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Figure 3.22. From top panel to bottom: Region I, Region II, and Re-
gion III. In each panel, the red points represent the star velocities, and
the gray represent the HI. The lines represent the median rotation veloc-
ity for a 0.5 kpc bin. In the middle and bottom panels, the solid line is
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solid line represents the stars in Region 1 with A, < 1, and the dotted
dashed line represents the stars in Region 1 with A, > 1. The dashed
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dotted line is for the gas along dusty lines of sight. The large square
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as seen in the left panel of Figure 3.23, and could be misclassified young
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for all M31 mass analogs. In all panels, the blue histogram represents
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right panel, the gray vertical dashed line denotes the peak circular veloc-
ity of M31 as measured in Corbelli et al. (2010) and the purple dashed
line represents the approximate peak circular velocity of both halves of
M31’s disk in Chemin et al. (2009). Our primary sample is generally
representative of the full sample of M31 analogs in all properties.

Histograms of time since an analog’s most recent 4:1 merger. The blue
histogram represents the full sample of 215 analogs, and the blue filled
histogram represents our primary sample of 93 analogs. The vertical
line marks the median time for the primary sample at 8.0 Gyr. Our
primary sample is generally representative of the broader distribution of
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Individual line-of-sight velocity (top row), local medians of the line-of-
sight velocity (middle row), and rotation velocity (bottom row) as a
function of location and age for star particles in analog 449972. From
left to right: age < 1 Gyr, age 1 — 5 Gyr, age 5 — 10 Gyr, and age
> 10 Gyr. Smoothing circles are used to calculate the median of the
individual line-of-sight velocities. We use a circle of radius 0.75 kpc for
Groups 2 and 3 and 1.05 kpc for the less populated Groups 1 and 4. The
circles in each panel of the middle row show the respective sizes of the
smoothing circles. The blue cross marks the center of the analog.

Left panel: Radially binned rotation curve for analog 449972. The neutral
gas is represented by the grey points, the blue triangles represent stars
with ages < 1 Gyr, the purple points represent stars between 1 — 5 Gyr,
the green squares represent stars between 5 — 10 Gyr, and the red dashes
represent the stars > 10 Gyr. Right panel: normalized histograms (prob-
ability distribution function) of AD values for analog 449972. The blue
dashed histogram represents stars that are < 1 Gyr, the one with the
purple hatch marks represents stars between 1 — 5 Gyr, the green solid
histogram represents stars between 5 — 10 Gyr, and histogram denoted
by the red line represents the stars > 10 Gyr. AD increases with stellar
AGE. o e e e e e e e e e

Left panel: Rotation curve for the primary sample of analogs. Each point
represents the median rotation velocity at a radial bin with a width of
0.1 kpc across all of the analogs in the primary sample. The grey line
represents the gas cells, the blue dashed line represent star particles with
ages < 1 Gyr, the purple line represents star particles with ages 1-5 Gyr,
the green line represents star particles with ages 5-10 Gyr, and the red
dotted line represents star particles with ages > 10 Gyr. The vertical bars
represent the width of the distribution (16" —84'h percentile) of rotation
velocities in a given radial bin. Right panel: Normalized histograms
(probability distribution function) of AD values for the 93 analogs of
the primary sample. For each analog, we find the median AD value of
the four age bins; these histograms represent the distribution of those
medians across all of the analogs. The colors correspond to the age
bins as follows: < 1 Gyr (blue dashed histogram), 1 — 5 Gyr (purple
hatched histogram), 5 — 10 Gyr (green solid histogram), and > 10 Gyr
(red histogram). AD increases with stellar age. . . . . . ... ... ...
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Histograms of median AD values for the primary sample of analogs subdi-
vided into two subgroups: those that have had a 4:1 merger (left panels)
and those that have not (right panels) in a given time frame. In the
top two panels, the time frame is the past 4 Gyr, in the middle panels
it’s the past 8 Gyr, and in the bottom panels it’s the past 12 Gyr. In
every panel, the blue histogram stars that are < 1 Gyr, the one with the
purple hatch marks represents stars between 1 — 5 Gyr, the green solid
histogram represents stars between 5 — 10 Gyr, and histogram denoted
by the red line represents the stars > 10 Gyr. The number of analogs in
each subgroup is written in the top left of each panel. On average, the
median AD is higher for the merger subgroups. . . ... ... .. ...

AD as a function of stellar age for the primary sample of analogs and
observations of M31’s disk. The shaded regions represent the median AD
of stellar Groups 1, 2, 3, and 4 from the primary sample of analogs. The
dashed lines in each region shows the median AD value, and the shading
shows the 1o confidence levels. The blue represents analogs that have
experienced a 4:1 merger within the past 4 Gyr, and the pink represents
those that have not. The vertical line marks 4 Gyr. The black squares
represent the median AD for the example analog 449972. This analog
last had a 4:1 merger 4.12 Gyr ago. The observations from Quirk et al.
(2019) are the black circles. The observations are most similar to the
AD from the analogs that have experienced a 4:1 merger within the past
4 GYr. o

Density maps for one M31 analog (ID 449772). The data has been rotated
to the face-on reference frame as described in Section 4.3.1 and only
includes particles within 10 kpc of the disk plane. The left panel shows
the gas density only for the cells where ng > 0.6 and the right panel
shows the stellar density. In the left and right panels, the orange and
white circles, respectively, denote a radius of 20 kpc. . . . . .. .. ..

Rotation curves for the primary sample of analogs subdivided into two
groups: those that have had a recent 4:1 merger (left panels) and those
that have not (right panels). In the top two panels, we define 4:1 merger
time frame as having occurred in the last 4 Gyr. In the middle panels,
the time frame is 8 Gyr, and in the bottom panels it is 12 Gyr. In every
panel, the grey line shows the rotation curve of the neutral gas, the blue
dashed line represents stars that are < 1 Gyr, the purple represents stars
between 1—5 Gyr, the green represents stars between 5—10 Gyr, and the
red dotted line represents the stars > 10 Gyr. The vertical bars show the
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Layout and orientation of the thirty six DEIMOS slitmasks across the disk
of M33 for the TREX Survey. Each rectangle on the image represents the
rough shape and size of a DEIMOS slitmask (approximately 16'by 4).
The cyan bricks were observed in 2016, the green in 2018 and 2019, and
the red in 2020. Because of the high density of stars in the central regions,
we targeted different stars at the same slitmask position in 2018 and 2019.
The 2019 slitmasks placements are the top two green slitmasks. The
ellipse represents the approximate location of a break in the exponential
surface density profile of the disk at ~ 36’ (Ferguson et al. 2007; Barker
et al. 2011). The background image of M33 is from the Digital Sky Survey
(DSS). In this orientation, north is up, and east is to the left. . . . . . .

Information for the 36 DEIMOS slitmasks that make up the TREX Sur-
vey. The position angle (PA) of the long axis of the slitmask is measured
counterclockwise from north. Exposure times marked with an asterisk
do not represent the effective exposure time and include exposures with
bad seeing. . . . . . . L L

Color-magnitude diagrams of the subsets of photometric catalogs used
for target selection with the final stellar sample overplotted. The left
panel shows stars with HST photometry with the F457TW and F814W
bands. Most of these stars are from the PHATTER survey; some are from
archival HST images. The center panel shows stars selected from archival
HST photometry with the F606W and F814W bands only. The right
CMD shows stars selected from the CFHT/Megacam + MegaPipe and
from the PAndAS catalogue. In each panel, the blue points represent the
young stars, the orange represents the intermediate age stars, and the red
squares represent the old stars, and the grey represents a Hess diagram
version of the full photometric catalogs. The points outlined in black are
young weak CN stars (blue) and intermediate age carbon stars (orange)
with ages derived from spectroscopic analysis instead of CMD divisions;
see Appendix 5.8.1 for more details. We list the adopted average age for
each bin in the legend. All magnitudes have been extinction corrected. .

Map of the intermediate age and old stars color coded by probability of
belonging to a dynamically cold component. The ellipse represents the
approximate location of the disk break. The center of M33 is marked
with abluecross. . . . . . . . . . . L
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5.8

Line-of-sight velocity and velocity dispersion as a function of position for
the three broad age bins. The top row shows the young stars. The middle
represents the intermediate age population, and the bottom row shows
the old population. For all rows, the color in the first column represents
individual line-of-sight velocity. For the second column, color represents
the smoothed line-of-sight velocity. The third column shows the local
velocity dispersion. The last column shows the size of the radius of the
smoothing circle used at that point. The smallest and largest smoothing
circle used are also shown. The ellipse represents the approximate loca-
tion of the disk break. The center of M33 is marked with a black cross.
The inner disk (r < 3.75kpc) has higher velocity dispersion for all age
bins, and the young stars show an extended area of high dispersion.

Velocity dispersion distributions for the three age bins. The left panel
shows the distributions for the full final population. The right panel
shows each age bin divided into an inner (r < 5 kpc) subgroup and an
outer subgroup (r > 5 kpc). For all boxplots, the shaded box represents
the interquartile range, the horizontal line across the box represents the
median, and the open circles show the outliers. The outliers are stars
with a velocity dispersion that are at least 1.5 o from the first or third
quartile value, which is the distance marked by the whiskers. Velocity
dispersion does not vary significantly with stellar age and is on average
higher in the inner region. . . . . . . . . .. ... ... . oL

Velocity dispersion as a function of deprojected radius for the young,
intermediate age, and old populations. Median lines are also plotted.
For the intermediate and old age bins, velocity dispersion is higher in
the inner regions than in the outer regions. The old stars show one
concentrated area of extreme velocity dispersion, while the young stars
show an extended area of high dispersion, and the intermediate age stars
show no high velocity dispersion. The area of extreme velocity dispersion
for the old stars is overlapped with an area that also has extreme velocities
for the young stars. . . . . . . .. ...

