanisms have previously been proposed to lead to such observed
ripples. One explanation for these localized features is that they may be related to
spiral arm perturbations, where the mass enhancements associated with spiral density
waves can gravitationally scatter stars (e.g., Jenkins and Binney 1990). To illustrate
the potential connection of these oscillations to spiral arms, in Figure 2.3 we indicate
the angular momentum values of the known Milky Way spiral arms, calculated as
follows: First we take the parameters that characterize these spiral arms from Reid
et al. (2014). Then, a number of equally-spaced points were generated within the
Galactocentric radius and azimuthal angle range of each spiral arm. The standard
rotation curve from Bovy (2015) is assumed and used to calculate the azimuthal
velocity. The angular momentum for each point is then computed and a variety of
statistics (median, standard deviation, min/max values) generated to describe each
spiral arm (see Table 2.1). We also show the L, position corresponding to the Galactic

bar, where we assume a pattern speed of Q = 39.0 km s~ kpc ™' (Portail et al. 2017).

After performing this simple exercise, we find (Figure 2.3) that even though the
nominal Perseus and Outer arms correspond to local maximum of the vertical ripples,
the Scutum, Sgr and Local arms do not. In terms of radial motion (Figure 2.7), there

are many v features that appear to be matched to corresponding v, features at the
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Figure 2.7: The same as in Figure 2.3, but now showing the radial velocity (vg) versus
angular momentum (L) for the Gaia (top), Gaic-APOGEE thin disk (middle), and

Gaiac-APOGEE thick disk (bottom) samples.
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Figure 2.8: The same as in Figure 2.4, but now showing the radial velocity (vg) versus

Galactocentric radius (R).
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Table 2.1: Summary of the vertical angular momentum properties for different known
Milky Way spiral arms, calculated as described in Section 2.3.1. The second and third
columns are the median angular momentum and corresponding standard deviation
for each spiral arm.

Spiral arm L, (kpc km s7™) o, (kpc km s71)

Scutum 1012 202
Sagittarius 1540 85
Local 1945 98
Perseus 2148 191
Outer 2800 225

same L., and some correlations between the L, positions of some ripples and those
characteristic of spiral arms can be seen — in particular, once again, between the
L, ~ 1950 kpc km s~! valley and the Local Spiral Arm and the peak at L, ~ 2150

! with the Perseus Spiral Arm, but in this case no correlation between

kpc km s~
the Outer Spiral Arm and a vy feature is seen. We expect spiral arms to couple
more tightly with the radial motions of stars, making the radial velocity dispersion
significantly greater than the velocity dispersion perpendicular to the plane (e.g.,
Jenkins and Binney 1990; Aumer et al. 2016). However, while most spiral arms
correspond to maximum positive velocity, the local arm is at the point of maximum
negative velocity. It is also apparent that some ripples visible in these figures do
not correlate with known spiral arm patterns, while some spiral arms (in particular,
those at smaller L,) do not match observed ripples. While these discrepancies might
suggest that the ripples are not (or not entirely) generated by spiral arms, such lack of

one-to-one correlation may also reflect shortcomings of the above illustrative exercise

and the many uncertainties and simple assumptions used to generate it.

Another mechanism to produces the ripples that has been proposed is perturbations
of the disk caused by satellite galaxies. It has been suggested that the Galactic disk

oscillates vertically due to radially propagating waves — i.e., bending waves caused
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by the passing of orbiting Milky Way satellites (Hunter and Toomre 1969), such
as the Sagittarius dSph (Ibata and Razoumov 1998; Laporte et al. 2018; Darling
and Widrow 2019). Some success in modeling these features in the stellar disk (but
for more limited empirical mappings of Milky Way features than presented here)
has been shown by Widrow et al. (2014) and Laporte et al. (2019), who invoke a
semi-analytical prescription and N-body simulation of the Sagittarius dwarf galaxy
interacting with the Galactic disk to explain the oscillatory disk star patterns. In both
cases, regardless of the mass of the impactor, changes in vertical velocity on the scale
of 5 km s~! within R < 20 kpc in the anti-center direction are observed, especially in
Laporte et al. (2019), where their model L2 exhibits a strikingly similar overall trend
to that of the observations, with vertical velocity increasing with Galactocentric radius
over 5 < R < 10 kpc to a maximum value ~ 5 km s~!, and then decreasing with

Galacocentric radius over radii 13 < R < 20 kpc.

Meanwhile, in N-body simulations of passages of massive satellite galaxies around a
Milky Way-like disk galaxy, D’Onghia et al. (2016) find an increasing vertical velocity
over 5 < R < 10 kpc and decreasing vertical velocity for 13 < R < 20 kpc, as well as
some smaller ripples within 7 < R < 10 kpc. Ripples in the radial dimension as large
as 20 km s™! have been detected in the D’Onghia et al. (2016) simulations that are

attributable to the Galactic warp itself.

At present, we offer no definitive explanation for the fine structure seen in the kine-
matical trends in Figures 2.3 and 2.7. Like Schonrich and Dehnen (2018), Huang et al.
(2018) and Friske and Schonrich (2019), we point out these high frequency kinemat-
ical features but do not offer a physical model to explain them. On the other hand,
we find that either (or both) the spiral arm and satellite perturbation scenarios seem

viable. For the remainder of the analysis here, we focus on attempting to describe the
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more global trends visible in Figures 2.3-2.8) — in particular, the large scale trends

one might expect to be produced by a large disk warp.

2.4 Modeling the Global Properties of the Observed

Vertical Disk Motions

We can treat stars as a collisionless fluid and apply the first Jeans equation to link
the kinematics of Galactic stars to their number density through the Collisionless
Boltzmann Equation (CBE hereafter) (Jeans 1915; Henon 1982). A simple analytical
model for the Galactic warp can be derived using the CBE (e.g., Equation 11 in
Drimmel et al. 2000), after adopting several simplifying assumptions. Here we follow
the Drimmel et al. (2000) approach, but without making as many simplifications.
For example, Drimmel et al. assume there are no net radial motions, i.e., vg = 0.
However, our datasets binned in vertical angular momentum, L., and Galactocentric
radius, R (see Figure 2.7 and Figure 2.8, respectively), show an even larger velocity
range in the radial direction (from —5 to 7 km s7') than in the vertical direction
(from —4 to 4 km s™!) at R > 6 kpc. Therefore, we build a similar model to that of
Drimmel et al. (2000), but one that accounts for a non-zero radial motion, vg. While
our model attempts to take another step in degree of sophistication, it is still very
simple and does not capture all of the possible physics. In particular, it does not

include warp lopsidedness.

The essence of the model is to treat the Galactic warp as a perturbation in the Milky
Way disk. For an unperturbed (non-warped) disk, one can assume perfect axisym-

metry for simplicity, eliminating the dependence of the unperturbed parameters on
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Galactocentric azimuthal angle, ¢. Moreover, one can assume that the unperturbed
number density is a separable function with respect to Galactocentric radius R and

distance from the Galactic plane z:

n(R, z) = f(R)g(2) (2.1)

In this circumstance, the addition of a Galactic warp perturbation would only have an
effect on the vertical direction. Namely, stars that reside at a given position (R, ¢, z)
are deviated by zo(R, ¢,t). Therefore, the perturbed number density of stars can be

written as

n'(R,¢,z) =n(R,z — 29) = f(R)g(z — 20) (2.2)

Accounting for the warp, according to Drimmel et al. (2000), one could write zy as

20 = h(R) sin(¢ — ¢u + wyt) (2.3)

where h(R) is the deviation from the Galactic mid-plane at a given Galactocentric
radius R, ¢ is the Galactocentric azimuthal angle, ¢,, is the line of nodes at present
day (¢t = 0) — i.e., where there is no vertical displacement (29 = 0) — and w, is the

precession rate of the warp.

An analytical form of h(R) is given in Drimmel et al. (2000), but Romero-Gémez
et al. (2019) pointed out that a model with an ending radius of the Galactic warp
and flexible exponents in A(R) would reproduce observed kinematical patterns better.

Thus, we adopt a new analytical form of A(R) by merging the models from these two
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above-mentioned sources:

0 R< Ry

h(R) = (R — Ry)° R < R< R, (2.4)

Rz

hRy) + 9| p_p,(R— Ry) R> Ry

where R is the starting radius of the warp, R is the ending radius of the warp, R,
is a scale factor for the warp height, and the exponent « characterizes the shape of

the warp. We can write the first Jeans Equation in cylindrical coordinates as

on'  O(nTR) 10T O(n'Tm)
St on th e toa O (2.5)

However, because vy is not perturbed by the warp, one can still apply the axisym-

81}¢ _

metric condition, so that %

= 0. We also adopted the assumption 8”2 = 0 made by
Drimmel et al. (2000) for simplicity. After using the product rule of derivatives and

applying the above assumptions, one finds

72— (G + wp)(R) cos(6 — D+ ) —

dh d
O g7z $in(6 = b + )| F(R)
+URdR g(z — h(R)sin(¢p — ¢, + wpt)) +
aUR ’
S =0 (2.6)

Unlike the more simplified treatment in Drimmel et al. (2000), here the factors n’,
f(R) and g(z) do not cancel out. We assume the initial mass function (IMF) is
a constant across the entire galaxy, so that the number density of stars is directly

proportional to the mass density of the stellar disk. From the similarity in behavior
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displayed between the Gaia versus Gaia-APOGEE samples in Figure 2.3 we conclude
that the outer disk, where the warp happens and which is the focus of our interest,
is dominated by thin disk stars; thus we can safely assume the mass density follows a
double exponential potential like that followed by thin disk stars. Thus, we assume
2] R

n(R,z) = ng exp(—z—h "R

) (2.7)

where Ry, is the scale length and zj, is the scale height of the thin disk.

Adopting this as the density and the assumption that ¢, = 180°, one then obtains a

final equation that links together the different components of velocity:

O _ TR signlz —z) | (T
@R Rh Zh

7 + wp) h(R) cos 0

__dh .
~UR 7 Sin 0| (2.8)

where 0 = ¢ — ¢, + w,t. Since we assume the distribution of the stellar population is

symmetric about zg, the final observed vertical velocity is the average of those with

z >z (where sign[z — z9] = 1) and z < zg (where sign[z — 29| = —1), yielding
Vg dh .
v = (Eqb + wp) h(R) cosf + @E sin 0 (2.9)

The free parameters in our model arethe Galactocentric radius where the warp starts
and ends (R; and Ry, respectively), the scale height of the warp (Ry), and the pre-
cession speed of the warp (w,). This is in contrast to those of Poggio et al. (2020),
where the only allowed free parameter is the precession rate of the warp. One finds

the best fit to the trend of vertical velocity with Galactocentric radius, as derived via
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Figure 2.9: Best fit of our model (red line), inspired by that of Drimmel et al. (2000),
to the Gaia DR2 data. The model does not work well inside the solar circle because
the model is designed for, and constrained by, the outer disk. While we are only
fitting R > 8 kpc, the radial range 6 < R < 8 is shown because there are claims that
the warp starting radius is inside R = 8 kpc.

a Markov chain Monte Carlo method (MCMC), is described by:

wp = —13.57753 km s~ kpe ™!
Ry = 8877008 kpc

Ry = 17.78715¢ kpc

R, = 1.20753% kpc® @

o = 1.53H010

\

The best fit is shown in Figure 2.9 in red, and the corner plot for MCMC fitting is
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shown in Figure 2.10. Notice that the model does not match well in the inner part of
the Galaxy. This is expected for several reasons: First, we are only fitting our model
for R > 8 kpc. Moreover, the Galactic warp would have very limited effect in the
inner (more massive) part of the Galaxy, rendering our model inappropriate there.
Figure 2.10 also shows that the model is not sensitive to the ending radius of the
warp Ry. We attribute that insensitivity to the low number of stars beyond R > 16

kpc.

Our result for w), is consistent with that of Poggio et al. (2020) (again, for them, w, is
the only free parameter and we adopt an opposite sign convention for the direction of
the precession term). While our model is very crude in construction, it illustrates the
possibility of explaining the decline in vertical velocity as due to a warp precessing in

the direction of Galactic rotation.

Even though such a decline was also observed by Drimmel et al. (2000), they at-
tributed it to the extremely large uncertainty in distance for stars beyond the solar
neighborhood. However, that does not appear to be the case here as the number
of stars within each of our binned data points is significantly higher, which greatly

reduces the uncertainty of the mean value.

Our result for the Galactocentric radius where the warp begins agrees well with
previously reported values. A comparison of existing models, with trends in z with
R shown at the maximum vertical distance from the Galactic midplane for each,
is provided in Figure 2.11. However, while the latter figure shows that there is
good agreement on R;, there is also a large spread in the amplitude of the warp
among the various models. Moreover, our model agrees better with those exhibiting
a stronger warp. It is worth noting that the set of models by Améres et al. (2017),

to which we show the most agreement, have included more physics (e.g., flaring, disk
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Figure 2.10: Corner plot of the MCMC fitting of the model. The fact that Ry is not
well constrained can be explained by the low number of stars beyond R > 16 kpc.
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Figure 2.11: Comparison of existing Galactic warp models by Chen et al. (2019, their
linear and power law models), Yusifov (2004), Lépez-Corredoira et al. (2014), and
Amores et al. (2017, for three different ages). The comparison illustrates that there
is large spread in the amplitude of the warp in existing models.

truncation, star formation history, etc.) than the other models, including ours, which

is a reassuring check on our model.

2.5 Age Variations in the Character of the GGalactic

Warp

In the past few years there have been several lines of evidence suggesting that the
parameters of the warp in the Milky Way disk change with the average age of the
tracing stellar population (e.g., Drimmel et al. 2000; Amores et al. 2017; Romero-

Goémez et al. 2019; Poggio et al. 2020). In this section we use the stellar age catalog
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Figure 2.12: Distribution of error in ages of individual stars in Sanders and Das (2018)
catalog.

provided by Sanders and Das (2018) to explore how different aged populations are
warped differently. This catalog contains the ages of ~3 million Gaia stars, derived
using a Bayesian framework to characterise the probability density functions of age for
giant stars with combined photometric, spectroscopic, and astrometric information,
supplemented with spectroscopic masses, where available. We only include stars for
which Sanders & Das set “flag = 0”; according to these authors, stars were assigned
non-zero flags when (a) the isochrone fitting failed completely, (b) the isochrone
overlapped with the data at only one point, (c) the spectroscopic or photometric
input data are problematic, or (d) for which the derived ages are unreasonably small

(< 100 Myr).

We acknowledge one caveat is that these ages were derived from extrapolating the
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Figure 2.13: Changes in median v, as a function of angular momentum with respect to
stellar populations of different ages. Note that the young population displays a much
larger vertical velocity than the old population, and all of the populations display a
downward trend when the angular momentum is large enough.

relation C/N with age at the solar vicinity. Although individual stars in the Sanders
and Das (2018) catalog may have a large uncertainty in their estimated age (see
Figure 2.12), these estimates are of sufficient quality to sort stars broadly by age and
serve as a general indicator of the average age of a population when averaging over a
significant number of stars. We selected stars in four age bins: those stars with ages
0—3 Gyr as a “young population”, those with 3 —6 Gyr ages as an “intermediate age
population”,; those 6 — 9 Gyr in age as an “old population”, and finally, those dated

at > 9 Gyr as an “ancient population”.

The mean vertical velocity versus angular momentum for each of these age groups is
shown in Figure 2.13. It is clear that there are major differences in this particular

kinematical trend between different age populations. The young population (orange
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Figure 2.14: Our simple model fitted to the four different age populations. For the
population with stellar ages between 0 and 3 Gyr, a number of ripples between 8 to 14
kpc are detected and the drop-off in velocity is not prominent when compared to the
ripples. Our simple model is not complex enough to account for these features. For
the population with > 9 Gyr, due to the large error bars, it is not possible to detect
any warp signature, but, on the other hand, the presence of the signature cannot be
excluded. We examined the azimuthal velocity of the population and found out that
it drops to < 150 km s~!, which indicates a large fraction of stars are from the halo
and renders our model inapplicable. Therefore, no fitting is done for the > 9 Gyr
population.
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Figure 2.15: Median azimuthal velocity versus Galactocentric radius for all four pop-
ulations. The rotation curve is no longer flat in the outer part of the Galaxy for the
ancient population, which indicates that this population is likely dominated by halo
stars in the outer part.
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points in Figure 2.13) shows the largest increase in vertical velocity, and the maximum
median v, declines with increasing population age through the intermediate and old
aged populations. The abrupt decline in median v, is evident in all three populations
with age <9 Gyr, albeit with slightly differing starting L, for the beginning of the
drop-off. For the ancient stars (brown points in Figure 2.13) the effect of the warp
is less evident; this is likely due to the large number of halo stars within the ancient
population. This conclusion is based on the character of the rotation curve exhibited
by this population, which, unlike the younger star groups, shows a rapid decline

beyond the solar circle Figure 2.15.