Velocity dispersion as a function of position for the young stars. Panel a)
shows the young stars overplotted on an image of M33 from the DSS. The
color of the points corresponds to velocity dispersion. The smaller red
points mark Hii regions (Hodge et al. 1999). Panel b) shows a UV image
of M33 from the Swift Observatory (image credit: NASA /Swift/Stefan
Immle) with a yellow ellipse showing the approximate location of the
high velocity dispersion. (The DSS map is slightly enlarged compared
to the image of M33 on the right.) These locations do not have higher
concentrations of UV emission than other parts of the disk. . . . . . ..
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5.9

5.10

5.11

5.12

Rotation velocity as a function of deprojected radius. Rotation velocities
are calculated with the tilted ring model in Kam et al. (2017) (Equation
5.3). The top panel shows the youngest age bin (light blue), the middle
panel shows the intermediate age group (orange), and the bottom panel
shows the old group (red). Each star has been paired with a Hi velocity
measurement along the same line-of-sight, and the gas is represented by
the grey dots. The size of the points is proportional to the cos(f) factor
in Equation 5.3 to illustrate the limitations of the equation around the
minor axis. The solid (dotted) line shows the median rotation velocity
for 0.5 kpc bins for the stars (Hi). The deprojection effects around the

minor axis cannot explain the full amount of scatter, especially for the gas.132

Rotation velocity as a function of deprojected radius for the inner 4 kpc
of the disk. Rotation velocities are calculated with the tilted ring model
in Kam et al. (2017) (Equation 5.3). The top row shows the youngest
age bin (light blue), the middle row shows the intermediate age group
(orange), and the bottom row shows the old group (red). Each star has
been paired with a Hi (first column), CO (second column), and He (third
column) velocity measurement along the same line-of-sight, and the gas is
represented by the grey dots. The size of the points is proportional to the
cos(0) factor in Equation 5.3 to illustrate the limitations of the equation
around the minor axis. The solid (dotted) line shows the median rotation
velocity for 0.5 kpc bins for the stars (gas). The deprojection effects
around the minor axis cannot explain the full amount of scatter, especially
for the gas. The bar is believed to extend to 0.5 kpc (Williams et al. 2021;
Smercina & et al. in preparation; Lazzarini & et al. in preparation).

Asymmetric drift distributions for the young stars (blue solid), interme-
diate age (orange hatched), and old star (red outline). AD is calculated
with respect to the Hi using v, = rot, gas — Urot,x- The medians are
marked by the vertical lines that run from the peak of the corresponding
distribution to the top of the plot. There is no clear trend between AD
and stellar age, except that the width of the distribution decreases with
stellar age. . . . . . . . L L

AD distributions for the young stars (blue solid), intermediate age (or-
ange hatched), and old groups (red outline) for the inner 4 kpc. AD is
calculated with respect to the Hi (left panel), CO (middle panel), and
Ho (right panel) using vg = ¥rot, gas — Urot,x- Lhe medians are marked by
the vertical lines that run from the peak of the corresponding distribution
to the top of the plot. On average, the young and old stars have similar
median AD values, suggesting there is no trend between AD and stellar
age. For the Ha, the gas is lagging the intermediate age and old stars,
resulting in a negative AD, but both AD values are consistent with zero
within 1o. . . . . . . . . e
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Cumulative stellar rotation curves for the 216 M33-like analogs from the
MustrisTNG50-1 simulation and the observations presented in this anal-
ysis. Left panel: The grey line represents the gas cells, the blue dashed
line represent star particles with ages < 1 Gyr, the purple line represents
star particles with ages 1-5 Gyr, the green line represents star particles
with ages 5-10 Gyr, and the red dotted line represents star particles with
ages > 10 Gyr. The vertical bars represent the width of the distribution
(16t — 84t percentile) of rotation velocities in a given radial bin. The
median rotation velocities of the 0.1 kpc radial bins are shown. Right
panel: The magenta filled region represents stellar particles with ages 1-5
Gyr. The width of the filled regions represent the width of the distribu-
tion (16" — 84" percentile) of rotation velocities in a given radial bin.
The observed M33 rotation curves for the three age bins are plotted on
top. The observations are consistent with stellar particles ages 1-5 Gyr,
which are a similar age to the observed sample. . . . . . . ... ... ..

Cumulative median AD measurements for M33-like analogs and for ob-
servations of young, intermediate age, and old stars in the disk of M33.
The shaded grey regions represent the median AD and the widths of the
distribution (16'® — 84" percentile) of the AD for the analogs. The color
points represent the median AD for the young (blue), intermediate age
(orange), and old (red) stars. The black points represent the analog with
AD values closest to what is observed. Compared to the whole sample of
analogs, the AD from observations is significantly higher for the youngest
stars, than that is seen in the simulated analogs. . . ... ... ... ..

A comparison of velocity dispersion as a function of stellar age for the
MW (Nordstrom, B. et al. 2004, black triangles), M31 (Dorman et al.
2015, black squares), M33 star clusters (Beasley et al. 2015, open circles;
data later used by Leaman et al. (2017)), the LMC (Cole et al. 2005, grey
diamonds), and M33 (this work, stars). The open stars show the velocity
dispersion for intermediate age and old stars in M33 if halo candidates
are not removed. For M31 and M33, the velocity dispersion is in the
line-of-sight, whereas for the MW, the azimuthal component of velocity
dispersion is shown. The MW measurements are also in the solar neigh-
borhood, while the measurements of M31 come from across the northern
disk, and those from M33 come from across the entire disk. The MW and
M31 show a clear increase in velocity dispersion with stellar age. M33
star clusters also show this increase, but the data from this work does
not. Additionally, the magnitude of velocity dispersion from this work is
much lower than that seen in the M33 star clusters. . . . .. ... ...
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Abstract

A Tale of Two Galaxies: Stellar Disk Kinematics as a Function of Age in the

Andromeda and Triangulum Galaxies

by

Amanda C. N. Quirk

The majority of stars in the universe reside in the stellar disks of galaxies.
These disks are fragile but are known to undergo dynamical heating events that increase
their scale height and velocity dispersion. Particularly, mergers are a critical part of
a galaxy’s mass assembly. Thus, understanding how disks are affected by and how
they can survive being heated is an important part of understanding how our universe
evolves. In this thesis, I study the present day kinematics of disk stars in two nearby
spiral galaxies, Andromeda and Triangulum, to comment on their potential dynamical
heating history. Studying nearby galaxies allows us to resolve individual stars while
making measurements across an entire disk, which gives us a detailed global view of a
galaxy’s dynamics.

First, I describe a way of calculating asymmetric drift that does not rely on
models of a galaxy’s potential. I show that asymmetric drift, especially as a function
of stellar age, is a tracer of dynamical heating. When compared to simulated galaxy
analogs, observed asymmetric drift measurements can be used to constrain a galaxy’s
merger history. Using this technique, I find that the Andromeda galaxy likely had a

major merger in the past 4 Gigayears, which helps shed light on the ongoing debate

xxii



about Andromeda’s recent merger history.

I then go on to describe the largest stellar spectroscopic survey in the Triangu-
lum galaxy, which is Andromeda’s largest satellite galaxy. I discuss initial results from
this survey, including a lack of a trend between asymmetric drift/velocity dispersion
and stellar age, which is unexpected because of what we see in other nearby galaxies
and in our own. I show there are many questions still left to be answered about this
galaxy and discuss how answering them will help us understand the pasts and futures

of Triangulum and Andromeda.
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Chapter 1

Introduction

1.1 Stellar Disks

The majority of stars in the universe are located in stellar disks (Driver et al.
2007). Additionally, the majority of galactic evolutionary processes occur in disks
(van der Kruit & Freeman 2011). This makes galactic disks critical sites for under-
standing how the universe evolved over time. Stellar disks are dominated by ordered
differential rotation, resulting in a fairly thin spatial structure. Optical views of stellar
disks can be dominated by spiral arms, where the majority of a galaxy’s star formation
takes place. As a result, stellar disks are some of the most photogenic objects in the
universe. Star formation in disks is fueled by large reservoirs of gas, since there is usually
a corresponding gas disk of neutral hydrogen. As this thesis focuses on the kinematics
of stars in stellar disks, this introduction covers how disks form and evolve, and how

these processes affect the movements of stars.