We applied our simple analytical model to fit and track the changes of parameters of
the warp with stellar age in Figure 2.14. However, because our model is limited in
its complexity, it cannot account for ripples not associated with the Galactic warp or
non-thin-disk stellar kinematics. As a result, fitting results are not reported for the
youngest population, for which prominent substructures not related to the Galactic
warp are attributable to the higher frequency ripples. Nor do we report a fit for the
ancient population, where, as we have shown Figure 2.15, a substantial fraction of

the sample is contaminated by halo stars.

On the other hand, for the 3-6 Gyr population, our fit yields a precession rate of
—11.59703% km s7! kpc™ while for the 6-9 Gyr population we obtain

—12.1970:30 km s7! kpc™'. The lack of any significant difference between these two
populations suggests that the response to the warp in at least these two populations
is similar. However, from Figure 2.13, a clear difference in the size of the vertical
velocity is present between different age populations, with the older population being
slower. This difference in amplitude could be consistent with the warp being a recent

event (that is, within the past 3 Gyr), but where different aged populations respond
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differently in bulk: Presumably the older population, which is also the kinematically

hotter population, would have a weaker response to dynamical perturbations.

Apart from differences in the amplitude of the warp in different populations, we
also find that the peaks of vertical velocity are at different Galactocentric radius for
different age populations (Figure 2.14). The peak vertical velocity is moving closer
to the Galactic Center as the population grows older. One explanation for this is
suggested by Figure 2.15, where a decrease in azimuthal velocity correlates to older
populations; according to the factor ( %’ +w,) in Equation 9, when the precession rate
is similar between two populations, the population with smaller azimuthal velocity
will have a peak closer to the Galactic Center. However, we also notice, curiously,
that the fractional decrease in azimuthal velocity (that is, from ~220 km s~! for the
3-6 Gyr population to ~210 km s™! for the 6-9 Gyr population) is about a factor of
two smaller than the fractional decrease in where the peak vertical velocity is located
(~13 kpc for the 3-6 Gyr population, ~12 kpc for the 6-9 Gyr population), when

these decreases should be proportional.

With no age-variable signatures in the precession of the warp but some differences
in the velocity amplitude, it is worth testing whether there may be age-variable sig-
natures in the lopsidedness of the warp that we previously found across the entire
sample (Section 2.3.1). Figure 2.16 shows the azimuthal distribution of median verti-
cal velocity in different age populations for different radial annuli. The lopsidedness
is prominent in all age groups for radii beyond R > 7.5 kpc. Moreover, the lopsid-
edness remains similar, with the vertical velocity increasing when ¢ < 180 deg and
decreasing when ¢ > 180 deg. The slope of increase and decrease is also similar across
the different age populations. This further supports that the different age population

has similar response to the Galactic warp, thus suggesting a possible gravitational
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Figure 2.16: Vertical velocity as a function of Galactocentric azimuthal angle for
different age bins. Stars with age > 9 Gyr and Galactocentric radius R > 11.5 kpc
are not included due to the population being dominated by halo stars.
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origin.

In the end, our consideration of potential age differences in the characteristics of the
warp reveals them to be consistent with a model whereby the intermediate and older
populations are both responding to a single gravitational perturbation happening less

than 3 Gyr ago.

2.6 Conclusions

In this study we combine the precise stellar abundances from the APOGEE survey
with the astrometry from Gaia DR2 and the StarHorse distance computed by Queiroz
et al. (2020) to study the vertical and radial velocity components of stars with respect
to the Galactocentric radius and angular momentum. We take advantage of the
detailed and accurate chemical abundances available in the smaller APOGEE-Gaia
sample (Figure 2.1) as a guide to interpretation of the much larger Gaia-only sample.
Our analysis probes disk kinematics to a greater Galactocentric radius (R ~ 18 kpc)
than has been explored previously (Figure 2.2). From these combined data we find
evidence for the Galactic warp and characterize its onset radius and precession rate.
Interestingly, a number of high spatial frequency kinematical features are also found,
as has been reported by previous authors at smaller Galactocentric radii (Figure 2.3

and Figure 2.7).

We find that over a large range of L, the overall median stellar vertical velocity
v, increases with L,. Moreover, the increase of the mean vertical velocity is more
pronounced for L, > 1800 kpc km s™! and continues until L, ~ 2800 kpc km s~1
or R = 13 kpc, after which the vertical velocity sharply declines (Figure 2.3 and

Figure 2.4). This abrupt decrease in v, is reported for the first time. We associate
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this entire global trend in v, as a signature of the Galactic warp. We also study
the vertical velocity as a function of the Galactocentric azimuthal angle for the Gaia
sample, and found differences in this parameter with respect to the Galactocentric
azimuthal angle for ¢ < 180° and ¢ > 180°, evidence consistent with a warp line-
of-nodes toward this anticenter direction (Figure 2.5). However, the velocity trends
with ¢ in our data appear to be asymmetric about ¢ ~ 180° (Figure 2.6), which is

evidence suggesting that the Galactic warp may be lopsided.

An analytical model using the Jeans Equation with consideration of a non-zero radial
motion is constructed to explain the observed phenomena, and shows that the de-
clining trend in vertical velocity can be explained as a manifestation of the Galactic
warp. We find that the warp has a starting radius of 8.871555kpc and a precession
rate of —13.57702% km s~! kpc ™' (Figure 2.9 and Figure 2.10), a value slightly higher
than the 10.86 km s~! kpc™' reported recently in Poggio et al. (2020) (accounting
for the opposite sign convention we adopt for the direction of the precession term
compared to Poggio et al. 2020). Note that the parameters related to the warp it-
self, namely the Galactocentric radius where the warp starts and ends (R1 and R2,
respectively), the scale height of the warp (ry,), and the precession speed of the warp
(wp) are free parameters in our fitting procedure, whereas Poggio et al. (2020) only
allowed as a free parameter the precession rate of the warp. Furthermore, our model

illustrates that the reported decline in vertical velocity can be explained due to a

warp precessing in the direction of the Galactic rotation.

We compare the spatial amplitude of our model with those of other existing models,
for which there is a large spread in values (Figure 2.11). Our model agrees better with
others exhibiting a stronger warp, with best match to those by Améres et al. (2017),

for which markedly additional physics is considered (e.g., flaring, disk truncation, star
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formation history, etc.) than is typical for other studies, including our own.

Using two stellar populations of different ages, young (OB-type) stars and intermediate-
old age (red giant branch, RGB) stars, several authors have reported that the param-
eters of the warp in the Milky Way disk change with the average age of the tracing
stellar population (e.g., Drimmel et al. 2000; Romero-Gémez et al. 2019; Poggio et al.
2020). Here we used the stellar age catalog provided by Sanders and Das (2018) to
explore how different aged populations are warped differently. We find that different
aged populations show similar warp characteristics, except for velocity amplitude.
The young population (0-3 Gyr) shows the largest increase in vertical velocity, and
the maximum median v, declines with increasing population age through interme-
diate (3-6 Gyr) and old (6-9 Gyr) populations (Figure 2.13). We also find that the
abrupt decline in median v, is present in all three populations with age <9 Gyr, albeit
with slightly differing starting L, for the beginning of the drop-off. The effect of the
warp for the ancient stars (>9 Gyr) is less evident; this is likely due to the large

number of halo stars within the ancient population (Figure 2.15).

We also applied our simple analytical model to track the changes of other warp
parameters with stellar age. For example, for the 3-6 Gyr population our model fit
yields a precession rate of —11.59703% km s~! kpc ™!, while for the 6-9 Gyr population
we obtain —12.197039 km s~! kpc™' (Figure 2.14). Meanwhile, the vertical velocity
as a function of Galactocentric azimuthal angle for different age populations and

radial annuli shows that the lopsidedness remains similar for these two populations

(Figure 2.16).

Taken together, our study of the warp characteristics with stellar age shows similar-
ities (precession rate and lopsidedness) and differences (velocity amplitude) that are

consistent with a scenario where the Galactic warp seen in 3-9 Gyr aged stars reflects
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their response to a more recent (<3 Gyr) gravitational interaction, for example a

perturbation in the disk incited by a satellite galaxy.
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Chapter 3

The Surface Mass Density of the
Milky Way

This chapter was originally published as Cheng et al. (2024).

3.1 Introduction

The use of the vertical kinematics of stars near the Sun to measure the local density of
Galactic matter has a very long history dating back to the studies of Kapteyn (1922)
and Oort (1932). With continued reassessments over the past century (e.g., Hill
1960; Kuijken and Gilmore 1989a; Flynn and Fuchs 1994; Creze et al. 1998; Zhang
et al. 2013; Nitschai et al. 2021) it became increasingly evident that the measured
total volume and surface mass density far exceeded the baryonic contribution, and
estimating these quantities became critical for proving the existence and understand-
ing the properties of Galactic dark matter, from constraining the shape of the Milky
Way’s dark matter halo (e.g., Law et al. 2009; Bovy et al. 2016; Posti and Helmi
2019) to direct dark matter detection experiments that rely on precise knowledge of
how dark matter is distributed in the Galaxy (e.g., Bertone et al. 2005; Del Nobile
2021). Given that the nature of dark matter is still unknown, continued attention to

this venerable, century-old experiment is as relevant as ever.
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While the first attempts at determining the vertical force exerted by the Galaxy
— the so-called “K 7 problem” — were remarkable in their ability to exploit the
meager amounts of questionable data available at the time, the results were widely
discrepant with each other (see summary by Hill 1960), and yielded results far from
the consensus values of today. The existence of both the thick disk and dark matter
were unknown to the early pioneers. Nor could they benefit from astrometric tools
with the accuracy and precision needed to measure the tiny values of parallax and
proper motion needed to work beyond the immediate solar neighborhood. Obviously,
great strides in both observational capability as well as modeling (including computer
modeling of ever growing and better databases) have been made, and by the 1990s
(e.g., Kuijken and Gilmore 1989a; Flynn and Fuchs 1994; Creze et al. 1998) the results
of the K5 problem seemed to be converging, and this lent confidence that the method
was both yielding a good estimation of the Galactic potential, and a trustworthy way

to estimate the dark matter density at the solar circle.

Nevertheless, despite the improving context in which it was being applied, the overall
approach to solving the K, problem has generally remained the same; that is, after
assuming time invariance and a flat Milky Way rotation curve, the combination of
the Jeans Equation and Poisson Equation sets up the necessary theoretical framework
for solving for K,. Constraining this analytical model depends on measurement of
the density and kinematics of a “clean” tracer population, and this was often accom-
plished by looking at disk stars beyond a spatial vertical height threshhold of |Z| = 1
kpc, a distance at which the density of thick disk stars dominates that of thin disk
stars, and where one can therefore avoid the complications of mixing populations hav-
ing different kinematics and densities. In addition, by working towards the Galactic

poles, the vertical velocity dispersion could be measured reliably from only spectro-
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scopic measures of radial velocities (one means to overcome the previously nettlesome
challenge of requiring high quality astrometry). The vertical velocity dispersions were
then measured and fitted with a simple trend, often a linear dependence on Z. With
all necessary information assumed or measured directly from observation, one can
plug the numbers into the theoretical framework and calculate the vertical force. Fi-
nally, this force law is fit with a mass model, often with the dark matter density and

scale height as free parameters.

Pre-Gaia estimates of the local' dark matter density, (p4m), using stellar vertical
motions are consistent with a value just below ~ 0.01 My pc™3, assuming a total
baryonic surface mass density 3,..... of 55 Mg pc? (see Read 2014 for a compre-
hensive review). McKee et al. (2015) reviewed the present day stellar mass function,
and the vertical distributions of both gas and stars and found the volumetric dark
matter density is pam ~ 0.013 £ 0.003 Mg pc—®. Using new data on the motions
and positions of the stars from the Gaia mission, the results of most local analyses
coincide within a range of pgy, ~ 0.011 4 0.016 Mg, pc™® (see de Salas and Widmark
2021 for a summary of recent local estimates). In terms of the total surface density,
studies over the last few decades and up to about a decade ago have found general
agreement at ¥, &~ 70 & 5 M, pc™2 over the column |Z] < 1.1 kpc (e.g., Piffl et al.

2014, and references therein).

However, the advent of massive new databases of astrometry and spectroscopy for
Milky Way stars means that these quantities can now be refined with both increased
precision in measured stellar parameters and recently gained knowledge of second
order effects and the properties of stars beyond the solar neighborhood. Surprisingly,

Nitschai et al. (2021) recently estimated a total surface density of only ¥, &~ 55 £

1“Local” has traditionally been relegated to averaging over a small volume centered on the Sun
and spanning a Galactic radial width ~ 0.2 - 1 kpc and height ~ 0.2 - 3 kpc.
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1.75st Mg pe2 for | Z] < 1.1 kpe and a non-NFW dark matter density profile, using
a dynamical model of the Milky Way disk from a data set that combines astrometry
from Gaia Early Data Release 3 (EDR3) and radial velocities from the Apache Point
Observatory Galactic Evolution Experiment (APOGEE; Majewski et al. 2017). This
example simply points out that despite a sudden and dramatic increase in the amount
of data that can be brought to bear on the problem, fundamentally the results are
a strong function of systematic biases imposed by assumptions of both adopted pa-
rameters and technique. These span from differences in dealing with (or not) the
presence of disequilibrium in the Galactic disk (e.g., Spicker and Feitzinger 1986;
Sanchez-Salcedo et al. 2011; Widrow et al. 2012; Cheng et al. 2020), uncertainties
in such basic quantities as the gas mass density contributing to >,..... (e.g., Holm-
berg and Flynn 2000; McKee et al. 2015), and the existence of clearly distinct stellar
populations like the thin and thick Galactic disk and assumptions made regarding
their distributions (e.g., Moni Bidin et al. 2012; Bovy and Tremaine 2012; Hagen and

Helmi 2018).

Here we explore this somewhat chaotic situation by attempting to apply the tradi-
tional methods of surface density measurement to new stellar databases that give
access to large stellar samples with 6-D phase space information spanning a broad
range of Galactocentric radius and vertical height, and compare it to the widely ac-
cepted Standard Halo Model (SHM) as a reference. A goal of this exercise is to
investigate the validity of previously used assumptions and methodologies and their

effect on the measured surface density in the solar neighborhood.

More specifically, we take advantage of the precision spectroscopic chemical abun-
dances and radial velocities provided by the high resolution APOGEE survey com-

bined with astrometry from Gaia Data Release 3 (“DR3”; Gaia Collaboration et al.



5}

2016b; Gaia Collaboration et al. 2023) to address three areas in the mass density
measurement enterprise that have received little prior attention heretofore, but that

we believe present important challenges that future efforts need to reconcile:

(1) Using now well-established (e.g., Hawkins et al. 2015; Hayes et al. 2018; Duong
et al. 2018) multi-element chemical criteria to discriminate the chemically distinct
thin, thick disks and halo, we show that the three-dimensional velocity dispersion
profiles with height above the Galactic plane for each of these two populations not
only show vastly different character belying a very different dynamical history, but

each set of gradients shows deviations from the simple gradients typically assumed.

(2) While the total surface mass density has been extensively studied in the past,
it has been poorly explored for clean thin and thick Galactic disk samples. Almost
all previous studies of the vertical mass profile have attempted to isolate presumably
“pure” stellar populations using specific height ranges from the Galactic mid-plane
or assumed metallicity criteria, whereas it is well known that the thin and thick
disk populations (as well as the halo) show significant amounts of overlap in their
spatial, kinematical and metallicity distributions (e.g., Bensby et al. 2014; Hayden
et al. 2015; Anguiano et al. 2020, and references therein). For example, Moni Bidin
et al. (2012), Bovy and Tremaine (2012), and Moni Bidin et al. (2015) each analyzed
the kinematics of hundreds of presumed thick disk stars at 1-4 kpc from the Galactic
mid-plane, while Hagen and Helmi (2018) applied a metallicity selection to attempt
to discriminate thin disk red clump stars (assumed to have [Fe/H] > —0.25) from
those of the thick disk (assumed to have —1.0 < [Fe/H] < —0.5). Meanwhile, Guo
et al. (2020) estimated the local dark matter density using stars with [Fe/H] > —0.4

and |Z| < 1.3 kpc.

However, a spatial vertical height selection is not a good way of achieving a clean thin
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and thick separation, and, because of the different thin and thick disk scalelengths,
needs to have variable tuning for different Galactocentric radii. Here we use the
individual vertical velocity dispersion profiles of the much better discriminated thin
and thick disk populations based on multielement chemistry to estimate the total
surface density (baryons + dark matter) from each population separately. We show
that vastly different results for the surface mass density of the Milky Way disk are
obtained when the standard Jeans equation methodology is applied to these two
populations. This shows that the traditional method breaks down when applied to
the thin disk population, We discuss here potential reasons for this failure, including
the adopted density law or velocity dispersion profiles being too simplistic, or because

of inherent non-equilibrium in the thin disk population.

(3) The combination of APOGEE and Gaia allows us, for the first time, to explore
the total surface density not only outside of the solar neighborhood, but across a large
range of Galactocentric radius (4 < Rge < 12 kpc) and vertical height (-4 < Z < 4
kpc). The results of this analysis shows that the thin and thick disk measurement
values are more consistent with each other at larger Galactocentric radius, while per-

forming the same analysis in the inner disk will result in non-negligible discrepancies.

After exploring these various avenues, we arrive at the overriding conclusion that the
growing detail in hand on the chemodynamical distributions of Milky Way stars can
no longer be treated with the simple, traditional analytical treatments of the Ky

problem.

The layout of the paper is as follows: §3.2 provides an overview of the data used in
the study, while §3.3 describes the kinematical properties of the stellar populations
and the anisotropies in the velocity field. In §3.4 we present surface mass density

calculation process and results, and in §3.5 we discuss our results and findings. Fi-
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nally in §3.6, we present conclusions drawn from our study, including a discussion of
potential explanations for the curious results obtained in our analysis of the surface

mass density.

3.2 Data

Two samples are selected for this study.

The first sample purely consists of data from the third data release of the Gaia

mission (Gaia Collaboration et al. 2016b; Gaia Collaboration et al. 2023). This cat-

alog provides full 6-dimensional space coordinates for 33,812,183 stars: positions («,

J), parallaxes (w), proper motions (u’, fs), and v down to Grys = 14. This

release contains vy, for stars with effective temperatures in approximately the 3,100-

14,500 K range (Katz et al. 2023). We require all astrometry parameters to be solved
(astrometric_params_solved = 31) with no excessive noise (astrometric_excess_noise = 0),
and stars for this study must have reported Ggp and Grp magnitudes. In addition, we

require more than five visits of Gaia radial velocity measurement (rv_nb_transits > 5)

and an expected signal-to-noise ratio greater than or equal to 5 (rv_expected_sig_to_noise >= 5).
We adopted the GSP-Phot distance for the Gaia sample, which was derived with the

Gaia BP/RP spectra, G magnitudes, and parallaxes and released as part of Gaia

DR3. We further require ruwe < 1.4 (Lindegren et al. 2018), and remove radial

velocity variable stars (i.e., potential binaries) from the Gaia sample (Katz et al.

2023).

The second uses a combination of radial velocity from Apache Point Observatory
Galactic Evolution Experiment (APOGEE, Majewski et al. 2017), part of the Sloan
Digital Sky Survey (SDSS) in its SDSS-III (Eisenstein et al. 2011) and SDSS-IV
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(Blanton et al. 2017) phases, and proper motion from Gaia DR3. APOGEE employs
twin spectrographs (Wilson et al. 2019) on the the SDSS 2.5-meters at Apache Point
Observatory (Gunn et al. 2006) in New Mexico and the du Pont 2.5-m telescope
at Las Campanas Observatory in Chile to procure high-resolution, H-band spectra
for a magnitude-limited sample of red stars, mainly giants, across the whole sky.
The survey provides radial line-of-sight velocities (v}s) accurate to the level of a few
hundred m s™* (Nidever et al. 2015) as well as stellar atmospheric parameters and
individual abundances for up to fifteen chemical species for more than half a mil-
lion stars in both hemispheres using the APOGEE Stellar Parameters and Chemical
Abundance Pipeline (ASPCAP; Holtzman et al. 2018). These spectral results are
derived using the Smith et al. (2021) H-band line list combined with MARCS stellar
atmospheres (Gustafsson et al. 2008; Jonsson et al. 2020) to generate a grid of syn-
thetic spectra (Zamora et al. 2015) by use of the Synspec code (Hubeny and Lanz
2011) and nLTE calculations for various elements, including Mg, from Osorio et al.
(2020). These synthetic spectra are fit to the observed spectra to determine stellar
parameters and chemical abundances for each source. In this study we use the final
version of APOGEE results contained in SDSS Data Release 17 (DR17; Abdurro’uf
et al. 2022) and use Starhorse distances (Queiroz et al. 2020), which are an estimation
of distance using a combination of Gaia EDR3 parallax (as Starhorse distances with
Gaia DR3 parallax is not available), magnitudes measured from multiple sky surveys,
and APOGEE stellar spectra. This sample is then divided into three subsamples,

thin disk, thick disk and halo sample, chemically as shown in Figure 3.1.2

In the end we have 9,192,032 stars in the Gaia sample and 220,371 stars in the

2Qur division of the APOGEE sample on the basis of [Mg/Fe|-[Fe/H] is sinilar to, but not exactly
the same as other studies making use of APOGEE data (e.g., Hayes et al. 2018; Mackereth et al.
2019).
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[Mg/Fe]

Figure 3.1: The [Mg/Fe] versus [Fe/H] for the APOGEE sample using DR17 data.
We divided the sample into three subsamples as indicated by the red lines: halo stars
(left), thick disk stars (top right) and thin disk stars (bottom right).
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APOGEE sample. We transform the heliocentric Cartesian velocities to a Cylindrical
Galactic system by assuming that the Sun is located at (Xo, Y5, Z5) = (-8.122, 0,
0.0208) kpc (Gravity Collaboration et al. 2018b; Bennett and Bovy 2019) and the
solar velocity is ve = (12.9, 245.6, 7.78) km s~! (Reid and Brunthaler 2004; Gravity
Collaboration et al. 2018b). We adopt a right-handed Galactic system, where +X
is pointing towards the Galactic center, +Y in the direction of rotation, and +72
towards the North Galactic Pole (NGP). We define R = (X?+Y?2)!/2, as the distance

from the Galactic center (GC), projected onto the Galactic plane.

3.3 Velocity Dispersion Profile

The velocity dispersion tensor as a function of vertical height Z for a range of Galac-
tocentric radius R is needed to calculate the total surface mass density (§3.4). Stars
in each the Gaia sample, thin disk subsample, and thick disk subsample are divided
into 1 kpc wide bins by their Galactocentric radius R. The halo subsample, where the
total number of stars is small compared to the other sub-samples (see Figure 3.1) and
for which the spatial variation in kinematics is small at the position of the Sun, is not
divided into radial bins. In each radial bin, stars are then sorted by vertical height Z
and groups of 500 (thin disk subsample), 200 (thick disk subsample), or 2000 (Gaia
sample) adjacent stars combined into subgroups to estimate velocity dispersions and
their uncertainties via bootstrapping; the medians of the bootstrapping distributions

are the velocity dispersions and their standard deviations are the uncertainties.

The velocity dispersion as a function of vertical height for different Galactocentric
radius bins is shown in Figures 3.2-3.4. While the velocity dispersion with respect

to Z has been generally fit with a simple linear regression (e.g., Sharma et al. 2021,
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Figure 3.2: Velocity dispersion as a function of vertical height for the three velocity
components, grouped by chemically selected components (thin disk, thick disk, and
halo) and Galactocentric radius. Each radius bin is 1 kpc wide, and each data point
consists of 2000, 500 and 200 stars for the Gaia, APOGEE thin disk, and APOGEE
thick disk samples, respectively. Due to the low number of stars in the halo sample,
and the halo not being the focus of this paper, each green data point represents 1000
halo stars across all Galactocentric radius. This figure includes stars with Galacto-
centric radius between 3 kpc and 6 kpc. The error bars are 1-0 uncertainties in the
measurements.
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Figure 3.3: Same as Figure 3.2, bit for stars with Galactocentric radius between 6
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Figure 3.4: Same as Figure 3.3, but for stars with Galactocentric radius between 9
kpc and 12 kpe.
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and references therein), the APOGEE and Gaia samples both reveal complex trends.
Interestingly, the velocity dispersion variations are less pronounced for the thick disk
population, a Galactic structure dominated by an intermediate-old stellar population
(e.g., Norris 1987; Bensby et al. 2004; Mackereth et al. 2017). Tt is well established
that the Milky Way disk is in disequilibrium (e.g., the ‘ Gaia phase-spiral’, Antoja et al.
2018; Li 2021; the ‘Galactic Warp’, Cheng et al. 2020; Poggio et al. 2020; and possibly
the ‘Triangulum—Andromeda overdensity’” and other structures seen in/near the outer
disk, Majewski et al. 2004; Hayes et al. 2018; Silva et al. 2020; Zhang et al. 2022).
The disk is reacting to both internal non-axisymmetric perturbations, such as the
bar and spiral arms (e.g., Eilers et al. 2020), and external perturbations, such as the
on-going merger with Sagittarius dwarf spheroidal and the Magellanic Clouds (e.g.,
Kazantzidis et al. 2008; Laporte et al. 2018; Bennett et al. 2022). Indeed, internal
and external non-axisymmetric perturbations like these are among the main drivers
of the secular evolution of galaxies. While understanding these instabilities and their
consequences on the chemo-dynamical evolution of galactic disks in general, and the
Milky Way’s disk in particular, is a currently a topic of great interest in galactic

dynamics, exploring this is beyond the scope of this paper.

Figures 3.2-3.4 also show how the velocity dispersion as a function of Z changes with
respect to Galactocentric radius R for both the APOGEE chemically distinguished
populations as well as the full Gaia sample (see also the 2D maps in Gaia Collabo-
ration et al. 2018a). For the inner regions (R < 6 kpc), there is an abrupt change
in the velocity dispersion in the 0.0 < Z < 0.5 kpc range, especially for the radial
velocity component, og. Bar instabilities are a dominant heating mechanism in the
secular evolution of galactic disks. Recently, Walo-Martin et al. (2022) used high

resolution simulations of Milky-Way mass haloes to study the effect of the bar in
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the inner regions and found that o, and oz exhibit non-axisymmetric features, while
or velocity dispersion maps present more axisymmetric distributions. However, the
abrupt changes in velocity dispersion observed in the radial component in Figure 3.2
could also be associated with the transition in the dominance of the the Gaia sample
from thick to thin disk (see the blue/red APOGEE points in Figs. 3.2-3.4). Further-
more, Anguiano et al. (2020) showed using Gaia DR2 (Lindegren et al. 2018) and the
APOGEE data in SDSS DR16 (Ahumada et al. 2020) that the fraction of stars that

belong to the thick disk versus the thin disk quickly changes with Z for R < 6 kpc.

We include in Figures 3.2-3.4 the stellar halo values to highlight the fact that the
chemical separation of populations helps is critical to avoiding the artificial inflation
of velocity dispersions at large vertical height for thick disk population, where the

halo population starts to dominate.

Figure 3.3 shows the velocity dispersion as a function of Z for the 6 < R < 9 kpc range.
We find that the thin disk population (blue dots) increases with vertical height, while
the thick disk sample (red dots) remains nearly constant for a given Z. Interestingly,
there is an increase and decrease in the radial velocity component around Z ~ 0.0
kpc for the solar circle, 8 < R < 9 kpc, giving the o distribution a tight, W-shape
for the thin disk. This feature is marginally seen for the thick disks. It is possible
these small scale features are artificial, as a similar increase was also seen in Gaia
Collaboration et al. (2018b) and may be due to selection effects in the surveys, but it
could also be associated with the wave-like pattern in the radial velocity component

around R ~ 8.5 kpc reported in Friske and Schonrich (2019) and Cheng et al. (2020).

The dispersion for the three velocity components with respect to the Galactic vertical
height for the outer regions, 9 < R < 12 kpc, is presented in Figure 3.4. The increase

in the dispersion with respect to Z for the thin disk is less pronounced for the outer
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disk, getting nearly constant, particularly in oy, for R = 11-12 kpc. We also see how
the number of stars in the thick disk drops quickly for Galactocentric radius larger
than 10 kpc, reflecting the shorter scale length for the thick disk with respect to the

thin disk (see Bland-Hawthorn and Gerhard 2016, for a review in this topic).

In the next section we use the results discussed here to estimate the total surface

mass density for different Galactocentric radius.

3.4 Total surface mass

3.4.1 Methodology

Following long-followed convention, we estimate the total surface mass density of the
Galactic disk from stellar kinematics using the Poisson and the Jeans Equations (e.g.
Bahcall 1984; Holmberg and Flynn 2000; Moni Bidin et al. 2012; Bovy and Tremaine
2012; Hagen and Helmi 2018; Guo et al. 2020), but, for the first time, we do so for
chemistry-based selections of both thin and thick disk sub-samples and using more

than simply metallicity (see §3.2).

In our analysis we follow the approach developed in Bovy and Tremaine (2012), where

« the Galaxy is in a steady state condition, so that we can use the time indepen-

dent vertical Jeans Equation;
o there is no bulk motion in either the radial or vertical direction (thus, 0% = V2);

o we adopt a circular rotation curve that is assumed to be flat at all vertical

heights;
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Figure 3.5: Top-panel: The measured values of 0%, as a function of Galacocentric
radius, R, for four specific values of distance from the Galactic plane, Z = +1, +2.
The curves represent best fit of an exponential function with the same scale length h,,
at different vertical heights. Bottom-panel: The same for the thick disk population.
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Figure 3.6: Surface mass density in the solar neighborhood from this work (using
Gaia + APOGEE), Bovy and Tremaine (2012, using SEGUE) and Hagen and Helmi
(2018, using TGAS + RAVE).

the Galaxy is symmetric about its mid-plane, so that velocity dispersions, stellar
number densities and the total /baryonic mass density are all symmetric about

the midplane;

o the stellar number densities for the thin and thick disk follow an exponential
decay with Galactocentric radius, R, and vertical distance from the midplane,

| Z];

« commonly accepted values for both the scale height and scale length are adopted,
with an assumed 10% uncertainty: hy = 0.3 kpc and hgr = 2.6 kpc for thin
disk, and hz = 0.9 kpc and hr = 2.0 kpc for thick disk (Bland-Hawthorn and
Gerhard 2016);

« the vertical velocity dispersion, oz, is linear with vertical distance to midplane

|Z]; and
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Figure 3.7: Total surface mass density (left ordinate axis) and vertical force (right
ordinate axis) for different Galactocentric radii. The solid dark blue line and shaded
areas representing its 1o uncertainty represent the thin disk while the dotted blue line
and blue shaded area repesent the thick disk. The Standard Halo Model (red curve,
parameters from Weber and de Boer 2010) and the baryonic (black curve, parameters
from Bland-Hawthorn and Gerhard 2016) distributions are also shown.
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e 0%, is exponentially decaying with Galactocentric radius R, with its scale length
hy a constant with Z within each population. We also assumed 0%, as an odd

linear function of Z at each radius.

Due to the low number of stars to estimate velocity dispersion above |Z| > 1 kpc
for the thin disk population, which is more than 3 times the scale height of the thin
disk, a cut at |Z| = 1 kpc is applied in surface density calculation for the thin disk

population.