1.2 Stellar Disk Dynamics

The motions of galactic disks are dominated by stars, since gas tends to make
up ~ 10% of the mass of a disk like the Milky Way’s (Sellwood 2014). Combining
the kinematics of individual stars with the spatial distribution of stars gives the over-
all dynamics of the disk (van der Kruit & Freeman 2011). The orbits of most stars
can be described by the epicyclic approximation in a smooth axisymmetric potential.
While the largest component of a star’s velocity is in the azimuthal direction, stars do
oscillate above and below the disk mid-plane and also migrate in the radial direction
(Sellwood 2014). Orbital velocities can be described by three components: azimuthal
(), radial (R), and vertical (Z), and a population of orbits can be described using
these components as inputs to a velocity ellipsoid (Equation 1.1) and Jean’s equation
(Equation 1.2, Binney & Tremaine 2008). The velocity ellipsoid (Equation 1.1) depends
on the inclination (7) and position angle (¢) of the stars and the various components of
the velocity dispersion (¢). Jean’s approximation (Equation 1.2) is dependent on some
modeling of the galactic potential so requires the circular velocity of the disk (v.) and
the difference between a star’s orbital velocity and that circular velocity (vg). It also
relies on the galactic radius (R), the disk scale length (R4). In the equation, k is either

1 or 2 on depending if o is constant or declining, respectively.

oros = ((0%sin ©?) + 03, cos p?) sini? + (o cos i)2)1/2 (1.1)
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Studying the ratio of the components of the velocity ellipsoid (or the anisotropy)
can help determine the origin of a population of stars (Cunningham et al. 2019b). The
present-day kinematics of stars, and the overall dynamics of the stellar disk, are influ-
enced both by birth conditions and by heating. In Section 1.3, I discuss what can set
the birth kinematics of a stellar disk, and in Section 1.4 and 1.5, I discuss the ways disks

can be permanently changed by dynamical heating.

1.3 Stellar Disk Formation

Most disks form around z ~ 2.5 (van der Kruit & Freeman 2011). While it is
not always clear in a given galaxy if the stellar disk has a distinct thick and thin part
(Bovy et al. 2012), it is known that galaxies can have separate thin and thick disks
and that thick disks are common (Yoachim & Dalcanton 2008). Sometimes these disks
are distinct with different populations, and other times, there is a more gradual change
between the properties of the disk components. In extreme cases, thick disks have been
seen to counter-rotate compared to the thin disk (Yoachim & Dalcanton 2008). Either
way, these disks must form, and there are several leading theories of mechanisms for
how it happens.

First, disks can form from thin or thick gas clouds, resulting in a present-day

thin and/or thick disk, respectively. This theory emphasizes the importance of birth



conditions over heating or relaxation conditions (Brook et al. 2004).

In another scenario, an initially thick gas cloud with clumps can continue to
collapse over time, leading to an older thick disk and a younger thin disk (Bournaud
et al. 2009; Bird et al. 2013, 2021). In this sense, disks form “upside down” and “inside
out” (Bird et al. 2013). This results in thick disks containing older and more metal
poor, but more alpha-enhanced, stars, with the thin disks consisting of younger and
more metal rich stars (Fuhrmann 2004; Chiba & Beers 2000).

Alternatively, an initially thin disk can be heated over time to create a present-
day thick disk (e.g. Quinn et al. 1993; Velazquez & White 1999; Purcell et al. 2010;
Tissera et al. 2013; Abadi et al. 2003; Ida et al. 1993; Maxwell et al. 2012). This process
can be slow or fast, depending on the heating mechanism, and can result in a distinct
thin and thick disk, where the thin disk is dominated by rotation and the thick disk has
some random motion. Alternatively, it can result in a disk that has less clearly distinct

components. I discuss possible ways this phenomenon can occur in the next section.

1.4 Stellar Disk Evolution

Stellar disks can experience dynamical heating throughout their formation and
evolution. Stellar disks are fragile (but perhaps this thesis suggests otherwise), and stars
are collisionless (Toth & Ostriker 1992), so the effects of heating are long-lasting and
significant. In this section, I discuss three different kinds of heating a stellar disk can

experience.



1.4.1 Secular Internal Heating

Secular evolution consists of slow changes from long-term interactions between
a stellar disk and a perturber. As galaxies evolve, they are able to reach a lower
energy state by redistributing angular momentum outwards (Sellwood 2014). Angular
momentum can be transported to the disk through the density waves of spiral arms and
through a galactic bar (Saha & Elmegreen 2018), as the pattern speed of the bar slows
due to dynamical friction (Binney & Tremaine 2008; Sellwood & Binney 2002). Secular
evolution can change an individual star’s or gas cloud’s angular momentum without
changing the population’s distribution of angular momentum and therefore does not
always increase random motions (Binney & Tremaine 2008). However, scattering via
giant molecular clouds (GMCs) can increase vertical random motions, while scattering
via spiral arms increases random motions in the plane of the disk (Ting & Rix 2019).
It is believed that spiral arms are the most impactful source of a galaxy’s evolution

(Sellwood 2014).

1.4.2 Non-Secular Internal Heating

Stellar disks are also affected by violent, short-term processes, like some forms
of heating from GMCs (Ting & Rix 2019), star formation (El-Badry et al. 2016), and
feedback from supernovae (El-Badry et al. 2016) and active galactic nuclei (Dashyan
et al. 2019). These processes are especially important for low mass galaxies with shal-
lower potentials (El-Badry et al. 2016). Violent bursts can both trigger star formation

and quench galaxies, as they deposit energy to the gas clouds around them, causing



them to collapse or to be stripped (El-Badry et al. 2016). The dominant star formation
mode in low mass galaxies is a series of bursts (Onorbe et al. 2015; Guo et al. 2016),
leading to gas outflows and inflows driven by stellar feedback. Stars form in the this gas,
inheriting its motions. The outflowing and infalling gas also drives fluctuations in the
global potential, resulting in a transfer of energy to stars (El-Badry et al. 2016). The
resulting effect is more energetic stellar orbits and outward radial migration (Stinson

et al. 2009; Maxwell et al. 2012; El-Badry et al. 2016).

1.4.3 External Heating

Galactic disks are also affected by galaxy mergers and flybys. While they have a
bigger impact on a galaxy’s halo, the disk is not immune to the effects of a merger. These
mergers can completely tear apart smaller galaxies, leaving tidal streams in the halo,
and sometimes depositing stars in a galaxy’s disk (Ida et al. 1993). Merging satellites
can also trigger star formation or quench a galaxy (e.g., Martig et al. 2009; Gabor
et al. 2010; Pontzen et al. 2016). Galaxy mergers are critical for the mass assembly of
galaxies and integral to the theory of ACDM. While it had previously been believed
that disk galaxies could not survive recent major mergers (Toth & Ostriker 1992), new
simulated and observational evidence suggest that massive disks can in fact survive
mergers with a low mass ratio (Hammer et al. 2018; D’Souza & Bell 2018). Low mass
disk galaxies are less likely to survive with their disks intact and are more susceptible
to being gravitationally perturbed by flybys and near galaxy interactions. As galaxies
become more isolated from past mergers and with the expanding universe, external

heating is no longer the dominant driver of galaxy evolution (Binney & Tremaine 2008).



1.5 Effects of Stellar Disk Heating

Stellar disks are fragile so can be permanently altered by heating processes
(Westfall et al. 2014; Kregel & van der Kruit 2005). Secular evolution can create pseu-
dobulges (Binney & Tremaine 2008; Yu et al. 2022) and can pull stars off their orbits
in a process called radial migration (Daniel & Wyse 2015; Daniel et al. 2019). Ad-
ditionally, disk heating can lead to a puffed out or kicked up disk, in which the disk
stellar kinematics more resemble that of a halo component than a dynamically cold disk
(Dorman et al. 2012, 2013). They can also increase stellar velocity dispersion in the disk
(Leaman et al. 2017). Because stars are collisional, they retain the effects of heating
over long timescales.

Each of the processes described in the previous sections leaves unique signa-
tures in the distribution of metallicities and velocities of a stellar disk. For example, we
find velocity dispersion to increase with stellar age (Dorman et al. 2015), as older stars
tend to have experienced more heating than younger stars. When stellar velocity and
metallicity are combined, we can trace the likely origin of a population of stars, i.e., were
the stars born in-situ or ex-situ of where they are observed present day (Cunningham

et al. 2019a,b).

1.6 The Power of Resolved Stellar Spectroscopy

In order to perform these types of studies to determine the origin of a stellar
population, we need spectroscopy of individually resolved stars. Without measurements

of individual stars, we cannot definitively study trends as function of stellar age, which



is critical for disentangling present day kinematics and birth kinematics. This infor-
mation is especially powerful when paired with gas kinematics, as it allows us to make
local measurements across a disk without relying on models of a galaxy’s potential.
These present day observables can provide the tools to understand the kinematical and
chemical evolution of a galactic disk. This becomes especially important for interpreting
unresolved spectroscopy for higher redshift galaxies, where it is not possible to resolve

individual stars.

1.7 The Local Group

Taking resolved spectroscopy of individually resolved stars is only possible in
the Local Group (LG). The LG consists of ~ 30 galaxies, with the Milky Way (MW) and
the Andromeda galaxy (M31) being the most massive members. Within our own MW
galaxy, we are confined to spectroscopy of the Local Solar Neighborhood. This limits
surveys of galaxy dynamics to a small portion of the disk. Gaia continues to expand the
view of our galaxy (e.g., Antoja et al. 2018), but it is still limited in the radial velocities
available. More will come with DR3. Close MW satellites, like the Large and Small
Magellanic Clouds (LMC and SMC, respectively), take up a large angular portion of
the sky, so they require significant telescope time to get spectroscopy across their entire
disks.