Plugging all the above assumptions into the Poisson Equation and Jeans Equation,

one finds the same equation as in Bovy and Tremaine (2012):

Fy(Z

E(Z):_QZW(G)
ek dy L (11 1 3
T G| hy "0z TRZ\R T hy hy

The linear fitting of the velocity dispersions is further described in Appendix A, where
the uncertainties in the velocity dispersion are estimated using a bootstrapping test.
Figure 3.5 shows the measured trends of %, for four representative separations from
the disk midplane. The fitted curves in Figure 3.5 reflect our measured scale lengths
for 0%,, which we determined to be h, = 4.53 & 1.61 kpc and 5.03 + 1.36 kpc for
the thin and thick disk, respectively. In previous studies, Moni Bidin et al. (2012)
assumed hr = h, = 3.8 kpc, while Bovy and Tremaine (2012) prefer a shorter scale
length for the dispersion profile, h, = 3.5 kpc. Our derived values are larger but
within the errors than the h, reported by these authors. No significant difference is
found for the dispersion scale lengths of the chemically differentiated thin and thick
disks (see Figure 3.5).
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Figure 3.8: Total surface mass density (left ordinate axis) and vertical force (right
ordinate axis) as a function of Galactocentric radius over the column |Z| < 0.3, 1.0,
3.0 kpc, respectively. The dark blue shaded area represents the thin disk while the
light blue area is for the thick disk. The expectations for the Standard Halo Model
are shown by the red curves.
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3.4.2 Surface Density at the Solar Circle

With the required inputs in hand, the total mass density distribution and the vertical
force were measured using Equation (3.1). To validate our approach, we first present
our surface density measurement using thick disk stars at the solar circle (R = 8 kpc)
in Figure 3.6. The figure compares our results to those of two other recent studies
where a derived surface mass density at the solar circle is presented, namely (1) Bovy
and Tremaine (2012), who base their measurement on SEGUE data for stars with
|Z] > 1 and with no discrimination of thin disk, thick disk, and halo stars, and (2)
Hagen and Helmi (2018), who base their result on the combination of TGAS and
RAVE, and use an —0.5 < [Fe/H] < —1 criterion as a means to select thick disk

stars.

Despite the differences in the selection of the parent sample, we find a general agree-
ment between our measurement based on multi-element discrimination of thick disk
stars and those of these previous surveys over the range of |Z| for which there is over-
lap. This agreement partly reflects the facts that we are using similar approaches,
but also that the thick disk significantly dominates the stellar density by |Z] = 1.
Moreover, the result appears to be robust to the definition of the thick disk, since,
as may be seen by reference to Figure 3.1, the Hagen and Helmi (2018) metallicity
selection is missing the significant fraction of thick disk stars with [Fe/H]> —0.5. In
addition, Hagen and Helmi (2018) derive the thick disk scaleheight as a free parame-
ter (and obtain hz = 1.12 kpc), whereas, like Bovy and Tremaine (2012), we assume

hz = 0.9 kpc.

It is also worthwhile to compare our results against those of theoretical models. Here

we compare the derived mass density distributions with the Standard Halo Model
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(SHM) (e.g., Evans et al. 2019, and references therein). Figure 3.6 shows the baryonic
contribution to the model, with the stellar matter following an exponential disk having
parameters taken from Bland-Hawthorn and Gerhard (2016), with the addition of
13.2 M, pc? from a gas disk, as has been done in previous studies. The dark matter

follows an NFW profile (Navarro et al. 1997),

Ry (1+ Ry/R. 2
= pol (0 e 3.2
p= P <1+T/RC) (3:2)

where r = VR2 + Z2, R, = 10.8 kpc and p, = 0.0084 M, pc=® (Weber and de Boer
2010).

The full model, including baryonic and dark matter, is represented as the red line in
Figure 3.6. We find that the trend from all results shown agree with the predictions of
the Standard Halo Model, although this is somewhat by definition in the case of Hagen
and Helmi (2018), since their methodology is constrained to match the NFW profile.
In the end, at the solar circle and for Z 2 1 kpc, the various standard methodologies
used for calculating the surface mass density appear to converge. However, as we

show below, this convergence breaks down for other R and lower Z.

3.4.3 Surface Density as a Function of Galactocentric Radius

The derived total surface mass density as a function of vertical height is shown for the
thin disk (dotted blue line) and thick disk (solid purple line) in Figure 3.7. The panels
are divided by different Galactocentric radii, ranging from R = 4 kpc to R = 12 kpc.

The shaded areas indicate 1o bootstrap uncertainties estimates.
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Because the thin and thick disk tracer populations are responding to the same grav-
itational potential, one expects them to reveal the same surface mass density profile.
However, it is immediately obvious from Figure 3.7 that the derived mass density
distribution as function of height for the chemically distinguished thin and thick disk
populations are remarkably different. While the surface mass density determinations
coincide at |Z| = 1 kpc, regardless of Galactocentric radius, we observe that the
agreement between the measured surface density trend using the thin and thick disk
gets steadily worse as R decreases. Such a difference suggests that at least one of
our assumptions regarding the methodology or the invoked parameters input into the

machinery must be faulty. We explore these possibilities in §3.5.

As with Figure 3.6, we compare our results in Figure 3.7 against those of the SHM
(red lines) for all Galactocentric radii. For the thick disk at large vertical heights, we
find that the measured surface density agrees with the SHM in the Galactocentric
radius range 5.5 < R < 8.5 kpc. For the thick disk at small vertical height (Z < 1
kpc, while the measured values are still following the straight line trend, the SHM
decreases more rapidly.® Thin disk measurements only agree with SHM when R = 8.5
or 9.5 kpc and 0.5 < Z < 1.0 kpc. The rest of thin disk measurements do not agree

with SHM and would often give smaller than baryonic values in the inner disk.

Figure 3.8 shows the total surface mass density over the columns |Z] < 0.3 (top), 1.0
(middle) and 3.0 kpc (bottom panel) as a function of Galactocentric radius. The figure
also shows the vertical force (right ordinate axis) at each |Z|. As pointed out above,
at |Z] ~ 1 kpc (middle panel) there is a overall good agreement between the surface

mass density calculated using the thin/thick disk tracers and the SHM. However, at

3The SHM model does not reach 0 density at the mid-plane for the technical reason that the gas
disk is not analytically modeled like the other components, but simply treated as an adjustment of a
constant surface mass density of 13.2 M pc™2 in an infinitely thin layer. The reason that our own
calculated surface mass density does not reach 0 density at the mid-plane is discussed in Section 3.5.
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higher vertical height (|Z] = 3 kpc, bottom panel), the thick disk population shows
smaller values than than the predicted ones for the entire Galactocentric radius range.
In addition, there are larger discrepancies between the thin disk, thick disk, and the
model appear for the surface mass density values close to the midplane (|Z] = 0.3

kpc, top panel). We address possible reasons for these discrepancies in Section 3.5.

3.5 Discussion

In the previous section we demonstrated that while, on the one hand, our treatment of
the K problem yields similar results to previous studies when we focus on the thick
disk population at the solar circle — perhaps not unexpectedly, since we are adopting
the same methodology and nearly the same input parameters as these previous studies
— on the other hand, these surface mass density results for the thick disk greatly
differ from those given by the thin disk. Clearly the methodology is breaking down
with at least one, and possibly multiple, assumptions that have been employed, in
particular, for application to the thin disk. To try to understand the source of the
discrepancy, in this section we revisit some of the assumptions made in standard
treatments of the surface mass density measurement, such as we have followed here
(e.g., an axisymmetric Galaxy, a steady state system, a simple linear fit to model
the velocity dispersion with vertical height), and explore in more detail their effect
on the computed surface mass density. However, we preface this discussion with the
summary result that none of the following explorations seem to lead to a satisfactory
explanation for the discrepancies we have observed, e.g., between the measurements
provided by the two disk populations and between those measurements and the SHM.

Implicit in the latter statement is that the SHM itself is a reliable prescription for the
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mass profile of the Galaxy; however, we explore that assumption in Section 3.5.5.

3.5.1 Density Profile

One of the most important assumptions we have made is the nature of the density
profiles. We assumed that for each the thick and thin disks, a single exponential
profile could accurately describe the true distribution of the tracer population. As
stated in §3.2, we assumed the most commonly assumed scale height of hy = 0.3 kpc
for the thin disk and hz; = 0.9 kpc for the thick disk, and we adopted an associated

10% uncertainty on these parameters.

While we are capable of reproducing results from previous studies, and achieve a
reasonable agreement between the SHM and the surface density measurement from
the thick disk population above 1 kpc at the solar radius, it is clear that the calculated
values below 1 kpc for both the thin and thick disk populations do not follow the
general trend of the SHM. While close to the mid-plane the surface density for the
SHM curves downward from the near straight line surface density trend it has farther
from the mid-plane, Figure 3.7 shows that the calculated surface density derived from
the thick disk maintains a fairly unchanged straight line trend whereas the thin disk
results show an even more peculiar behavior, with an opposite curvature in the inner
galaxy, indicating an increasing volumetric density further from the mid-plane. The

latter phenomenon is particularly surprising.

Moreover,as has long been appreciated, the exponential density law introduces a dis-
continuity in the density law at the mid-plane that is not physical. In the past, when
this discontinuity has been a problem, a sech? density law has often been invoked. We

tested the sech? density law, which is the natural form dictated by a self-gravitating
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Figure 3.9: The calculated surface density when assuming a sech? density law in the
solar neighborhood.

disk (Schulz et al. 2013); the result is shown in Figure 3.9. As may be seen, this
density law removes the discontinuity at the mid-plane and also has the benefit of
bending the calculated surface mass density trend downwards (in the same way as
seen for the SHM); however, the calculated surface density still does not intercept

the origin, and this time reaches a null surface density away from the mid-plane.

Yet another problem with the sech? density law is that it is simply a poor description
of the true density laws near the mid-plane — where exponentials have been found
to be adequate descriptors in starcount studies (Juri¢ et al. 2008, etc.) — and sech?
only converges to an exponential well beyond |Z| = 3hz. So while sech? removes
the discontinuity at Z = 0 and is physically motivated, the fact remains that the
exponential is still found to be a better descriptor of the true (i.e., observed) density

law at most Z-heights.

Another assumption we have made is that the disk is well-described by two popu-
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lations with distinction density laws. This would seem to be well-motivated by the
clear chemical discrimination evident in Figure 3.1. However, recent studies into stel-
lar density distribution show that the thin and thick disk populations themselves can
be subdivided further into mono-abundance populations that themselves show signif-
icantly different vertical scaleheight (Lian et al. 2022). Such a complex disk makes
an analytical treatment of the problem much more challenging, requiring much finer

division of empirical samples.

Beyond the solar circle things are even more problematical for standard treatments
of the Kz problem (Equation (3.1)). Apart from the problems mentioned above for
inconsistencies near the mid-plane, in the inner disk (R < 8 kpc), we also find that
the results from the thin disk are not only in clear contradiction with the prediction
from the SHM, they even underestimate the baryonic model. This situation probably
reflects the impact of the non-flat rotation curve in the inner Galaxy, a departure
from our assumptions that invalidates Equation (3.1). Meanwhile, in the outer disk,
the agreement between our measurements and the SHM are not as good as in the
solar circle, with the slope in the calculated surface density being flatter than that for
the SHM. In this case, evidence for flaring (e.g., Mackereth et al. 2017) and warping

(e.g., Cheng et al. 2020) may one reason for the observed discrepancies.

3.5.2 Velocity Dispersion Profile

The observed velocity dispersions as a function of vertical height for a given Galac-
tocentric radius, discussed in Section 3.3 and Appendix A, clearly reveals complex
patterns. Nevertheless, for our simple treatment, we reduced the velocity dispersion

variation to a simple linear trend with vertical height, as all previous similar studies
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have done. Such linear trends ignore small-scale variations but capture the overall
global trends of the velocity dispersions. However, this linear assumption, when com-
bined with an exponential density law, will also lead to a discontinuity of surface

density at the midplane.

Appreciating these shortcomings of the traditional method, we attempted to use
a purely data-driven technique, with a spline-fit describing the complex variations
in the trends. Unfortunately, this approach inevitably gives rise to sections in the
¥.(Z) profile with an unphysical, negative Z-slope. We also attempted to use other
analytical forms to fit the velocity dispersion that are continuous at Z = 0. These
results are discussed in Appendix B. In summary, when combined with a sech 2 density
profile, while continuous at the midplane, the derived surface density also shows large
deviations from previous measurements and the SHM at large vertical height as well
as large discrepancies between the thin and thick disk measurements. The fitting

figures and calculated surface densities are presented in Appendix B.

3.5.3 Integral Versus Differential Approach

While most recent studies (e.g., Bovy and Tremaine 2012) use the differential form of
the Jeans and Poisson equations, Kuijken and Gilmore (1989b) employed the integral
form of these equations. Here we provide a brief overview of this process. The

principal equation is

o0

voy = — exp(—S)/ vKzexp(S)dZ

Z

(see Equation 50 of Kuijken and Gilmore 1989b), where v is the density profile of

the tracer population and S(R, Z) represents the effect of the RZ velocity dispersion
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(i.e., the tilt term). Kuijken and Gilmore (1989b) proposed that the way to solve
this integral equation is by assuming a functional form of the Galactic potential, K,
and then fitting the vertical velocity dispersion. Here we applied the same proposed
method and assumptions, including the tilt term, to each of our thin and thick disk
datasets separately. The results are presented in Figure 3.10. Note that the assumed
analytical form of Galactic potential in Kuijken and Gilmore (1989b), which consists
of one disk and a constant volumetric dark matter density, produces a good fit to
the observed velocity dispersions of both the thin and thick disk. However the best
fit values of the dark matter density are vastly different, with the thick disk value
only 1/10 that of the thin disk value, far from the “consensus” dark matter density
at solar position of roughly 0.01 My pc~3. Whereas our attempts above at using the
differential approach can only produce a dark matter density close to this canonical
value using the thick disk population, the integral equation produces the opposite

result — i.e., the thin disk data giving closer to consensus dark matter density.

We also tried this integral approach using a Kz profile with two disk components (one
having a 0.3 kpc scaleheight and one a 0.9 kpc scaleheight); however, this produces

negative total disk densities, which is clearly not physical.

3.5.4 Non-Equilibrium and Time Dependence

In this study we assumed that the stellar populations are in dynamical equilibrium,
so that we can neglect the partial time derivatives in our theoretical framework, as
is commonly done in these types of analyses (e.g., Moni Bidin et al. 2012; Moni
Bidin et al. 2015; Bovy and Tremaine 2012; Hagen and Helmi 2018). While the

assumption of a steady state Galaxy could be valid for a kinematically hot population
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Figure 3.10: Calculated surface density using the integral equation approach proposed
by Kuijken and Gilmore (1989b). While the assumed disk and dark matter model
produce relatively good fits of the thin and thick disk velocity dispersions, the best fit
dark matter density has an order of magnitude difference between thin and thick disk
(see values in the legends), with the thin disk result coming closer to the canonical
dark matter density near the Sun.
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dominated like the thick disk, stars in the colder thin disk are more susceptible
to both small and large dynamical perturbations, as is suggested by Shaviv et al.
(2014). While application of the Jeans Equation may be entirely appropriate for a
thick disk in dynamical equilibrium and more resilient to perturbations, the Jean
Equation may well be responsible for spurious results to a thin disk responding to
such things as spiral density waves (Siebert et al. 2012), a precessing warp (Cheng
et al. 2020), satellite accretions, and bars. These factors may explain why at the same
vertical height, the chemically separated thin and thick disks in the inner galaxy give
very different surface density measurements, and why, regardless of radius, the two
measured surface densities do not agree with each other until Z ~ 1 kpc (Fig. 3.7).
The existence of the Galactic bar alone has significant impact on stellar kinematics
and dynamics (De Propris et al. 2011; Aumer and Schénrich 2015; Palicio et al.
2018) and is obviously a time-dependent phenomenon, in direct contradiction to the
steady state assumption. This effect is likely responsible for the increasing discrepancy

between the thin and thick disk results towards the inner Galaxy (Fig. 3.7).