Thus, arguably the best targets for resolved stellar spectroscopy are M31 and
its smaller neighbor, the Triangulum galaxy (M33). M31 is a nearly edge-on spiral

galaxy with a virial mass of My, ~ 102 Mg and is at a distance of 785 Mpc (Mc-



Connachie et al. 2005). It has a classical bulge, a thin bar extending to 4 kpc, and a
kicked up disk (Dorman et al. 2012, 2013). M31 is a green valley galaxy, as it is in
between a star forming and quenched galaxy (Mutch et al. 2011). There is a ring of star
formation across the disk at r ~ 10kpc (Lewis et al. 2015). The outskirts of M31 show
remnants of mergers, suggesting it has had frequent and ongoing mergers throughout
its history (Ibata et al. 2013). The remnants in M31’s halo can be explained by a series
of minor mergers (Fardal et al. 2007; Ibata et al. 2001; Hernquist & Quinn 1988, 1989;
Tanaka et al. 2009) or by a more recent major merger (Hammer et al. 2018; D’Souza &
Bell 2018). Whatever the exact merger scenario, it is evident that M31 has had many
mergers in its lifetime (McConnachie et al. 2018; Mackey et al. 2019; Escala et al. 2019).
Similar evidence for a violent merger history is not seen in the MW despite its disk being
a similar mass to M31 (Belokurov et al. 2006; Ferguson & Mackey 2016).

Ma33 is a satellite galaxy of M31, with a significantly lower stellar mass of
M, = 2.9 x 10° (McConnachie et al. 2009) and is currently ~ 230 kpc away from M31.
While most dwarf galaxies are believed to be dominated by a single component, M33,
is proving to be quite complex, with a newly discovered centrally located halo (Gilbert
et al. 2022) and bar (Williams et al. 2021) and warps in the extended neutral Hydrogen
and stellar disk (Putman et al. 2009; McConnachie et al. 2009; Braun & Thilker 2004). It
is one of the only dwarf spiral galaxies in the LG and has maintained its spiral structure
more than the LMC. Unlike M31, M33 has a pseudobulge and is a nearly face-on galaxy.
It is actively forming stars at a high rate (>10x Andromeda’s SFR, Blitz & Rosolowsky

2006), making it resemble later-type spiral galaxies. It is assumed M33 has had many



minor mergers in the far past (Helmi et al. 2012). Despite its relatively pristine spiral
structure, there are large S-shaped warps in the stellar and gas disks. These warps are
indications of the disk being disturbed in some way, but their cause is unknown.

The interaction history of M33 and M31 is also unknown. Figure 1.1 shows the
angular separation of M31 and M33. A close interaction between M31 and M33 could
explain the extended gas and stellar structures in M33 and a burst of star formation
~ 2—4 Gyr ago in both M31 and M33 (e.g. Putman et al. 2009; McConnachie et al.
2009; McConnachie et al. 2010; Lewis et al. 2013; Ferguson & Mackey 2016; Semczuk
et al. 2018). However, modelling using proper motions of M31 suggest M33 is on its
first infall (Patel et al. 2017; Patel et al. 2017; van der Marel et al. 2019). If M33
evolved in isolation and is on its first infall, a close interaction(s) with a member(s) of
M33’s satellite population could have induced the stellar and gas disturbances observed
in the outskirts of M33’s disk (Patel et al. 2018). Despite its proximity, M33’s stellar
populations have been relatively under-studied. Thus, there is still much be learn about

M31 and M33.
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Figure 1.1: Image of M31 and M33 taken from California by Yifei Luo.
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1.8 This Thesis

The goal of this thesis is to utilize resolved stellar spectroscopy coupled with
photometry and gas spectroscopy to reveal the present day stellar kinematics and the
dynamical heating history of M31 and M33. These galaxies give us an external and
global view of spiral galaxies like our own MW, so studying them can give us insight
into our own galactic home. I use cosmological simulations and past kinematic studies
of LG members to contextualize my results.

This thesis is organized as follows: Chapter 3 compares the stellar disk kine-
matics of M31 to the kinematics of surrounding gas. Chapter 4 compares these ob-
servational results to the kinematics of simulated analogs in a large-scale cosmological
simulation. Chapter 5 presents the largest stellar spectroscopic survey of M33 and initial
results of the survey. It also compares the stellar kinematics of the three most massive
members of the LG. Chapter 6 presents a summary of this thesis and avenues for future

work.
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Chapter 2

Example Stellar Spectroscopy

In this chapter, I show example stellar spectra from the SPLASH (M31) and
TREX (M33) survey. Each plot shows a stellar type: main sequence (MS), asymptotic
giant branch (AGB), red giant branch (RGB), red helium burning (RHeB), blue helium
burning (BHeB), weak CN, and carbon stars. The telluric features at 7600 and 6900 A
have been removed in all of the below spectra, but the chip gap has not been removed.
There of course is variation in the spectral features, signal to noise, and wavelength
coverage across the full range of spectra, which is not represented in these examples.
All of the below spectra were taken with DEIMOS. The details of each survey and their

respective observation plans can be found in chapters 3 and 5.
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Figure 2.1: Example spectrum for a MS star from the SPLASH survey.
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Figure 2.2: Example spectrum for a AGB star from the SPLASH survey.
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Figure 2.3: Example spectrum for a RGB star from the SPLASH survey.
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Figure 2.4: Example spectrum for a MS star from the TREX survey.
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Figure 2.5: Example spectrum for a AGB star from the TREX survey.
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Figure 2.6: Example spectrum for a RGB star from the TREX survey.
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Figure 2.7: Example spectrum for a RHeB star from the TREX survey.
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Figure 2.8: Example spectrum for a BHeB star from the TREX survey.
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Figure 2.10: Example spectrum for a carbon star from the TREX survey.
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Chapter 3

Asymmetric Drift in the

Andromeda Galaxy (M31) as a

Function of Stellar Age

3.1 Introduction

The kinematics of stars are shaped by a galaxy’s heating history. The proper-
ties of present day galaxies cannot be explained without dynamical heating events (Seth
et al. 2005; Walker et al. 1996). Spiral waves in the disks of galaxies have long been
suspected as a source of heating, but in practice cause few changes in the amount of
random stellar motions in a galaxy (Sellwood & Binney 2002; Sellwood 2014). Instead,
mergers of satellite galaxies are needed to explain the stellar vertical velocity dispersions

seen in the spiral galaxies of the Local Group (Leaman et al. 2017), as the mergers can
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stir up the disk and perturb the orbits of stars (Quinn & Goodman 1986).

The dynamical effects of these events remain long after the event itself and
result in greater velocity dispersion and thicker disks. Dynamical heating permanently
disrupts the orbital paths of stars (Leaman et al. 2017) because stars are collisionless
and are heated. Dynamical heating events cause stars to be displaced to greater radii,
and conservation of angular momentum dictates that their orbital velocity decreases
during this migration: L = mur (Binney & Tremaine 2008). Sellwood & Binney (2002)
find that changes in the angular momentum distribution always increase random motion
in stellar populations, which results in stars having greater velocity dispersion than gas.
Gas is collisional and therefore can maintain more uniform circular orbits (Sellwood &
Moore 1998). Thus, while stars have greater velocity dispersion than the surrounding
gas, they tend to have lower circular velocities because the circular velocity is a smaller
component of their total velocity.

The difference between the gas rotation velocity and the stellar rotation veloc-
ity at a certain radii is called asymmetric drift (vg, lag, or AD) (Stromberg 1946). AD is
a proxy for heating events because it suggests stars are on perturbed non-circular orbits.
In addition to reflecting the accretion history of a galaxy, AD is also an important tool
for learning about the current state of a galaxy. Specifically, it reflects the dynamics of
the galactic disk and can be used to measure stability criterion (Westfall et al. 2007).
Additionally, lag is a proxy for interactions with a bar (Dehnen 1998) and for velocity
dispersion. Dorman et al. (2015) shows velocity dispersion increases with stellar age,

for stars that are longer lived have experienced more dynamical heating. Since lag is a
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proxy for velocity dispersion, we expect it to similarly increase with stellar age (Walker
et al. 1996; Dehnen 1998; Dehnen & Binney 1998). This lag will be preserved in older
populations because these populations are dynamically relaxed.

Making AD calculations requires measurements of a galaxy’s stellar and gas
motions. Integral-field-unit (IFU) spectroscopy allows astronomers to study the kine-
matics of galaxies by obtaining spectra along two dimensions (Martinsson et al. 2013)
and are powerful enough to make AD measurements for even distant galaxies (Bershady
et al. 2010). Martinsson et al. (2013) use IFUs from SparsePak (Bershady et al. 2004,
2005) to measure the AD of stars compared to ionized gas (OIII) in face on spirals and
find that stars lagged behind the gas on average by 11 + 8 %. This value is similar to
other studies of lag in local galaxies (Ciardullo et al. 2004; Herrmann & Ciardullo 2009;
Westfall et al. 2007, 2011) and in the Milky Way (MW) (Ratnatunga & Upgren 1997;
Olling & Dehnen 2003). The Mapping Nearby Galaxies at Apache Point Observatory
survey (MaNGA) will extend the sample of galaxies for which we have AD measure-
ments (Bundy et al. 2015). IFU spectroscopy, however, cannot resolve individual stars
in distant galaxies. In our own galaxy, on the other hand, we can measure the velocities
of individual stars, which has allowed studies to account for AD when constructing ro-
tation curves (RCs) of the MW (Golubov 2014; Huang et al. 2016). Lag has also been
used to determine the local standard of rest and to identify warps in the MW, which
could possibly be explained by dynamical interactions with the Galactic bar (Dehnen
1998).

Studies of AD in the MW are difficult and incomplete though, as we are limited
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to the Solar neighborhood (Dehnen 1998). Examining the Andromeda galaxy or Messier
31 (M31) can give us a more complete idea of AD in a spiral galaxy because at a distance
of 785 Mpc (McConnachie et al. 2005), we can measure velocities of individual stars and
thus the stellar rotation and velocity dispersion. The main objective of this article is
to compare the rotation velocity of four populations of stars in M31 to that of the gas,
which is assumed to trace more circular motions. This gives us the opportunity to
measure AD as function of stellar age and to verify the extent to which AD is a proxy
for velocity dispersion (Bershady et al. 2010).

M31 is an interesting candidate for an AD study because it has experienced
heating events throughout its lifetime. The outer halo of M31 shows tidal streams,
which are believed to be relics of minor mergers (Hernquist & Quinn 1988, 1989). The
mass of the stellar halo, on the other hand, can more easily be explained by a major
merger (Bell et al. 2017; D’Souza & Bell 2018; Hammer et al. 2018). A major merger
could also trigger the burst of star formation that occurred ~2 Gyr ago (Williams et al.
2017, 2018; D’Souza & Bell 2018). The most recent major event, which created the
Giant Stellar Stream (GSS), is believed to have occurred ~1 Gyr ago and enriched the
galaxy’s inner halo (Ibata et al. 2001, 2005; Ferguson et al. 2002). These accretion
events have affected the dynamics of M31 and have left it with a higher local velocity
dispersion and a wider distribution of dispersion across the disk than that in the MW
(Sysoliatina, K. et al. 2018; Budanova et al. 2017). This suggests M31 has had a more
violent history or a prolonged period of accretion than the MW (Ferguson & Mackey

2016).
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This paper is organized as follows: in Section 3.2, we describe the four datasets
we use in this analysis. In Section 3.3, we explain how our stellar sample is divided
into four age groups and the analysis of the dynamics and AD of each age bin. In
Section 3.4, we analyze possible causes for additional structure seen in the RCs. The
sources of substructure we examine include geometrical effects from the tilted ring model
(Section 3.4.2) and the multiplicity in the HI (Section 3.4.3). Other possible sources are

included in the Appendix. In Section 3.5, we summarize our results.

3.2 Data

This study uses four datasets from various surveys of M31: (1) spectroscopy
from the Keck II telescope and DEep Imaging Multi-Object Spectrograph (DEIMOS)
obtained as part of the Spectroscopic and Photometric Landscape of Andromeda’s Stel-
lar Halo (SPLASH) survey (Guhathakurta et al. 2005, 2006; Dorman et al. 2015),
(2) photometry from Hubble Space Telescope (HST) and Advanced Camera for Sur-
veys (ACS) and Wide Field Camera 3 (WFC3) imagers as part of the Panchromatic
Hubble Andromeda Treasury (PHAT) survey (Dalcanton et al. 2012; Williams et al.
2014), (3) HI 21-cm data obtained at the Dominion Radio Astrophysical Observatory
(Chemin et al. 2009), and (4) CO J =1 — 0 emission obtained by the IRAM telescope
(Nieten et al. 2006). The HI data covers the full area of the HI disk, which includes all
of the bright stellar disk. Of the four surveys, the CO data covers the smallest area, and
the spatial coverage of the SPLASH survey in M31’s disk is somewhat larger than that

of the PHAT survey. Figure 3.1 compares the area coverage of the PHAT and SPLASH
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surveys to the CO coverage. Each dataset is briefly described in the following subsec-
tions. For more details about the target selection, observations, and data collection, see

the papers cited for each survey.

15 10 5 0 -5 -10 -15
& (kpc)

Figure 3.1: Map of survey coverage for the four datasets. The white outline represents
the PHAT survey, the orange the CO coverage, and the red points show the SPLASH
survey area. The HI survey covers the area shown in the image and extends beyond it.
The aqua lines denote the wedge in which the tilted ring deprojection factor is small.
This is further discussed in Section 3.4.2. The image of M31 was taken by Robert
Gendler.

3.2.1 Keck DEIMOS Spectra

This paper is based on the portion of the SPLASH survey that targeted the

disk of M31: Keck II/DEIMOS line-of-sight velocity measurements of ~ 10,000 stars
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(Dorman et al. 2012, 2013, 2015). The 600 lines mm ™! grating was used for Fall 2012
observations, and the 1200 lines mm ™! grating for the rest of the (earlier) observations.
Not all stars observed in the SPLASH survey had HST photometry; some were selected
from ground based imaging. The stars chosen for this study overlapped with those
observed by HST in the PHAT survey and were targeted to encompass a range of stellar
evolutionary points: young hot massive stars on the main sequence (MS), intermediate
mass asymptotic giant branch (AGB) stars, and low mass red giant branch (RGB) stars.
Milky Way Foreground (MWFG) stars dominate the region where 1 < B — [ < 2, so
we avoid selecting stars from this region (see Section 3.1.1 in Dorman et al. (2015) and
Figure 3.2 for more details). A typical velocity error for stars in this dataset is on the
order of 20 km s~!. The target selection and data reduction process are described in

Dorman et al. (2012, 2013, 2015).

3.2.2 HST PHAT Photometry

The PHAT survey is comprised of 117 million stars in M31 that have been
observed with HST/ACS and WFC3. We use optical photometry of 6,000 stars that
were bright enough for ground based spectroscopy and separated enough from nearby
stars to be resolved and to avoid slit collision (Williams et al. 2014). Each star was
observed in six filters, from the ultraviolet to the infrared: F275W, F336W, F475W,
F814W, F110W, and F160W. The HST filter F275W corresponds to vacuum ultraviolet
so does not have an equivalent ground based filter, but the remaining filters roughly
correspond to the U, B, I, J, and H filter, respectively. We make use of the F475W

and F814W filters when separating stars into age bins (Section 3.3.1) and F110W and
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F160W when examining possible effects of reddening (Appendix 3.6.3).

3.2.3 DRAO HI Data

Chemin et al. (2009) collected HI 21-cm line data of M31 using the Synthesis
Telescope with the 26-m antenna at the Dominion Radio Astrophysical Observatory.
The telescope has the capability of resolving features down to 58” x 58”/sin (§) in area.
We use a subset of this catalog and only include data that correspond with the sightlines
of the stellar data. As we explain in Section 3.4.3 in more detail, the HI spectrum can
have multiple components with various possible origins (e.g. unresolved distinct HI disk
structures within the synthesized beam, extraplanar components, expanding clouds,
and/pr the warping of HI disk). Chemin et al. (2009) choose to use the velocity that
is the largest offset relative to M31’s systematic velocity, and we make the same choice

for this analysis. We experiment with the effect of this choice in Section 3.4.3.

3.2.4 IRAM CO Data

Nieten et al. (2006) observed the molecular CO transition of J = 1 — 0
emission from November 1995 and August 2001 with the IRAM 30-m telescope. The
observations were obtained in On-the-Fly mode to obtain a total of 12 fields. The first
set of fields was taken parallel to M31’s minor axis. The field size was approximately
18 x 18'. The second fields were smaller in area, 9 x 9, and were parallel to the
major axis. The telescope scanned at a speed of 4” s~1. Because of the duration of the
survey, the telescope was regularly moved to nearby targets to verify its pointing. See

Nieten et al. (2006) Section 2 for more details about the focusing, observation plan, and
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data reduction. The CO emission is less likely to contain foreground contamination so
is included in this analysis as a comparison to results relative to the HI. However, as
seen in Figure 3.1, the CO does not extend the full stellar or HI coverage so cannot be

used as a comparison in the outer regions.

3.3 Asymmetric Drift as a Function of Stellar Age

3.3.1 Age Groups

The stellar sample is divided into four age bins, from shortest lived to longest
lived: massive MS stars, intermediate mass young AGB stars, intermediate mass older
AGB stars, and low mass RGB stars. The divisions are based on the star’s location
in color magnitude space, as seen in Figure 3.2. The CMD uses filters F475W and
F814W from HST (roughly B and I equivalent). We adopt the average age of each
subpopulation from Dorman et al. (2015), who estimates the ages based on a simulated
color-magnitude diagram with an age-metallicity relation derived from the RGB color
distribution and assuming a constant star formation history. Since M31 has had multiple
accretion events, it is unlikely to have had a constant star formation rate. However, a
modeled CMD with a constant star formation history is valid in this analysis because
we only want to place stars into broad age bins instead of identify their precise ages.
This process yields average ages of 30 Myr for MS stars, 0.4 Gyr for the young AGB
stars, 2 Gyr for the older AGB stars, and 4 Gyr for RGB stars.