We have looked for evidence for disequilibrium in our own dataset. For example, we
explored for variations in the trend for by looking for differences in surface density
distribution for stars at different Galactic longitudes at solar radius. We found no
significant differences within the uncertainties of the data. Nevertheless there have
been discussions of such disequilibrium in the solar neighborhood: for example, as
manifested in a phase spiral (Antoja et al. 2018), although it seems such features are

short-lived (Tremaine et al. 2023).
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3.5.5 Dark Disk

In the previous sections we have compared our measured results against predictions of
the SHM. The SHM has withstood many tests and has generally proven to be viable
in many contexts (Klypin et al. 2002; Weber and de Boer 2010; Bovy and Tremaine
2012; Okabe et al. 2013). However, it is worth considering whether the SHM itself

may need modification to improve its ability to describe the Milky Way potential.

There have been several recent studies that suggest the NF'W profile is not adequate
in describing the Galactic dark matter density distribution (Law et al. 2009; Nitschai
et al. 2021). For example, some N-body show massive satellite accretion onto early
galactic disks can lead to the deposition of dark matter in disk-like configurations
that co-rotate with the galaxy. Thick, thin and dark disks occur naturally within a
ACDM cosmology (Lake 1989; Read et al. 2008; Purcell et al. 2009; Widmark et al.
2021). Read et al. (2008) found that low-inclination mergers give rise to a thick disk of
dark matter that is co-rotating with the Milky Way stellar disk and morphologically
resembles a stellar thick disk, but with longer scale length and height. Following this
idea, Purcell et al. (2009) argued that within the context of the accreted dark disk
scenario, it is likely that the dark disk of the MW contributes 10-20% to the total
local dark matter density. Near the Sun, Purcell et al. (2009) concluded that the
co-rotating dark matter fraction is enhanced by about 30% or less compared to the
SHM. Our results in Figure 3.7 and Figure 3.8 show, if all assumptions built into
that analysis hold, that the total surface mass density derived from the thick disk
is clearly enhanced with respect to the SHM. This effect is more prominent close to
the midplane (Z < 0.3 kpc) and in the inner Galaxy (R < 8 kpc). The total surface
mass density estimated here is ~1.3 times larger than that predicted from the model.

We speculate that this discrepancy is a possible effect of the dark disk predicted in



84

cosmological simulations, but never previously inferred for the MW.

Unfortunately, for the thin disk population we find that the total mass density for
the inner Galaxy and close to the midplane with a vertical height smaller than 0.3
kpc is systematically smaller than the SHM prediction (top panel Figure 3.8). Once
again, the discrepancy between predictions from the thin and thick disk stars make

it difficult to infer any strong conclusions regarding the dark mater distribution.

3.6 Conclusions

By leveraging high-resolution astrometry from Gaia DR3 and high-resolution stellar
spectroscopic information from APOGEE, we present the most detailed measuring of
surface density across a large range of Galactocentric radius and vertical height. We
find that the measured surface mass density is highly dependent on the assumptions
made in its calculation, and that while the most common combination of assumptions
used in previous similar studies — i.e., a linear trend of velocity dispersion with verti-
cal height and exponentially distributed disks — generally gives physically plausible
and trustworthy results that match the SHM when applied to the thick disk popula-
tion beyond 1 kpc in vertical height at the solar circle, the results obtained using (1)
thin disk stars, (2) stars near the mid-plane from any population, and (3) stars in the
inner and outer Galaxy give surface mass densities that depart, sometimes radically,
from the SHM. In addition, we find statistically significant ripples in all three dimen-
sions of velocity dispersion for both thin and thick disk stars across a wide range of

Galactocentric radii and vertical height.

With larger datasets comes a need for more complex models. We fear that our new

knowledge of the complexities of the stellar kinematics and spatial distributions of
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stars in the Milky Way is at the point where it may no longer be defensible to apply
simple analytical approaches — like those used in most previous dark matter density
measurement studies as well as attempted in the present analysis — to the study of
the mass density profile of the Milky Way. Instead, in the midst of exponentially
increasing volumes of precision data that are the rewards of astronomical progress,
the concurrent revolution in numerical simulation of Milky Way like galaxies needs

to be brought to bear on this problem.
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Chapter 4

Kinematical Analysis of
Substructure in the Southern
Periphery of the Large Magellanic
Cloud

This chapter was originally published as Cheng et al. (2024).

4.1 Introduction

As the closest interacting pair of dwarf galaxies, the Large and Small Magellanic
Clouds (LMC and SMC) are excellent laboratories for exploring dwarf galaxies and
their interaction in detail. Consequently, the Clouds have been the targets of many
dedicated observational campaigns. In particular, recent large and contiguous imag-
ing surveys have accelerated discoveries of low surface brightness stellar substructures
around the Magellanic periphery (e.g., Mackey et al. 2016; Pieres et al. 2017; Mackey
et al. 2018; Belokurov and Erkal 2019; Martinez-Delgado et al. 2019; Gaia Collabora-
tion et al. 2021a), made possible by virtue of, for example, Gaia (Gaia Collaboration

et al. 2016a), the DECam /Blanco surveys (e.g., The Dark Energy Survey Collabora-
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tion 2005; Nidever et al. 2017; Drlica-Wagner et al. 2021), and work with the VISTA
facility (e.g., Cioni et al. 2011; El Youssoufi et al. 2021).

These outlying stellar substructures in the Magellanic periphery are sensitive probes
for deciphering the tidal interaction histories between the LMC and SMC and between
the Clouds and the Milky Way (MW) because the shallower potentials in galactic
peripheries make stars there more easily disturbed. Thus, identifying low surface
brightness stellar substructures in the LMC and SMC outskirts and measuring their
key properties is essential for understanding their dynamics. While some studies of
the morphology and stellar populations of these faint structures have been conducted
(e.g., Mackey et al. 2018; Martinez-Delgado et al. 2019; El Youssoufi et al. 2021), the

detailed 3D kinematics for those structures remain largely unexplored.

One of the prominent stellar substructures around the LMC is an arm-like feature
in the northern periphery (Mackey et al. 2016). Cullinane et al. (2022) showed that
the stellar metallicity and kinematics of this northern arm are consistent with those
of the outer LMC disk and attributed the formation of the northern arm to the MW
tide. Given that many of the stellar structures in the main body of the LMC are
found to be asymmetric — for example, a one-armed spiral and an off-centered bar
(de Vaucouleurs and Freeman 1972), as well as two stellar warps seen only in the
southwest part of the disk (Olsen and Salyk 2002; Choi et al. 2018) — it is important
to determine whether the northern arm is yet another asymmetric feature of the LMC
or if it has a still-unidentified counterpart in the southern periphery. If a counterpart
indeed exists, it would place constraints on formation mechanisms for these particular
features, which, in turn, are a key to deciphering the LMC’s interaction histories with

the SMC and MW.

Recently, a candidate counterpart of the northern arm was discovered in the south-
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ern periphery by Belokurov and Erkal (2019). Based on N-body simulations of the
Magellanic Clouds that included the MW potential, they suggested that the southern
structure is likely a spiral arm created by the most recent interaction with the SMC
and consisting of pulled-out LMC disk stars. These authors further suggest that
the stellar motions in the southern structure retain the kinematic signature of the
outer LMC disk. Their assessment, however, was based on 2D proper motion mea-
surements, not the full 3D velocity information that is essential to making confident

conclusions regarding the origin of these stars.

Another prominent stellar substructure in the southern part of the LMC periphery
are two large “hook”-like features, discovered by Mackey et al. (2018) and designated
as “Substructure 1”7 and Substructure 2” in their paper. These “hook”-like features
reside to the south of the LMC’s main disk at ~10° from the LMC center, with
~40-45° separation in position angle between them (see Figure 4.1c). Based on a
comparison of the relative color-magnitude diagram (CMD) positions of the red clump
and main-sequence turnoff stars in these regions, Mackey et al. (2018) concluded that
the distances to the “hook”-like features are not significantly different from those of
the stars in both the northern and southern peripheries. Mackey et al. also suggest a
physical association between “Substructure 2” and the RR Lyrae Bridge (Belokurov
et al. 2017) connecting the LMC and SMC. However, no kinematical studies have

been conducted on these substructures to date.

In this study, we explore the kinematics of stellar substructures around the LMC, with
particular focus on the southern periphery, including “Substructure 1”7 and “Substruc-
ture 2”7 (i.e., two “hook”-like features). We make use of the improved uncertainties
in proper motion measurements from Gaia Early Data Release 3 (EDR3; Gaia Col-

laboration et al. 2016a; Gaia Collaboration et al. 2021b) and new radial velocity
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measurements from APOGEE spectra. We are guided in our interpretation of these
features by a model of LMC rotation that we have developed, as well as various N-
body simulations Besla et al. (2012) of the dynamical history and past interaction of
the LMC and SMC, which produce a variety of perturbations and tidal debris from
either or both of the Clouds, depending on starting assumptions. The APOGEE
spectra also allow us to investigate the added dimension of the stellar metallicity
distributions of these substructures, further clues to their origin. A companion ex-
ploration (Mufioz et al. 2023) with these same spectroscopic data will focus on the
detailed chemical aspects of these substructures to further constrain the properties

and origin of the stellar substructures in the southern periphery.

This paper is organized as follows: In Section 4.2, we describe the MC star samples
used in this study. In Section 4.3, we present the 2D and 3D stellar motions for
stars using only Gaia proper motions (PMs) and Gaia PMs plus APOGEE radial
velocities, respectively. We particularly focus on a kinematically distinct group of
stars that lie around, but are not limited to, the southern structures discovered by
Belokurov and Erkal (2019). We then present comparisons with hydrodynamical
simulations of an LMC-SMC analog pair of galaxies to explore plausible explanations
for those kinematically distinct stars in the southern periphery. In Section 4.4, we
discuss the possible origin of these newfound MC stellar substructures and summarize

our conclusions.

4.2 Data

Our analysis relies on data from Gaia EDR3 (Gaia Collaboration et al. 2021b),

from which we draw LMC stars via a selection procedure similar to that applied
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by Belokurov and Erkal (2019), but with some slightly different criteria: Stars with
G < 17.5 are selected within 30° of the origin of the Magellanic Stream (o = 80.8926°,
d = —72.1859°) coordinate system (Nidever et al. 2008). We adopted the extinction
map from Schlafly and Finkbeiner (2011), and an extinction correction is performed
with the equation and parameters from Gaia Collaboration et al. (2018c). Then
we make a selection within the color-magnitude diagram to constrain our sample to
stars primarily along the red giant branch (RGB) of the LMC (Figure 4.1a). To
eliminate most of the foreground stars from the Milky Way, those with parallax
w > 0.2 mas or Galactic latitude |b| < 5° are removed, while an additional selection
for stars with similar proper motion to the LMC is applied (Figure 4.1b; in this
figure, proper motions are shown in Magellanic Stream coordinate system, and the
large and small “blobs” represent stars from the LMC and SMC, respectively.) The
spatial distribution of our selected LMC star sample is shown in Figure 4.1c. In
Mackey et al. (2018), two substructures to the south of LMC have been identified as
regions of stellar overdensity; for ease of comparison, these substructures are labeled in
Figure 4.1¢ and subsequent figures as Substructure 1 and Substructure 2. Similarly,
structures identified by Belokurov and Erkal (2019) are labeled with black dotted
line in all relevant figures. Furthermore, we excluded stars within 7 degrees from the
center of SMC (red dotted line, SMC Exclusion Zone) from all analysis, but we decide

to include these stars within our figures for easy comparison.

To investigate the kinematics of substructure at the southern periphery of the LMC
further, we employed stars from APOGEE (Majewski et al. 2017; Wilson et al. 2019;
Garcia Pérez et al. 2016; Holtzman et al. 2015; Nidever et al. 2015; Zasowski et
al. 2017) Data Release 17 (DR17), part of the Sloan Digital Sky Survey (SDSS-1V)

(Gunn et al. 2006; Blanton et al. 2017), where precise line-of-sight velocities enable the
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derivation of the three-dimensional motions of stars. We focus here on six APOGEE
fields placed on and around previously known substructures: two to the North of
LMC on the arm feature discovered by Belokurov and Erkal (2019) and four to the
South of LMC on the hook features and their extensions discovered by Mackey et al.
(2018); data on these fields were obtained through the Chilean National Telescope
Allocation Committee (CNTAC) program CN2019A-30 (PI: A. Monachesi). These
fields are shown in Figure 4.1c with circles of different colors that, in some following
figures, will be used to identify the stars in each field. We applied the same parallax,
color-magnitude diagram, and proper motion selections with our Gaia sample to
the stars within the six APOGEE fields. Additional selection criteria in line-of-sight
velocity (100 < Vieio < 350 km s71), effective temperature (T.;; < 5400 K) and
surface gravity (logg < 4) are applied to refine our LMC sample further. A total 88

stars across all 6 fields passed through all selection criteria.

4.3 Results

4.3.1 2D motion from Gaia EDR3

In Figure 4.2 we show the spatially averaged proper motion components in Magel-
lanic Stream coordinates of the Gaia sample as observed (top panels), as well as the
residuals of those proper motions after subtracting the predicted values from a fitted
model (bottom panels), which we describe further below. The dipole pattern seen
in the main LMC disk in the upper panels steems from the disk’s rotation, while
distinct kinematical signatures of previously discovered features, such as the arm-like

substructure to the north of the LMC (Mackey et al. 2016) and the hook-like feature
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Figure 4.1: The steps to creating our survey sample. (a) The CMD of all Gaia stars
within 30° of the origin of the Magellanic Stream coordinate system. The black lines
indicate the CMD region showing our initial selection of LMC stars. APOGEE stars
are indicated with blue dots. (b) Proper motions in Magellanic Stream coordinates
and our proper motion selection criteria. The black lines indicate the regions within
which we retain stars in our sample. (c¢) On-sky distribution of our selected LMC star
sample in Magellanic Stream coordinates (Lysg, Buys). The locations of APOGEE
fields are indicated with circles of different colors. Substructures identified in Mackey
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lying in between the LMC and SMC (“Substructure 2”7 in Mackey et al. 2018), are
revealed around the LMC periphery. The residual maps in the lower panels show that
our kinematical model fits the disk rotation well, whereas the features on the periph-
ery exhibit strong departures in proper motion from our simple model of a rotating
disk. In particular, as previously found by Mackey et al., while the substructure to
the north features low proper motions, stars in the hook in the south have a much
larger proper motion than stars in the immediately surrounding area. In addition,
in the southern part of the LMC, at radii extending beyond about 10 degrees from
LMC center and starting near the end of the hook and wrapping clockwise around
the LMC to about (Lys, Bas) = (10°, —5°), there is a swath of stars that shows

higher proper motions in both the longitudinal and latitudinal dimensions.

To explore these kinematical structures of the LMC periphery further, we contrast the
observed motions against those from a kinematical model of the LMC that includes
the effects of bulk center-of-mass motion and internal rotation, as described in (Choi et
al. 2022). This model is based on fits to ~10* LMC disk stars with both proper motion
measurements from Gaia EDR3 (Gaia Collaboration et al. 2021b) and line-of-sight
velocity measurements from a variety of sources, including Hydra-CTIO observations
of 4226 stars by Olsen et al. (2011) and 5386 stars from SDSS DR16/APOGEE-2
(Ahumada et al. 2020). In brief, the modeling procedure, which is based on the
formalism of van der Marel et al. (2002), fits several parameters jointly to the proper
motion and line-of-sight velocity data. These parameters include the location of the
LMC’s kinematical center in RA and Dec, the LMC’s bulk transverse motion along
the RA and Dec axes, the line-of-sight velocity of the kinematical center, the position
angle of the line of nodes, the inclination of the disk, two parameters describing the

shape and amplitude of an internal rotation curve that is flat after a scale radius
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Ry, and the velocity dispersion in three orthogonal directions. We assume that the
LMC disk has no precession or nutation and that the distance to the LMC is 50.1
kpc (Freedman et al. 2001). The model predicts the proper motion distribution well
within the inner disk of the LMC, but does significantly deviate from the observations
at larger radii (Choi et al. 2022), and (as expected) fits especially poorly to stars in
the periphery of the SMC.