When shown in U — B color magnitude space, the MS star group shows three

distinct populations that all have been categorized generally as MS: MS stars, blue loop
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Figure 3.2: CMD for the stellar sample used in this analysis using filters F475W and
F814W from HST (roughly B and I equivalent). The age bin divisions are shown in the
different colors. Blue points represent MS stars, purple points young AGB stars, green
squares older AGB stars, and red points RGB stars. The average ages are 30 Myr for
MS stars, 0.4 Gyr for the young AGB stars, 2 Gyr for the older AGB stars, and 4 Gyr
for RGB stars. MWFG stars dominate the color space 1 < FAT5W — F814W < 2, so we
avoid this region (see Section 3.1.1 in Dorman et al. (2015) for more details).

stars, and yellow supergiants. Although these are three separate populations, all are
young (< 1 Gyr). RCs for each group do not show noticeable differences between the
rotation velocities of the three subpopulations, so the MS group is kept as one age bin

to avoid smaller sample sizes.

3.3.2 Line of Sight Kinematics

We examine the kinematics of each age group using the line-of-sight velocity

obtained from the spectroscopy. The process of extracting velocities from the spectra
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is described in Dorman et al. (2015). Figure 3.3 presents the position and individual
line-of-sight velocity, average line-of-sight velocity, and velocity dispersion of each star
for the four age bins. To average the velocities and calculate dispersion, we use a circle
of 200" for MS and RGB and 275" for the less populated AGB bins. Each circle is
centered on a star as in Dorman et al. (2015). Only data from circles containing at least
15 stars are kept. In Figure 3.3 there is a clear increase in local velocity dispersion and
a decrease in the overall range of line-of-sight velocity from the younger to the older
stellar populations (Dorman et al. 2015). The increase in random motions with stellar
age suggests that M31 has been dynamically heated in the past and that this heating
perturbed stars in the disk. Continuous heating can explain the gradual monotonic
increase across age with all four age bins. In the next subsection we further analyze the
differences in the kinematics of each age bin.

The smoothing circle technique creates a dataset in which points are not inde-
pendent of one another because the circles overlap. To test the effect of this, we perform
velocity averaging in a different way to create a dataset of independent mean velocities
as a function of sky position. Instead of using smoothing circles centered on each star,
we place a rectangular grid on top of the individual velocity maps and derive a local
average velocity and velocity dispersion from the stars within each grid cell. In this
method, each resulting averaged velocity is independent of the other averaged values.
To maximize the number of resulting data points while maintaining enough stars in
each cell for proper statistics, a different grid size is used for each age bin: 150", 216",

198", and 100” for MS, young AGB, older AGB, and RGB, respectively. A grid cell
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Figure 3.3: Individual line-of-sight velocity (top row), locally averaged line-of-sight ve-
locity (middle row), and local velocity dispersion (bottom row) as a function of location
and stellar age. From left to right: massive MS stars, young AGB stars, older AGB
stars, and RGB stars. Smoothing circles are used to calculate the weighted mean of
the velocity and the weighted root mean square error of the velocity (velocity disper-
sion). For AGB stars, a size of 275" is used and a size of 200" for MS and RGB stars
is used. The circles in each panel of the bottom two rows show the respective sizes
of the smoothing circles. The blue cross marks the center of M31. The ellipse is for
visual reference of the disk. Local velocity dispersion increases with stellar age while
the overall range of LOS velocities decrease, as found in Dorman et al. (2015).

30



is required to contain a minimum number of stars in order to contribute to the map.
This minimum number is four for MS, young AGB, and older AGB and ten for the
more populated RGB group. The resulting velocity maps and RCs do not differ signif-
icantly from the ones derived with the smoothing circles. Naturally, the map based on
the non-overlapping rectangular grid method is much sparser than the map based on
the overlapping circles method. Thus, we choose to use the averaging within overlap-
ping circles analysis without the removal of outliers (with respect to the stars in each

smoothing circle) for the rest of this paper so as to have the largest dataset possible.

3.3.3 Rotation Curves

Along with line-of-sight velocity, we compare the deprojected rotation veloc-
ities (vyot) Of the stellar and gas populations. To deproject the averaged line-of-sight
velocity into a rotation velocity, Equation 3.1 is used, where vgys is the systematic ve-
locity of M31 (=300 km s~1), v, is the averaged line-of-sight velocity of the star or gas
at the same line of sight, and PA, is the position angle of the star or gas at the same

line of sight based on its location in the disk.

Urot = &

Vx — Usys \/1 tan2(PA* — PATR) (3 1)

sin(iTR) cos?(iTR)

We use the tilted ring model from Chemin et al. (2009) to assign each star
and gas line of sight a position angle (PAgr) and inclination angle (iTg). This model is
used to account for the warps in the HI disk. The tilted ring model consists of dividing

the disk into different annuli, each with a corresponding PA and i. The rings have a
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Table 3.1: Chemin et al. (2009) Tilted Ring Model

Radius (kpc) adopted PA (°)  adopted i (°)

4.95 33.6 63.7
5.33 33.9 65.9
5.71 35.4 68.1
6.09 36.4 69.7
6.47 36.6 72.0
6.85 36.5 73.5
7.23 36.4 74.3
7.61 36.8 74.6
7.99 37.3 74.5
8.37 37.7 74.3
8.75 38.0 74.3
9.13 38.3 74.4
9.51 38.7 74.8
9.90 39.0 75.2
10.28 39.1 75.6
10.66 39.0 76.1
11.04 38.8 76.3

width of 0.38 kpc, and the PA and i for each ring used in this study can be seen in
Table 3.1. Chemin et al. (2009) extend the model to r = 0.38 kpc in the inner region
and to r = 130 kpc in the outer region, but that is beyond the extent of the data used
in this analysis. We use this model to place each star or gas sightline into a ring based
on the deprojected distance from M31’s center. We then assign a PArr and a itR to

the star or gas line of sight based on which ring it lies in.
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Table 3.1 (cont’d): Chemin et al. (2009) Tilted Ring Model

Radius (kpc) adopted PA (°)  adopted i (°)

11.42 38.6 76.4
11.80 38.3 76.3
12.18 37.7 76.0
12.56 37.0 75.6
12.94 36.4 75.1
13.32 36.1 74.8
13.70 35.9 74.5
14.08 36.1 74.3
14.46 36.6 74.1
14.84 37.1 73.7
15.23 37.3 73.7
15.61 37.2 74.1
15.99 37.1 4.7
16.37 37.3 75.4
16.75 37.7 75.5
17.13 37.7 75.1
17.51 37.5 74.3
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Table 3.1 (cont’d): Chemin et al. (2009) Tilted Ring Model

Radius (kpc) adopted PA (°)  adopted i (°)

17.89 37.5 73.8
18.27 37.5 73.4
18.65 37.4 73.4
19.03 37.5 73.6
19.41 37.7 73.4
19.79 38.3 73.2
20.18 38.6 73.0

The averaged line-of-sight velocity is used to create the RCs in Figure 3.4,
which show the deprojected rotation velocity against the deprojected radial distance
from the center of M31. Each star is paired with a HI and CO velocity measurement that
is closest in right ascension and declination to the star’s position. The older populations
show a decrease in the overall range of line-of-sight velocity compared to that of the
younger populations (Figure 3.3) and also show a clear transition to lower rotation
velocities, as shown by the color points in Figure 3.4. The RC for the HI along the
stellar line of sight is represented by the grey points in the left panel of Figure 3.4,
and the CO along the stellar line of sight RC is represented by the dark teal points
in the right panel of Figure 3.4. The gas RCs are similar along all sightlines and do
not vary regardless of whether the area of the disk is dominated by old or young stars.
The extent of the CO data is smaller than the HI so does not extend to the outermost
radii of the HI and stellar data. The young stellar age groups with higher rotation
speeds more closely resemble the gas. Since the gas is collisional, it can be assumed to
have a roughly circular orbital path. Interactions with the bar or with the spiral arms

can perturb the gas, so this assumption is not necessarily correct in all circumstances
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but is adequate for measuring AD. The younger stars with lower dispersion match the
rotation velocity of the gas more than the older stars do. When orbits are disturbed,
the circular component of the orbital velocity becomes a smaller component of a star’s
overall motion. Thus, a lower rotation velocity can be an indicator of noncircular orbits.
The gap between the gas RC and the stellar RC is a visual representation of AD: the
stars lag behind the gas. For the RCs in Figure 3.4, the strongest component of the HI
is used if the HI spectrum has multiple peaks. In Section 3.4.3 we discuss additional
AD analysis with different choices of HI component.

There is also scatter and substructure in the RC for each age bin for both gas
components. When performing the velocity smoothing in Figure 3.3, outliers within
each smoothing circle are not removed. As an experiment, the analysis is repeated, this
time we remove the outliers to examine how the RCs change: for each smoothing circle,
stars with line-of-sight velocities that are different than the median of all the line-of-
sight velocities within the circle by three times the width of the distribution are removed.
Only centers that retain at least 15 stars in the smoothing circle are kept. Removing
outliers eliminates some scatter in the RCs but preserves a majority of the substructure.

We explore other possible sources of the scatter and substructure in Section 3.4.