To probe the possible origins of the previously discussed features more deeply, we use
the model fit as described above to deproject the proper motions into in-plane velocity,
Vint, as shown in Figure 4.3a. To derive an expression for V,;, we use the coordinate
system and formalism developed by van der Marel et al. (2002), in particular: (1)
their Equation 7, which describes the relationship between the proper motion vector
and the orthogonal velocity components vy and vs in the plane of the sky (as defined
in Equation 1 of van der Marel et al. 2002, the direction of vy is parallel to radius
vector originating at the LMC center and ending at the sky coordinate in question,
while v3 is orthogonal to this in the direction of the position angle ®), and (2) their
Equation 21, which describes the projection of the rotation curve to vy and vs. The
distances to the individual stars assume that they are moving in the inclined plane of
the LMC disk, and as such depend on the distance to the center of mass of the LMC
and on the disk inclination. We adopted 18.5 as the LMC distance modulus (which
is within 1% of the measurement by Pietrzyriski et al. 2019 from eclipsing binaries)
and derived the inclination from the model fit, which we found to be 22.7 deg, in
close agreement with that derived from red clump distances by Choi et al. (2018).
We use the observed proper motion vector, after subtracting the contribution from
center of mass motion, to compute vy ;s and vs ;ns, and then derive an expression for

the rotation velocity V;,; as a function of the magnitude of the velocity vector in the
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plane of the sky:

1
(Ug,int + ’Ug,int) 2

((f1/ f2)? sin?(i) cos?(@ — ©) + f3]2

(4.1)

‘/intzs

where

f1 = cos(i) sin(p) + sin(i) cos(p) sin(® — O)

and

f2 = [cos™(i) cos”(® — ©) + sin®(@ — ©)]2

are terms in the geometric projection and s = 41 is the direction of orbital motion of
the given star (s=+1 in the direction of spin of the LMC disk), i is the inclination of
the LMC disk to the plane of the sky, p is the radius coordinate expressed as angle on
the sky, ® is the position angle measured east of north, and © is the position angle of
the line of nodes. To determine s, we compute the angle of the proper motion vector
©; and compare it to the position angle ®, and set s = —1 if 90 < (& — 6;) < 270

and s = +1 otherwise.

The resulting deprojection shows roughly the ordered rotational velocity in the inner
~ 10° of the LMC. We refer to (Choi et al. 2022) for the detailed discussion about
the stellar kinematics in the inner disk of the LMC. Beyond 8-10° from LMC cen-
ter, on the other hand, the stars show a remarkable spread in V;,; values, as shown
by the color scale markings of stars in Figure 4.3a, with many of the various sub-
structures discussed earlier showing markedly distinct, and even extreme, V;,; values.
Meanwhile, stars in the region associated with “Substructure 1” have Vj,,; somewhat
elevated above that for stars in the outer disk, whereas stars in the region associated

with “Substructure 2” have very low, even negative V;,; relative to the outer disk.
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To demonstrate the dramatic change in the kinematical character of stars just be-
yond a radius of ~10° in the southern LMC periphery, Figure 4.3b compares the
distribution of Vj,; values for stars within 8° of the LMC center to those within the
“southeast periphery sector (SPS)” outlined in Figure 4.3a and spanning radii of 10-
20°. As stated before, stars within the SMC Exclusion Zone (red dotted line) are
not included in the SPS. Figure 4.3b also includes as a control sample those stars
in a similar range of radius but spanning the entire northern LMC periphery (the

“northern periphery sector (NPS)”).

As may be seen in Figure 4.3b, the SPS stars span a vastly broader range (~600 km
s_l) in Vj,; than either the stars in the inner, disk-dominated region or in the NPS,
which looks very much like the inner disk in terms of V;,; distribution. While some
SPS stars share the nominal Vj,; velocities of disk stars, the former are generally
confined to SPS stars at smaller radius, as is evident in Figure 4.3a. On the other
hand, a larger fraction of SPS stars have velocities with more extreme V;,; — either
much higher than the nominal LMC disk, or retrograde. Neither of these types of
Vit are what is expected for the outermost parts of disks, where galaxy mass is
typically distributed so that rotational velocity decreases with radius (but remains
prograde). Moreover, given that Vj,, represents a 2-D, deprojected velocity to the
LMC disk plane, not only does Figure 4.3b demonstrate just how “non-disk-like” are
the motions of a large fraction of SPS stars, but it suggests that the full 3-D motions
of some SPS may be even more distinct and extreme. That assessment is borne out
by the stars in hand for which full 3-D motions are possible due to the availability of
APOGEE radial velocities (RVs).

In Section 6 of Gaia Collaboration et al. (2021a), a similar kinematical study of LMC

outskirts is also reported. The authors pointed out that both the northern (north-
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Figure 4.3: In-plane velocity distributions for our selected LMC star sample. (a) The
in-plane velocity distribution, V;,; in Magellanic Stream coordinates (Lyss, Bus)-
Some previously identified substructures are indicated, as is the placement of the
APOGEE-2 fields and the southern periphery sector (SPS) analyzed separately. A
northern periphery sector (NPS) is placed to the north of LMC, with the same inner
and outer radius as SPS. (b) A comparison of the Vj,;, in-plane velocity distributions
for stars in the nominal disk of the LMC (radii less than 8° from LMC center, blue
curve), stars in NPS region (brown curve) to those in the SPS region.

ern tidal arm, NTA, in their paper) and southern substructure (southern tidal arm,
STA, in their paper) have consistent velocities to those of LMC, and an additional
substructure is detected to the east of LMC (ESS in their paper). While we agree
that the northern substructure has consistent velocity distribution with those of the
outer LMC disk, the southern substructure shows significant differences in velocity,
especially an increase in stars with high in-plane velocities that is not present in the
northern periphery region, and only a slightly larger velocity is detected to the east

of LMC, which could be interpreted as an extension of the southern substructures.
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4.3.2 3D Motions and Metallicities for APOGEE Stars

By combining APOGEE DR17 RVs with Gaia proper motions, full three-dimensional
(3-D) motions can be calculated. We use the same orientation of the LMC disk (i.e.,
line-of-nodes and inclination angle) as used in the model to calculate V;,; in Section
4.3.1 to transform those 3-D motions into a cylindrical coordinate system appropriate
to the LMC disk reference frame, where Vz and Vj are the radial and rotational
motions projected onto the LMC disk plane and V7 is the motion perpendicular to the

disk plane (where a positive V is towards the Sun). To perform this transformation,

/

we first inverted Equation (5) from van der Marel et al. (2002) to solve for v, v,

and v, in the plane of LMC disk, computed the in-plane positions 2’ and 3y’ using
Equation (7) from van der Marel and Cioni (2001), and then computed Vg, V,, and

Vy as:

Figure 4.4 shows the velocity distributions in this parameter space for each of the six
individual APOGEE fields shown in Figure 4.1¢, along with stars from the LMC disk.
This LMC disk sample is the same as in Nidever et al. (2020). The latter stars define
clear concentrations in velocity space. It is immediately obvious that the stars in the
O1 and O2 APOGEE fields have velocities very different from those of LMC disk
stars, with strong (by more than 100 km s™1), “infalling” radial motion and typically

a faster Vj (i.e., azimuthal) motion than that of LMC disk stars. In the case of the
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O1 field the V; motions of some of the stars exceed that of the most rapidly rotating
LMC disk stars by of order 100 km s~!. Given these quite different and extreme
kinematics, it is difficult to conclude that the stars in the O1 and O2 fields are simple

extensions of the LMC disk.

This assessment would seem to be at least partly supported by the spectroscopic
metallicities for the stars in the O1 and O2 fields as derived by APOGEE. These are
shown by the probability distribution functions derived by kernel density estimation
(KDE) in Figure 4.5. As may be seen, the peak of the metallicity distribution function
(MDF) for the O2 field is shifted by about 0.6 dex in [Fe/H] from that of the LMC
inner disk. Even accounting for the gentle radial metallicity gradient in the LMC disk,
the O2 field is still shifted by about 0.2 dex from the MDF of the outermost part
of the disk (stars 8-10° from the LMC center, shown as the solid line in Figure 4.5).
Indeed, the MDF for the O2 field is similar to, though slightly more metal poor than
that of the SMC; however, while the O2 field lies very close to the SMC in the sky,
the kinematics of the O2 and SMC stars are so disparate (e.g., separated by some
300 km st in the simple Vj,; projection of proper motion; Figure 4.3a) that it would

seem to preclude a simple connection of the O2 stars to the SMC.

On the other hand, while the MDF of the O1 stars seems to match well that of the
LMC outer disk, their 3-D motions are clearly quite distinct (Figure 4.4). However,
all of these MDF' comparisons must be considered tentative, given that there are only
13 and 6 stars with APOGEE data in each of the O1 and O2 fields, respectively. The
metallicity and detailed chemical abundances of the stars in these six APOGEE fields

are explored further in a companion paper by Mufloz et al. (2023).

In contrast to the situation for the O1 and O2 fields, the stars in fields N1, N2, H1

and H2 do lie within the approximate 3-D velocity envelope of the LMC disk stars
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Figure 4.5: Probability density functions derived from KDE applied to the observed
metallicities for the LMC inner disk (within 8 deg of the LMC center, black dashed
lines), LMC outer disk (further than 8 deg from LMC center, black solid lines), SMC
disk (within 7 deg from SMC center), and stars in all six APOGEE fields (same color
with Figure 4.3a). The median metallicity of each sample is labelled by the arrow
close to the top of the figure. The number of stars within each sample is labelled in
the legend of each panel.
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(Figure 4.4), albeit generally near the “edge” of the envelope. This suggests a closer
connection of the stars in these APOGEE fields to the LMC disk. This association is
apparently supported by the MDFs of the various populations, in particular for the
N1, N2 and H2 fields, which match well to the MDF of the outer disk. Only the
H1 MDF seems less consistent with the others, but this MDF consists of data for
only seven stars. It is perhaps not so surprising that the N1 and N2 groups might be
associated with the LMC disk, given that they lie right on the apparent spiral arm
feature. However, these new APOGEE results suggest a closer connection of the two
southern “hook” features to the LMC disk than previously thought. It also points
to these two features as being exceptions to the bulk of the stars in the SPS region,
which, based on their Vj,; values, seem kinematically distinct from the LMC disk

(Section 4.3.1).

4.3.3 Comparison with Simulations

To obtain better insight on the observed extreme in-plane velocities in the SPS region,
we investigate the two simulations from Besla et al. (2012) of an interacting pair of
LMC and SMC analogs, subject to the MW’s gravitational potential under a first
infall scenario. In these simulations, the LMC/SMC binary interaction produces tidal
features qualitatively similar to what is broadly observed in the Magellanic system,
and so are potentially useful for understanding our results on kinematic outliers.
There is as of yet no consensus in the field regarding the recent interaction history
between the Clouds (e.g., Cullinane et al. 2022). The major difference between the two
Besla et al. (2012) simulations is the impact parameter of the most recent encounter
(~100 Myr ago) between the Clouds: Model 1 has an impact parameter of ~20 kpc,

with consequently less dramatic effect on the structure of the galaxies, while Model
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2 has an impact parameter of ~2 kpc, with substantially more tidal debris at large

distance from the parent bodies.

To make our comparisons, we translate the 6D phase space information of the simu-
lated LMC/SMC stellar particles to the observed frame. More specifically, we recenter
all simulated LMC/SMC particles to match the observed center of mass position and
velocity vectors of the LMC, (X,Y,Z) = (-1, -41, -28) kpc and (Vx,Vy,Vz) = (-57,
-226, 221) km s~ (Kallivayalil et al. 2013). This step is necessary as these simulations
were designed such that 3D velocity vector of the LMC matched that measured earlier
by Kallivayalil et al. (2006). This shift is applied to the entire simulated Magellanic
system and does not change any of the motions of stellar particles internal to each
simulated galaxy. We then translate the positions and velocities of each star particle
from the Galactocentric coordinate system to «, 9, line-of-sight distance, fiqx, s, and
line-of-sight velocities using the Python library astropy.coordinates. We note that
we exclude any star particles younger than 1 Gyr old from our analysis, in order to

enable comparisons to the observational results based on RGB stars.

We apply the same kinematic modeling procedure to these simulated LMC disk star
particles as we did for the data (Section 4.3), which result in fitted parameters for
both the bulk center-of-mass motion and internal rotation of the LMC in the two
simulations. We then apply these model parameters to all star particles in the simu-
lations, including the SMC particles, returning values for Vj,:, Vr, Vy, and V for all

particles with respect to the LMC center-of-mass reference frame.

We note that the inclination and line-of-node position angle of the simulated LMC
disk in Model 1 and Model 2 are not an exact match to the observed values with
regards to our line of sight (see Section 3.2 in Besla et al. 2016), and that the center

of mass position and velocity of the simulated SMC is not exactly matched to the
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observed values as described in Besla et al. (2012). However, no corrections are made
to the simulated LMC and SMC to make them consistent with these two observed
values, as the velocities that we care about are all relative to the LMC center-of-mass
reference frame. Thus, the analysis of simulations presented here is only to serve as
a proof of concept for the plausible range of kinematics associated with stellar debris

tidally removed from the LMC-SMC interactions.

Figure 4.6 presents the kinematic properties of Model 1 (upper panels) and Model 2
(lower panels). We apply the same spatial cuts as described in Section 4.2. Specifi-
cally, we define the LMC main disk as the inner 8° from the LMC center, focus on the
10-20° annulus to look for kinematically distinct populations, and exclude the SMC
particles within 7° from the SMC center in our analysis. We also exclude those SMC
particles that are outside the SMC exclusion zone but within the 10-20° annulus if
they have proper motions inconsistent with the majority of the LMC particles. Due
to the inconsistent line-of-node position angles of the simulated LMC disks with that
of the observed disk, we analyze the 10-20° annulus as a whole instead of dividing

the annulus into two sectors as we did for the observation (North vs. South sectors).

From the Vj,; distribution of all the LMC/SMC star particles within the 10-20° an-
nulus (except for the SMC particles inside the SMC exclusion zone), we identify
kinematic outlier stars as those that have Vj,; below the 0.15 percentile value (low
Vine stars) or above the 99.85 percentile value (high Vj,,; stars). This is equivalent to
3-sigma outlier selection for the case of a normal distribution. We mark the low/high
Vint values for Model 1 (-143/185 km s™!') and Model 2 (-226/251 km s™') in the
upper and lower right panels, respectively. The mass fraction of kinematic outlier
stars in the 10-20° annulus relative to the stars in the LMC main disk is ~0.0043%

in both Model 1 and 2. If we do the same outlier selection for the observational data,
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the computed low and high Vj,,; values are -254 km s~ and 319 km s™!, respectively.
Model 2, which has a closer LMC/SMC impact parameter than Model 1, shows a
better agreement with the observation in terms of the low and high V,,,; values. How-
ever, even Model 2 cannot reach V;,,; values as high as those observed, indicating that
a stronger tidal perturbation might be needed to reproduce the extreme velocity stars
seen in the observation. The number fraction (which is a proxy for mass fraction by
virtue of the fact that RGB stars have similar masses) of the kinematic outliers among
the Gaia-selected RGB stars relative to the those within the inner 8° is ~0.0045%,
which might be considered a rough upper limit because the RGB selection is likely
not 100% complete in the innermost region due to crowding (Gaia Collaboration et al.
2021a). However, it is notable that the simulations contain roughly the same fraction

of kinematic outliers as the observations.

The upper and lower left panels in Figure 4.6 show the spatial distribution of kine-
matic outlier star particles on the 2D star count maps of the simulated LMC from
Model 1 and Model 2, respectively. The two solid black circles denote the radii of
10° and 20° from the LMC center, while the blue dashed circle marks the radius of
8° from the LMC center. The green dashed line shows the SMC exclusion zone. The
population consisting of the kinematic outliers in the 10-20° annulus for each model
is different. In Model 1, most of the high V;,; stars in the annulus have an LMC
origin, while the low V,; stars have both LMC and SMC origin. In Model 2, all the
low Vj,; stars in the annulus are SMC debris. In general, all the kinematic outliers in
both Model 1 and 2 are found around tidally induced low surface brightness features.
However, the detailed spatial distributions of kinematic outliers are different in the
two models. Model 1 shows a rough bi-polar distribution, while Model 2 shows a

one-sided distribution. In 3D space, the kinematic outliers are mostly extraplanar,
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as is clearly seen in the edge-on view of the simulated LMC disks (middle panels).
In Model 1, the majority of the outliers with LMC origin are found both above and
below the main disk, but within ~10 kpc. On the other hand, the outliers with SMC
origin are located far above or below the main LMC disk. In Model 2, almost all of
the kinematic outliers, including the LMC debris, are ~10-20 kpc above the LMC

main disk.

On the recommendation of the anonymous referee to our submitted journal paper, we
also examined plots of component velocities V; and Vi versus Z for the simulations,
and compared features found in them to those selected by Vj,,. We find that our
Vint selection identifies features that would also be seen as outliers in these plots of
component velocity versus Z; the advantage of Vj,; is that we can compute its value
for the observations, whereas we have no way to measure Z, and thus must assume

that Z = 0 for all stars.

In Figure 4.7, we show the Vz, V,, and V7 velocity components for the two models.
The underlying gray scale shows the velocity distributions of star particles in the
LMC disk within 8°. We overplot the kinematical outliers shown in Figure 4.6 using
the same color and symbol schemes. Similar to what we see from the stars in the O1
and O2 APOGEE fields (Figure 4.4), the kinematical outliers in the simulations show
distinct behaviors from the majority of the star particles in the main disk. It is difficult
to make a fair comparison between the observations and the simulations because the
O1 and O2 APOGEE fields probe a tiny portion of the 10-20° annulus with a narrow
coverage of position angles (~10° around the position angle of 180°), whereas the
kinematical outliers in the simulations are tied to a larger range of position angles.
Nevertheless, the amplitudes of offsets in each velocity component from the majority

of the LMC disk star particles in the models are comparable to those seen in the
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observations.

4.4 Discussion and Conclusion

From our analysis of the 2-D velocities based on Gaia proper motions for a large

number of stars — from which we derive a deprojected, in-plane velocity, V;,;, per

star — combined with 3-D velocities and metallicities for a smaller collection of stars

in new APOGEE fields, we find and conclude the following:

o The periphery of the LMC contains stars from a variety of origins and with a

clear north-south dichotomy: The stars in the northern LMC periphery (rep-
resented by stars in the NPS region of proper motions and the N1 and N2
APOGEE fields) seem to have ties to the outer LMC disk, based on both their
kinematics and MDFs. In contrast, the stars in the southern LMC periphery
(represented by those in the SPS region generally) show a more heterogeneous
MDF and an especially diverse kinematical character, with the latter exhibiting
a remarkably extreme range in velocities, with some stars sharing the motions

of the LMC disk, but a significant fraction of stars moving quite unlike the stars

in the LMC disk.

o Within the SPS region, the areas represented by the hook-like features previ-

ously identified by Mackey et al. (2018) have V;,; values more like those found
in the LMC outer disk, and this kinematical association is supported by the
observations of stars in the H1 and H2 fields, which show 3-D velocities and

MDFs like those of the outer LMC disk.

o On the other hand, stars at larger radius in the SPS contain stars with more
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Figure 4.6: Top row (Model 1): the 2D star count map of the simulated LMC (left
column) and the edge-on view of the simulated LMC (middle column) overplotted
with the kinematic outliers with high and low V;,;. As shown in the right column,
the kinematic outliers are identified as 0.15% population in the low and high tails of
the Vj,; distribution of all the star particles that are within the 10-20° annulus, but
outside the SMC exclusion zone. These outliers preferentially reside in tidally-induced
low-density structures and are found above and below the main disk plane. While
high V;,; star particles mainly originate in the LMC, low V;,,; star particles have both
LMC and SMC origin. Bottom row (Model 2): The panels are the same as for Model
1. Similar to Model 1, the kinematic outliers are found in low surface brightness tidal
features, but with a more skewed spatial distribution. Model 2 shows much stronger
extraplanar features; most outliers reside 10-20 kpc above the main disk.
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Figure 4.7: The vertical velocity (V) and radial velocity (Vg) versus azimuthal veloc-
ity (V) distributions for the simulated LMC from Model 1 (left columns) and Model
2 (right columns). Kinematical outliers from the LMC (blue and red squares) and
SMC (cyan and orange crosses) are highlighted. The coloring scheme for kinematical
outliers is the same as in Figure 4.6. As seen for the stars in the APOGEE O1 and O2
fields (see Figure 4.4), most of the V;,;-selected kinematical outliers also have extreme
individual velocity components compared to the stars in the main disk.
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extreme kinematics (showing both retrograde velocities and prograde velocities
at much higher velocity than the LMC disk), as exemplified by the 3D motions of
the stars in the O1 and O2 fields, which cannot be viewed as a simple dynamical

extension of the LMC disk.

o The stars in the O2 field have a spatial and metallicity distribution suggesting
a connection to the SMC, but a velocity character extremely distinct from the
SMC. Meanwhile, stars in the O1 field have an MDF resembling that of the
outer LMC disk, but, again, a kinematical character quite distinct from that as-
sociation. For these stars, one possibility is that they are highly disturbed tidal
debris from the LMC/SMC interaction, which we explore by comparing their
kinematical nature with those from hydrodynamical N-body simulations (see
below). However, we cannot rule out that some APOGEE stars in these fields
are of an “external” origin, the LMC-equivalent of accreted halo substructure,

evidence for which has previously been suggested by Majewski et al. (2009).

From our comparisons with two hydrodynamical N-body simulations of an interacting

LMC-SMC system (Besla et al. 2012), we find and conclude the following:

o The observed extreme velocity stars can be qualitatively reproduced by the tidal
interactions between the LMC and SMC. The kinematical outliers identified in
the simulations are extraplanar and preferentially found in tidally-induced low
density features. This suggests that many of the stars in the SPS region are

also out of the plane of the LMC.

o The detailed populations of the kinematical outliers depend on the interaction

histories. In Model 1, where there is no direct collision between the MCs, the
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contribution of the SMC particles to the high positive in-plane velocity popula-
tion is negligible. In Model 2, where a recent direct collision occurred between
the MCs, there is no contribution of the LMC particles to the high negative in-
plane velocity population. We note that the LMC (SMC) debris are dominant
components of the high positive (negative) in-plane velocity population in both

models.

o Although the simulations are able to provide a plausible explanation for the
kinematical properties of extreme velocity stars, neither models reproduce the
details of the observed V,, distribution, including the extended high positive
in-plane velocity tail seen in the observation. This might suggest that future
models need a stronger perturbation (e.g., heavier SMC) to reach the observed
highest V;,,; values. To test this, exploring a much broader parameter space for

the interaction history is required.

Obviously, additional investigation is needed to solidify these conclusions. Larger
spectroscopic samples would, of course, be a great help. But other data exist now
that might help with firming up or ruling out the above conclusions. One partic-
ularly useful aid would be the discernment of relative distances of the LMC disk,
SMC disk, and the periphery field stars, which, combined with the relative motions,
would provide more definitive conclusions regarding the origin of the various spatio-
kinematically distinct features. Unfortunately, at present the uncertainties associated
with distance gauging individual sources at these great separations from us are still
too large. We attempted to statistically assess the relative distances of stars based
on color-magnitude distributions, but confess that these investigations proved quite

inconclusive.
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Chapter 5

The Search for White Dwarf -
M-Dwarf Binaries in Large Stellar
Spectral Databases using Artificial

Intelligence

5.1 Introduction

Numerous astrophysical problems depend critically on the evolution of white dwarf -
main sequence (WD-MS) binary systems. Depending on the initial parameters of the
system, these alternate evolutionary paths can include one or two common envelope
episodes, mass transfer via wind accretion, mass stripping, and stellar mergers (see
Fig.1(a) for examples). Theory cannot yet securely predict the evolutionary path or
the final product of specific main-sequence binaries, but such predictions are neces-
sary for numerous astrophysical problems, from assessing occurrence rates of novae
and cataclysmic variables (Kalomeni et al. 2016), to modeling extragalactic stellar
populations (Gotberg et al. 2019) and establishing formation rates and delay time
distributions of important transients like Type Ia Supernovae and the progenitors of

gravitational wave sources in the LIGO and LISA passbands (Lamberts et al. 2019).
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Figure 5.1: (a) The evolution of a close binary system, and a variety of pathways
leading to various endpoints, including a Type Ia supernova (Toloza et al. 2019). (b)
A sample spectrum of a WD-Md binary (blue line), which results from merging the
individual spectra of a WD (green line) and an M-dwarf (red line).

To fully characterize the rich phenomenology of these binaries and enable reliable mul-
tivariate statistical analysis, assembling a catalog of WD-MS systems with accurately

determined parameters in sufficient quantity is necessary.

About 70% of the main sequence stars in the Milky Way Galaxy are M-dwarfs (dM),
making white dwarf - M-dwarf (WD-Md) binary systems the most common among
white dwarf - main sequence (WD-MS) binary systems. They are also the easiest to
identify due to the cool effective temperature of the M-dwarf photosphere compared
with the typically hot temperature of a WD (Anguiano et al. 2022). Law et al. (2012)
estimated that around 1 in 1000 M-dwarfs has a WD companion. This suggests that
there are approximately 10° WD-Md pairs in the Milky Way. Surprisingly, there
are only around 3,000 spectroscopically confirmed WD-Md binaries known (Rebassa-
Mansergas et al. 2012; Ren et al. 2018). This small number hampers our ability

to understand WD-Md pairs as potential progenitors of Type Ia supernovae and
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sources of gravitational waves (Scaringi et al. 2023). Recently, a number of large
scale spectroscopic surveys have been announced and/or have undergone their initial
data releases. The largest among them that has available data released, the Gaia
survey, through Gaia Data Release 3 (De Angeli et al. 2023) published low-resolution
spectra for about 220 million objects, including over 8 million M-dwarfs. Similarly,
Sloan Digital Sky Survey V (SDSS-V, Kollmeier et al. 2017) have also released its
first batch of stellar spectra taken under the Milky Way Mapper (MWM) and Black
Hole Mapper (BHM) programs via SDSS Data Release 18 (DR18, Almeida et al.
2023), with more expected on subsequent data releases. Consequently, the number of
confirmed WD-Md pairs could potentially increase by two orders of magnitude. There
is an urgent but achievable need to construct the most extensive WD-Md catalog to
date, and these spectroscopic surveys provide a means to accomplish this. Such
a catalog will enable us to establish a state-of-the-art sample for studying compact
binary evolution and also allow us to directly address pressing astrophysical questions,
such as assessing whether WD-Md pairs and their mass ratios are abundant enough
to support an adequate rate of supernovae explosions. Moreover, such a complete
catalog can offer insights into key aspects of stellar evolution, where vital mass transfer
mechanisms are often modeled using simplified recipes that have limited predictive

power and may only be calibrated on small samples of end products, if any.

To construct a WD-Md catalog from these large spectroscopic databases, we turn to
Artificial Intelligence (Al) to help address this computationally intensive task. Identi-
fying WD-Md binaries among the vast ocean of single stars and non-WD-Md binaries
in stellar spectrum databases can be treated as an (extremely unbalanced) classifica-
tion problem, and acquiring the characteristics of WD-Md binaries (i.e., temperature,

radius and masses of WD and Md) can be formulated as regression problems.
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Leveraging machine learning for the identification and characterization of WD-Md
binaries has the potential to revolutionize astrophysics. Traditional methods rely on
matching observed spectra to either theoretical or empirical template models (see
Figure 5.1(b)). By comparing the measured spectra with various templates, these
approaches may identify WD-Md binaries when provided high-resolution and high
signal-to-noise (S/N) spectra (Rebassa-Mansergas et al. 2012). However, this method-
ology is no longer feasible to explore the vast amount of data released by enormous
surveys like Gaia due to its slow computational speed. With significant advancements
in machine learning, the methodology is now mature and well-equipped to tackle com-
plex problems in scientific domains. Machine learning has recently been applied to
various exotic astronomical phenomena, such as the hunt for supernovae (Lochner et
al. 2016; Moller and de Boissiere 2020), gravitational waves, and gravitational lensing

(Hezaveh et al. 2017; Petrillo et al. 2017).

5.2 Contrastive Self-Supervised Learning

In general, the vast amount of annotated data required during training would pose
significant challenge to the application of Al technology to the particular problem at
hand. In the community of deep learning, machine learning models are often trained
with hundreds of thousands if not millions of labeled samples, given that the number
of parameters in a neural network could easily reach into the millions, if not billions.
For example, ImageNet (Deng et al. 2009), a resource upon which most image recogni-
tion deep learning models have been trained, has more than 14 million labeled images.
For the cases where annotated training data are rare and make the application of Al

impractical — a problem known as few-shot learning — a number of paradigms have
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been developed to circumvent this troublesome requirement. Here, we will focus on
one of these paradigms, contrastive self-supervised learning (contrastive SSL ). Exploit-
ing the nature that a neural network essentially learns a highly nonlinear mapping
from a much higher dimensional input data space to a lower dimensional latent space,
contrastive SSL is a discriminative approach that focuses on grouping similar samples
closer and different samples far from each other in the learned latent space (Jaiswal
et al. 2020). As such, contrastive SSL learns a summarization of the input sample
that preserves as much information as possible while being robust to noise and other
small changes, all without any annotation. We utilized SimCLRv2 (Chen et al. 2020)
because of its simplicity yet high accuracy in the domain of image classification as well
as its easy migration to our particular problem, as spectra are essentially one dimen-
sional images. In our case, each input spectrum first goes through the process of data
augmentation, where noise and bad-pixels are artificially added into each spectrum,
generating 2 augmented inputs. The two inputs are then fed into a convolutional neu-
ral network followed by a multi-layer perceptron, generating a 64-dimensional vector
representation of each input spectrum. Then the NX-ENT loss function (Chen et al.
2020) with the parameter of 7 = 0.5 (see above cited paper for the closed form of this
function) was used, which minimizes the differences between the two 64-dimensional
vectors from the 2 augmented input and at the same time maximizes the differences
between the 64-dimensional vector representations from the different input spectra

within the same batch.

Apart from the advantage of not requiring a large annotated training set, self-supervised
learning usual results in a model with smaller generalization errors, less spurious cor-
relations, and more resilience to noisy input data (Liu et al.Liu et al. 2021). This

makes this method particularly well-suited for noisy input data scenarios, such as fi-
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nancial time series data in stock and future markets, natural language processing with
web-scraped data, and images with significant noise, the latter a common scenario
for those taken under low light condition, which is the premise of many astronomical

images and spectra.

5.3 Dataset, Architecture Design, and Training

Strategy

We selected our training data from the SDSS DR17 and previous data releases.
We only consider stellar spectra from the Baryon Oscillation Spectroscopic Survey
(BOSS) spectrograph. The BOSS spectrograph has a resolution running from about
R = 1560 at 3700 Angstroms to R= 2270 at 6000 Angstroms (blue channel), and
from R = 1850 at 6000 Angstroms to R = 2650 at 9000 Angstroms (reds channel).
The positive samples are the full WD-Md catalogue from Rebassa-Mansergas et al.
(2012). The negative samples were picked from a combination of confirmed single
WD, Md, and subdwarf (SD) stars, and then sampled randomly to have the same
number of samples as the positive sample. The positive and negative samples com-
bined together into the annotated dataset for fine-tuning, with a total sample size of
6438. This annotated dataset is then subdivided into a training set (60%), a valida-
tion set (20%), and a hold-out testing set (20%). 75000 SDSS stellar spectra from
the BOSS spectrograph were also picked randomly from the full SDSS DR17 and

previous data releases as the pretraining dataset.