3.3.4 Asymmetric Drift

The RCs in Figure 3.4 show that there is an offset between the HI/CO and
the stellar rotation velocity. We analyze this difference, the AD. AD is defined in

Equation 3.2.
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Figure 3.4: Deprojected RCs for the four stellar age bins and the paired main component
of the gas velocity. From top to bottom: massive MS stars, young AGB stars, older
AGB stars, and RGB stars. In each panel on the left, the gray points represent the
HI along the same line of sight as the stars, and the color points represent the stars.
On the right, the dark teal points represent the CO along the same line of sight as the
stars and the color points represent the stars. The lines represent the median rotation
velocity in a 0.5 kpc bin. The solid line represents the stars and the dashed, the gas.
A titled ring model was used to account for the warps in M31’s disk when deprojecting
the line-of-sight velocity into a rotation velocity, as used in Chemin et al. (2009). The
gap between the stellar RC and the gas RC, AD, increases monotonically with stellar
age for both gas components.
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Vg = Vrot,gas — Urot,* (32)

Histograms of AD for each age bin are presented in Figure 3.5. The left panel
shows AD with respect to the HI, and the right shows AD with respect to the CO.
The range of AD is largest for the young AGB stars. One result of this is interesting
substructure, which is addressed later in the paper. In both panels, the lag becomes
larger with stellar age: the peak of the distributions shifts away from zero as stellar age
increases.

The AD measurements with respect to both gas components are offset from
one another. The difference in AD measurement is likely a result of the fact that
the velocities for each gas component are calculated differently. The HI line-of-sight
velocities are derived from Gaussian fits on the most extreme velocity peak in the HI
spectrum. The CO line-of-sight velocities are derived from the first moment of the
spectrum. Gaussian fits result in higher rotation velocities than velocities derived from
first moment maps (Carignan et al. 1990).

For better comparison, we also derive the intensity weighted mean (IWM) of
the HI line-of-sight velocities. To do this, we average the HI line-of-sight velocities across
all HI peaks, which more closely resembles the first moment based CO velocities. The
results of this analysis can be seen in Table 3.3.4 and in Figure 3.6. Table 3.3.4 shows
median AD values and the corresponding one sigma standard errors on the median.
Figure 3.6 shows how the median AD values evolve with stellar age. The solid gray

line shows the AD relative to the HI velocities that were derived by Gaussian fits, and
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the dashed gray line shows the AD relative to the HI IWM velocities. The difference
between the HI IWM AD measurements and CO AD measurements is smaller than
the AD measurement relative to the HI Gaussian fit velocities. The remaining small
differences could be caused by different resolutions, gas properties, and the fact that
while the two velocity measurement methods, first moment versus IWM are more similar
than before, they are not identical. Furthermore, we see that the CO gas rotation speeds
better match the rotation speeds of the young MS stars, which is what is expected based
on the fact that young stars are born out of molecular gas. In the rest of the paper, we
use HI line-of-sight velocities based on Gaussian fits to the most extreme velocity peak
in the spectrum because the complexity of the HI spectrum makes the IWM an inferior
measure of the rotation speed.

Surprisingly, the MS population shows a negative median AD value, suggesting
the HI and the CO gas lag behind the stars. This implies the young stars are more settled
into the circular velocity of the galactic potential than the collisional gas. Young stars
are born in gas that is denser than the gas in this analysis so it is most likely that using
HI or CO (J =1 — 0) as a proxy for circular motion is not perfect. Figure 3.14 shows
that not all of the younger stars are leading the gas. In particular, there are groups
of stars at 13-15 kpc that trail the gas like the other age groups. The explanation for
this is not apparent. The two oldest age bins lag behind the stars on average by 20%
and up to 40%, which is greater than the AD that is seen in the MW and other local
galaxies (Ciardullo et al. 2004; Olling & Dehnen 2003). This suggests M31 has had a

particularly violent heating history.
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Figure 3.5: Normalized distributions of AD (Equation 3.2) for the four stellar age bins.
In both panels, the histogram denoted by blue dashed line represent the massive MS
stars, the ones with the purple stripes represents the young AGB stars, the green solid
histograms represent the older AGB stars, and histograms denoted by the red line
represent the RGB stars. The left panel shows the AD with respect to the HI and the
right, AD with respect to the CO. The legend also contains the number of stars in each
age bin. The magnitude of AD increases monotonically with stellar age.

Table 3.2: Median AD Values

Stellar Group

AD w.r.t HI

(km s71)

AD w.r.t HI IWM
(km s71)

AD w.r.t CO
(km s71)

MS
young AGB
older AGB

RGB

74
~8.15157
3.29
17.697529
.09

50.431 152

62.9775%

—13.540-58

6.32

1.79
3.99

36.451-30

50.430:46

1.38

6.38
4.17

36.997292

37.1579.19
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FExamining the transition to decreased rotational velocity with stellar age can
give us detailed insight into the heating history of M31. Previous studies on the for-
mation of M31 have not considered AD of different stellar populations. In theory, a
smooth transition between the age bins suggests the heating was continuous. On the
other hand, a sudden jump in lag between the age bins instead suggests that there was
one event or sporadic events that heated the disk. In this analysis, we see an increase
in lag at all age bins, as shown in Figure 3.6. This monotonic increase of AD suggests
M31 has had relatively continuous accretion: there have been mergers before and after
larger events, like the creation of the GSS (Ferguson & Mackey 2016; Sadoun et al. 2014)
or the event that caused the star formation burst that occurred 2 Gyr ago (Williams
et al. 2017, 2018; D’Souza & Bell 2018). While this analysis supports that multiple and
relatively frequent mergers are needed to explain the trend of increasing AD with stellar
age in M31, we cannot determine whether minor or major mergers are more important
for creating this phenomenon. A comparison to simulations will be the subject of future
work and will better answer the question of whether a major merger or minor mergers
can recover the current dynamics of M31’s disk.

Additionally, the shape of the velocity ellipsoid is beyond the scope of this
paper but will be the subject of future analysis. This future analysis will include an
extended sample of stars with greater azimuthal coverage but coarser age resolution.
Measuring the shape of the velocity ellipsoid will constrain tangential anisotropy and
will help determine the accuracy of the Jean’s equation to model AD. Preliminary work

with the asymmetric Jean’s equation was done in Dorman (2015), and the predicted
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Figure 3.6: Average stellar age against median AD. The upper and lower error bars
represent the one sigma confidence level on the median. The teal represents AD with
respect to the CO gas, and the solid gray line represents AD with respect to the HI gas,
as shown in Figure 3.5. The dashed gray line represents the AD with respect to the HI
gas, where the velocity is intensity weighted (instead of determined by a Gaussian fit).
The IWM method is more similar to how the CO velocities are determined. There is a
monotonic increase in AD across every age bin, which suggests M31 has had relatively
constant heating.

AD values are consistent with our measured values.

41



3.4 Exploring the Substructure in the RCs (and Resulting

Scatter in the Asymmetric Drift)

As presented in the previous section, there is a clear correlation between lag
and stellar age. In addition to this trend, the RCs in Figure 3.4 show substructure
and scatter that cannot immediately be explained. In this section, we explore different
possible sources that could be causing the messiness, and we examine the effects on
AD measurements. Figure 3.7 shows maps of the four stellar age groups, and color
represents AD values. This plot will be referred to throughout this section. Because
the CO data does not extend the full stellar disk and does not contain peak multiplicity

information, we limit the following analysis to the HI gas.

3.4.1 Halo Star Contamination

Because the disk is thick but not infinite, there is a risk that a sample of this
kind could contain halo stars that are at the same sightlines as our data but beyond
the finite disk scale height. Halo stars are old, and they exhibit lower rotation velocities
than older stars in a disk. Including halo stars in our sample would skew our measured
AD value. Dorman et al. (2013) decompose the bulge, disk, and halo of M31 using the
luminosity function of bright stars from the PHAT survey, radial velocities of RGB stars
from the SPLASH survey, and surface brightness profiles. Using these three criteria,
they find that our sample is dominated by disk stars with negligible the halo and bulge
star contamination. Furthermore, while having halo stars in our sample would increase

the RGB AD, it would not affect the AD measurements for the other stellar age bins.
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Figure 3.7: Maps of AD for the four age bins. Left to right: massive MS stars, young
AGB stars, older AGB stars, and RGB stars. Color represents AD. The center of M31
is marked with the blue plus symbol in each panel. The ellipse is for visual reference.
AD increases with stellar age.

We see that AD increases monotonically with age across all four age bins, so it is unlikely
the high AD for the RGB group is caused by the presence of halo stars in that particular

subsample.

3.4.2 Geometrical Effects

There is a possible geometrical effect resulting from the tilted ring model
(Equation 3.1) that could cause some of the the RC scatter in Figure 3.4. The de-
projection factor is the term inside the square root in Equation 3.1, and it depends on
position angle. This term varies from one to infinity depending on where the star is in
the disk. If the star lies on the major axis, this factor is at a minimum. Stars with
small deprojection factors lie in the wedge area denoted by the aqua lines in Figure 3.1.
If however, the star is on the minor axis, the deprojection term approaches infinity,
regardless of the inclination: on the minor axis PA, — PATr = 90, so the tangent will

be undefined. This drastic increase in the projection factor amplifies the inability of

43



the tilted ring model to perfectly represent the disk. We separate sightlines for each
age bin into two categories: the first has deprojection factors less than the median of
the age bin, and the second has factors greater than the median. The left panel of
Figure 3.8 shows the RCs that correspond to sightlines with lower deprojection factors,
and the right panel shows the RCs that correspond to sightlines with higher deprojec-
tion factors. The RCs that correspond to sightlines with lower deprojection factors are
flatter and contain less scatter than those corresponding to sightlines with a greater
deprojection factor. This is especially clear in the HI RCs, which do not depend on
stellar age. Because Equation 3.1 has no age dependence, each age bin is affected by
the behavior of the deprojection factor equally. The trend of monotonically increasing
AD with stellar age is clearer in the RCs that correspond to low deprojection factors.
It is even stronger in these panels, as compared to the right panels, in which this trend
is overshadowed by the scatter in the RCs. Furthermore, both the gas and the stellar
line-of-sight velocity are deprojected by the titled ring model, so the model should not
influence our measurements of AD. Figure 3.7 shows there is no strong azimuthal pref-
erence for higher or lower AD. There is a clustering of negative AD values with a large
magnitude in the right most panel; these high AD values could be coincident with the
bar. Most of the scatter in the RCs can be contributed to the tilted ring model being
imperfect, but the source of the greater substructure in the RCs is still unclear. The
RCs for the sightlines with low deprojection factors reveal the dramatic substructure
in the older AGB population. Perhaps there are old AGB stars along the same line of

sight as gas left over from recent star formation that is causing the shape of the RC.
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This substructure could also be a result of minor mergers that disrupted this population
of stars.