One of the most common neural network architectures to analyze for images is the

convolutional neural network (CNN), a type of feed-forward neural network that
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learns feature engineering by itself via tunable parameters in hierarchically applied
filters and downsampling through pooling or non-unitary striding of the convolution
layers. CNN is capable of hierarchically summarizing information from input, which
is analogous to how human vision system works. In particular, we adapted Resnet
(He et al. 2016) to be capable of dealing with one dimensional input. The input to
our deep learning model, a sequence of flux values and error of flux values at given
wavelength points, first goes through a convolution layer with a kernel size of 7 and
a output channel of 64, and then goes through 4 Resnet blocks. The input to each
Resnet block goes through two pathways. One pathway is a skip identity connection
directly to the output if the input and output have the same number of channels or a
convolution with kernel size of 1 otherwise, and the other pathway is a [convolution
- batch normalization - ReLU - convolution - batch normalization - ReLU] sequence
with all convolution layers within this pathway having a filter size of 3 and number
of channels being [64, 128, 256, 256], respectively. Max pooling is performed in be-
tween each Resnet block and an adaptive average pooling is performed after the last
Resnet block. The output is flattened and fed into a multi-layer perceptron (MLP).
The MLP has an output channel of z=64 during pretraining and a channel of z=2
during fine-tuning. A diagram of the architecture is provided in Figure 5.2. The total
parameter count in the encoder Resnet is 832 960, the total parameter count in the

MLP is 45 056 during pretraining and 41 088 during fine-tuning.

Due to the large batch size used in pretraining, a traditional optimization method has
been proven to produce unstable gradients. Thus, the network was trained with an
Stochastic Gradient Descent (SGD)-based, Layer-wise Adaptive Rate Scaling (LARS)
optimizer (You et al. 2017) with an initial learning rate of 0.1 during pretraining, a

batch size of 1024. NX-ENT was used as loss function, and pretraining was considered
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Figure 5.2: Architecture of the (a) 1d Resnet, (b) Resnet blocks within the Resnet,
and (c) MLP classifier. Here the output and key hyperparameter of each layer is
labeled following PyTorch convention. B is the batch size and L is the length of the
sequence.
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Figure 5.3: Loss history during pretraining. Pretraining is considered complete if the
loss stopped improving by at least 1072, which occurred at epoch 600.

complete if the loss stopped improving by at least 1072 in 30 epochs or upon reaching
a maximum epoch of 1000. Cosine annealing learning rate scheduling is applied with
a minimal learning rate of 1075 at epoch 1000. The pretraining loss history is shown
in Figure 5.3. During fine-tuning, the network is trained with an Adam optimizer
(Kingma and Ba 2014) with an initial learning rate of 107> and no regularization. The
batch size is reduced to 64, and cross-entropy is used as the loss function. The fine-
tuning is considered complete if the validation dataset loss stopped improving after
30 epochs or reached a maximum epoch of 500. The epoch with the best validation

dataset performance was chosen as the final machine learning model.
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5.4 Results

We first test the model on our hold-out testing set, before migrating to inference on the
SDSS Data Release 18 (DR18, Almeida et al. 2023) dataset. The first experiment is
a test where we can evaluate the performance of the model, i.e., whether it overfitted,
underfitted, or properly fitted the data. The second experiment on the full SDSS
DR18 would provide us with an assessment of the zero-shot learning probability of
the model. While DR18 has a limited number of stars in a very limited range of
sky positions, it marks the first data releases of many from SDSS-V and we aim to
eventually apply this methodology on the much larger complete SDSS-V dataset. As
DR18 were from the same telescope and spectrograph setup, one can surmise that
model trained on previous data releases should also be applicable on DR18, despite
spectra within DR18 having significantly lower signal-to-noise ratio than before due
to shorter exposure time. Nevertheless, it is not a straightforward process as we will

focus on in later sections, partly due to the black box nature of deep learning models.

5.4.1 Hold-out testing set

We first performed a test on the hold-out testing set, where a portion of the annotated
spectra were set aside and never seen during training. A perfect model would be able
to achieve an accuracy of 100%, meaning no false positives or false negatives. For
our testing set (1312 spectra, 656 binaries and 656 single WD/Md), we achieved an

accuracy of 95.51%, with 44 false positives and 15 false negatives.

A further test is performed on an annotated dataset with only negative samples (i.e.,
samples of single stars), since there are a significant number of leftovers during the

selection of the training set. A perfect model would be able to label all 100% of the
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dataset as negative, and in practice, we have a false positive rate of 2.81% within this
leftover sample of 25,983 spectra. This indicates that the model is very capable at
the WD-Md classification task.

5.4.2 SDSS DR18

We further performed inference on SDSS DR18 spectra. Compared to our training,
validation, and testing set, the DR18 spectra taken as part of SDSS-V have lower
signal-to-noise ratio, as exposure time was decreased for the collection of these data
(Kollmeier et al. 2017), although they were collected with the same spectrograph
and detector setup, making this a good option for a zero-shot learning scenario. As
DRI18 includes both stellar and non-stellar (e.g., AGNs targeted from the Black Hole
Mapper (BHM) program) spectra, we first selected for stellar spectra by enforcing
class=="S8TAR". That leaves us with 3862 stellar spectra out of 25,000 spectra re-

leased in DR1S.

However, directly applying the fine-tuned neural network on DR18 gives us unreason-
able results, where the entire WD branch in the color-absolute magnitude diagram is
labeled as high probability binary candidates, clear evidence for the lack of ability to
generalize outside the coverage of the training set, despite the high classification ac-
curacy on the hold-out testing set. In the classical problem of bias-variance trade-off,
a complex model would usually achieve higher accuracy but less ability to general-
ize and a simpler model would be vice versa. Therefore, inspired by the matching
network zero-shot learning technique proposed in Vinyals et al. (2016), we kept the
pretrained network intact without any fine-tuning and projected the annotated train-

ing set and DR18 spectra onto the 64-dimensional space (the output of our pretrained
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network). We examined the distribution of our annotated training set and DR18 in
this 64-dimensional space, and found their distribution to be very similar, thus indi-
cating a high chance of success in zero-shot learning. A k-nearest neighbor (KNN)
classifier was then trained on the annotated training set in the 64-dimensional space
with 5-fold cross validation to determine the best value for k£ = 12. The probability
distribution of a system being a WD-Md binary as a function of position in the Gaia
color-absolute magnitude diagram is shown in Figure 5.4. In theory, by combining a
blue WD star with a red Md star, the system should have a color that is in between
the Md and WD branch. We observe such a trend in our own catalogue, with almost
all systems that live between the Md and WD branch being high probability candi-
dates. We also notice that the redder end of the WD branch also has a concentration

of binary candidates, the reason of which is under investigation.

Furthermore, we see an initially non-intuitive feature of our output in that a large
portion of the overall dataset is being labeled as WD-Md binary systems — much
more than would be theoretically expected. However, a quick investigation into the
FIRSTCARTON, which encodes the selection reasoning and criteria used by the SDSS-
V MWM survey for targeting sources, reveals that a large fraction of the survey
specifically targets compact binary systems having a UV excess (e.g. mwm_cb_uvex
and mwm_cb_gaiagalex). Therefore, in the end, it is not surprising that binary
systems, and specifically WD-binaries, might be over-represented in the SDSS DR18

stellar catalog, and therefore gives us a higher than expected ratio of WD-Md binaries.

Another factor that we did not initially anticipate was revealed by a more thorough
examination of the DR18 spectra. It seems that the removal of airglow lines in DR18
is less than ideal compared with the spectra seen in our training set. This may be a

result of the lower signal-to-noise of the SDSS-V spectra. This poor line removal has
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Figure 5.4: Probability of a system being a WD-Md binary as a function of position in
the Gaia color-absolute magnitude diagram for stars in SDSS DR18. We noticed that
the redder end of WD branch and the areas in between the WD and Md branches have
higher numbers of high probability binary candidates. High probability candidates
near the Md branch do not seem to exhibit any patterns.

the potential to throw off the predictions as it changes the noise profile and potentially
makes the decision making process different; but the effect is currently unknown as
there are no overlaps between DR18 and previous data releases nor is there a WD-
Md catalogue selected from this most recent data release, thus no annotated training
set could be put together easily for further investigation. Overall the preliminary

testing on DR18 shows promise that our model is working reasonably under a new
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dataset taken from the same telescope, spectrograph, and detector, but with different
exposure lengths (i.e., signal-to-noise) and further refinement would produce hopeful
results. However, care needs to be take during model design and training strategy to

avoid overfitting.

A few examples of high probability candidates are shown in Figure 5.5. We can see
a clear increase of flux in the bluer wavelength end and absorption lines indicative
of WD below 5000 A. On the red wavelength end, we can once again spot clear
indications of a Md, the complicated series of molecular lines between 6000 A and
8000 A. Therefore, even without going through the process of template fitting, one

can be sure that the candidates shown here are indeed WD-Md binaries.

5.5 Discussion and Conclusion

In conclusion, by utilizing a novel machine learning method, contrastive self-supervised
learning and fine-tuning, we successfully trained a Resnet-based deep learning model
with only ~6000 annotated training samples. The classification accuracy on a hold-
out testing set is ~96% after fine-tuning, but at the cost of the ability to generalize
to lower S/N samples. Preliminary attempts at searching for WD-Md binaries on
SDSS DR18 with few-shot learning techniques show promise of the model in situa-
tions where a machine learning model trained from data taken on one instrument can
be utilized on other data from the same instrument even though the exposure time

(thus noise profile) is different.

We are optimistic about the further application and innovation of contrastive SSL
in the field of observational astronomy. A common problem faced by applications

of deep learning is the lack of annotated data for a training set despite having a
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Figure 5.5: Four examples of high probability WD-Md candidates found in SDSS
DRI18 spectra. WD absorption lines below 5000 A and Md spectral wiggle patterns
beyond 6000 A are clearly visible in all four examples, with the two examples on
the left being more WD dominated and the two on the right having roughly equal
contribution from both stars in the binary.

large amount of unannotated data, and contrastive SSL presents a solution to the
issue. Traditionally, such an issue is usually solved by first applying unsupervised
learning methods, such as principle component analysis (PCA), and/or clustering
algorithms, such as t-SNE, on the unannotated data to extract key features, and
then using a classification or regression algorithm on the limited annotated data to
train the machine learning model to solve the problem. In comparison, contrastive

SSL has the advantage of smaller generalization errors, less spurious correlations, and
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more resilience to noise (Liu et al. 2021). Furthermore, contrastive SSL is capable of
extracting non-linear features as neural network is mathematically speaking a non-
linear mapping from an input data manifold to latent space, unlike PCA, which
is mathematically a linear dimensional reduction technique. As such, contrastive
learning can play a large role in the exploration of the ever increasing volumes of
data being generated by large sky surveys. In the near term, application to the Gaia

low resolution stellar spectra stands to herald a very beneficial immediate reward.
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Chapter 6

Conclusion

In this thesis, I have presented several discoveries enabled by the new generation of
large sky surveys, Gaia and APOGEE, in the context of Galactic and extra-galactic
astronomy. Using measured stellar kinematics to infer global dynamics, we discov-
ered the precession of the Galactic warp in the outer stellar disk. While such a
phenomenon is strong in medium-aged thin disk stars, older populations in the thick
disk and stellar halo, as well as very young populations, do not show such a behavior.
The precession rate remains consistent across different populations and we believe
the warp to be induced by interactions of the Milky Way disk with dwarf galaxies.
By digging deeper into the velocity dispersion patterns of Milky Way stars, we also
discovered that many previously commonly adopted assumptions made in the calcu-
lation of surface mass density (e.g. velocity dispersion profile, stellar density profile)
are in fact inconsistent with observations. Small but statistically significant wiggle
patterns exist in velocity dispersion, and while the traditional Jeans Equation mod-
elling of the thick disk population at large vertical height is capable of reproducing
previously established surface density measurement results, the thin disk population,
populations close to midplane, and populations outside the solar radius pose signif-
icant challenges to the analytical formulation. Applying a similar technique of 3-D
stellar kinematics to dynamical studies of the LMC population reveals a kinematically

and chemically distinct population to the south of the LMC. Its velocity distribution
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is distinct from that of the LMC disk, but consistent with theoretical predictions of
perturbations from SMC. Lastly, digging ever deeper into the large amount of data
provided by current and future sky surveys, we proposed a novel contrastive learning
neural network to mitigate the inability to apply machine learning in spectroscopic
analysis when limited by annotated training sets. In the task of WD-Md searching,
the proposed network achieved high accuracy in the hold-out testing set and good
generalization in the form of promising results in never-before-seen and more noisy

spectra.

While impressive progresses have been made by data mining in large sky surveys,
as have been discussed in each chapter separately, a number of outstanding ques-
tions still remains. Most evidence for galactic warp favors gravitational perturbation
as possible cause for the Galactic warp of the Milky Way, but the culprit of which
dwarf galaxy has not been identified. Further exploration by comparing numerical
simulations would prove to be beneficial. The consensus density profiles of stellar
populations have also been called into question. Evidence for flaring (e.g., Mackereth
et al. 2017) and warping (e.g., Cheng et al. 2020) suggests that the outer disk might
not be following the known scale-height of thin and thick disk, while recent foray
into mono-abundance populations (e.g., Lian et al. 2022) reveals that scale height
of stellar populations can vary drastically with Galactocentric radius and chemical
composition. On the other hand, velocity dispersion profiles are also more compli-
cated than what was being assumed in most previous studies, and some have also
proposed alternative dark matter models that allows for the clumping of dark matter
beyond the standard halo model. Interactions between LMC, SMC and MW is also
a topic where observational results have outpaced theoretical understanding, and a

number of observed results, including the kinematical distinct population discussed in
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Chapter 4, are poorly explained by theoretical works. Lastly, while machine learning
techniques have been successfully applied to a number of astrophysics problems, such
an endeavor is still quite limited due to the lack of annotated training samples in
many astrophysical data mining problems, and adaption of more cutting-edge deep
learning techniques, such as contrastive SSL, will prove to be largely beneficial. With
many larger and deeper on-going and planned sky surveys, such as Legacy Survey of
Space and Time (LSST, Ivezié¢ et al. 2019), astronomers are increasingly challenged
by the growing volume of data to be analyzed. Nevertheless, these sky surveys are
bound to result in many revolutionary discoveries in many fields of astronomy in the

foreseeable future.
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Appendix A

Velocity dispersion as a function of
vertical height in different

(Galactocentric radius bins

As stated in Section 3.3, we use a linear function to represent the trend in velocity
dispersions and use the results to calculate surface density at different Galactocentric
radius bin. Here, we present detailed figures of o, and orz and our fitting results.
Figure A.1 shows these for the thin disk population, and Figure A.2 shows these for

the thick disk population.
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Figure A.1: Vertical and RZcross-term velocity dispersion as a function of vertical
height for different Galactocentric radii for thin disk.
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Figure A.2: Vertical and cross-term velocity dispersion as a function of vertical height
for different Galactocentric radius for the thick disk.
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Appendix B

Midplane-Continuous Velocity

Dispersion Profiles

Because linear fitting to the observed velocity dispersions introduces a discontinuity
at Z = 0 (Section 3.5.2), at the suggestion of the anonymous referee to our sub-
mitted journal article we attempted several other functional forms. The quadratic
function, 0%(Z) = kZ* + o2, is not a particularly good analytical form to describe
the global trend of velocity dispersion (Figure B.1). Nevertheless, we calculated the
surface density (adopting a sech? population density law), but once again find large
discrepancies between the thin and thick disk results (Figure B.3), and with neither
agreeing with the SHM, even at large radius, where convergence has been previously

observed (Section 3.4.2).

We also tried the 04(Z) = kztanh(z/L) 4+ 0y, which guarantees both contintuity at
Z = 0 as well as a linear increase in dispersion at large vertical height. The global
trend of velocity dispersion is well described by this function form (Figure B.2),
but once again we find (Figure B.3) discrepancies between the thin and thick disk

calculated surface densities, and disagreement with the well established and tested

SHM model.
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Figure B.1: Quadratic fitting of the velocity dispersion for the thin and thick disk
populations for stars in the Galactocentric radius range of 8 < R < 9 kpc.
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Figure B.2: The tanh fit to the velocity dispersions for the thin and thick disk pop-
ulations for stars in the Galactocentric radius range of 8 < R < 9 kpc.
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Figure B.3: Calculated surface densities obtained by using the (a) quadratic and (b)
tanh velocity dispersion profiles (Figs. B.1 and B.2, respectively).
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