The right panel of Figure 3.8 shows the tilted ring model is not sufficient to
describe the complexity of M31’s disk structure. We construct RCs using a infinitely
thin disk model, as described by Equation 3.3 to see if perhaps a simpler model decreases
the scatter in the RC. Unlike the titled ring model, each star is given the same PArgr
and itr. These values are the average of the PAtr and itr (PATR,avg and iTR,ave)

values used in Figure 3.4.

(3.3)

S Vs — Usys \/1 n taHQ(PA* — PATR,an)

Sin(iTR,avg) cos? (iTR:an)

The RCs using this model are shown in Figure 3.9. The resulting curves per-
haps have less substructure than those in Figure 3.4 but not by a significant amount.
This suggests that the geometry of M31’s disk cannot be explained by a simple model
either and also suggests that the substructure is complicated. Despite the inadequacy
of the tilted ring model and infinitely thin disk model, we see that AD increases mono-
tonically as a function of stellar age. Since this trend exists in both models, we believe

that this is a real phenomenon.

3.4.3 The Multiplicity in the HI Spectrum

Chemin et al. (2009) observe the HI gas in M31 and find inner and outer HI
warps. A single line of sight can thus pass through several HI clouds, causing there to

be more than one peak in the HI spectrum. Chemin et al. (2009) do not limit their
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Figure 3.8: Left panel: the RCs for sightlines where the deprojection factor from Equa-
tion 3.1 is lower than the median factor for each age group. These sightlines represent
stars in the wedge denoted by the aqua lines in Figure 3.1. The right panel is the RCs
for sightlines where the deprojection factor is above the median for the age group. From
top to bottom: massive MS stars, young AGB stars, older AGB stars, and RGB stars.
In each panel, the gray points represent the HI and the color points represent the stars.
The lines represent the median rotation velocity for 0.5 kpc bins. The solid line is for
the stars and the dashed for the gas. Each panel shows the median AD values. The left
panels show less scatter and a clearer trend of increasing AD with stellar age.
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data analysis to a single or double peak fit so as to be able to account for more than
two peaks in the spectrum. They find the multiplicity of HI (Nyp) can range from one
to five.

One result of this complexity is that the positions of stars can be measured
inaccurately even when using a tilted ring model: a star and HI line of sight can be
incorrectly assigned to the same radial bin, making substructure in the RCs. Figure 3.10
shows maps of the stars in this sample, and the color represents the number of compo-
nents in the HI spectrum at that line of sight. Inner radii are more likely to have multiple
components than outer radii. This is consistent with findings from Chemin et al. (2009):
the HI disk is highly inclined at large radii, and the outer warp is projected along the
line of sight onto inner regions, giving the illusion that there are multiple warps at small
radii. The complexity in the inner regions is coincident with the location of the bar,
which causes perturbations in the gas structure and dynamics via disruption and/or
collision of gaseous clouds in warped crowded orbits and high speed clouds along orbits
aligned with the bar. This also disrupts the HI inner ring, which causes structures at
r ~ 2.5 kpc and r ~ 5 kpc (Chemin et al. 2009). These two sources of complexity in
the HI line-of-sight velocities, (1) the outer warp leading to the projection of outer gas
onto gas at smaller radii and (2) interactions with the bar, could cause substructure in
the RCs. Comparing Figure 3.10 and Figure 3.7, we see the most complex sightlines, as
denoted by five peaks in the HI spectrum, appear to also be the location of the greatest
AD. The interactions with the bar that are causing the substructure in the RC could

also be a source of the high magnitude of AD in this region. Thus, the gas and the stars
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might be being perturbed by resonances associated with the bar.

The multiple peaks in the HI spectrum means a line of sight has multiple HI
velocities. Typically, the velocity corresponding to the strongest peak (the velocity is
that is largest in magnitude relative to the velocity of the system) is used in analyses,
as we have done in this paper. We experiment with how this choice affects the RCs by
comparing two velocities: that of the strongest peak and that of peak that corresponds
to the velocity that is closest to the star’s velocity at the same line of sight. The RCs
do not differ in a noticeable way, so there is no trend between this choice of HI velocity
and the stellar velocity dispersion (or AD). The RCs for this analysis can be seen in
Appendix 3.6.1.

We also examine if the number of components in the HI spectrum is correlated
with substructure in the RCs. Figure 3.11 shows the RCs for the RGB stars grouped into
subsamples based on the number of peaks in the HI spectrum along the corresponding
sightlines, from one peak to five peaks. While there is a clear lack of data points in the
first 10 kpc whose line of sight correlates to an HI spectrum with a single peak, there is
substructure and scatter regardless of the number of HI components. This is consistent
with Figure 3.10 and findings by Chemin et al. (2009) that the inner radii of the HI disk
have a more complicated shape. In the warped inner region, it is especially difficult to
account for the geometry of the disk even with a tilted ring model (Sadoun et al. 2014).
The median AD value varies throughout the subgroups but is surprisingly almost the
same for the group with Nygr = 1 as for the group with Nyr = 5. Furthermore, the

stars still lag behind the gas regardless of the number of peaks in the corresponding
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HI spectrum. We see similar findings in all age bins; the RCs for the shorter lived MS
stars, young AGB stars, and older AGB stars can be seen in Appendix 3.6.1 .

Figure 3.12 shows the radial distance, AD, and number of components in the
HI spectrum along the line of sight for each star in the four age bins. For the AGB and
RGB stars, there is a greater width of the distribution of lag at large radii (r > 15 kpc).
This is counter to what is expected from the trend seen in Figure 3.11: since the HI
spectrum is better behaved at outer radii, we would expect there to be less of a spread
in lag at large radii and instead see a wider distribution of AD at smaller radii where
the HI has multiple components in its spectrum. This discrepancy could be signs of an
additional outer warp that does not present itself in the number of components in the
HI spectrum.

We also look for possible correlations between the complexity of the line of sight
as indicated by the HI and the velocity dispersion or AD. The top panel of Figure 3.13
shows cumulative histograms of the velocity dispersion for each age group. The bottom
panel shows the cumulative AD histograms for the subgroups. The age groups are
further divided into subpopulations based on the number of peaks in the HI spectrum
along the line of sight. In general, the sightlines corresponding to multiple peaks in
the HI spectrum have a greater magnitude of AD and velocity dispersion than the
sightlines with a single HI component. Similarly, sightlines with five components in the
HI spectrum always have greater velocity dispersion and AD magnitude than the other
sightlines that correspond to fewer HI peaks. This is especially clear for the MS age

group: the fraction of stars with v, < 0 decreases as the number of HI components
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increases. The difference between the multiplicity subgroups in the RGB age bin is
smallest; there is less of a correlation between multiplicity in the HI spectrum and lag
(or velocity dispersion) for longest lived populations. The dependence on HI multiplicity
is most significant in the young AGB stars. Figure 3.13 also has vertical reference lines
to highlight AD and velocity dispersion increase with stellar age despite the number of

peaks in the HI spectrum.
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Figure 3.9: Deprojected RCs for the four stellar age bins and for the main component of
the HI along the corresponding line of sight using an infinitely thin disk model instead
of the tilted ring model. From top to bottom: massive MS stars, young AGB stars,
older AGB stars, and RGB stars. In each panel, the gray points represent the HI and
the color points represent the stars. The lines represent the median rotation velocity
for 0.5 kpc bins. The solid line is for the stars and the dashed for the gas. Each panel
shows the median AD values. Like in Figurgl3.4, there is scatter and substructure in the
curves, which shows a simpler model does not better represent the geometry of M31’s
disk.
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Figure 3.10: Multiplicity of HI maps for the four age bins. Left to right: massive MS
stars, young AGB stars, older AGB stars, and RGB stars. Color represents the number
of peaks in the HI spectrum along the line of sight. The center of M31 is marked with
the blue plus symbol in each panel. The ellipse is for visual reference. The sightlines
with multiple components in the HI spectrum are more likely to be in inner regions and
may be coincident with the bar.
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Figure 3.11: RCs for the RGB stars grouped into subsamples based on the number of
peaks in the HI spectrum along the corresponding sightlines. The number of peaks
range from one to five. The red points represent the star velocities and the gray, the
HI. The lines represent the median rotation velocity for a 0.5 kpc bin. The solid line
is for the stars and the dashed the gas. Each panel gives the median AD. There is a
clear lack of stars that correspond to a line of sight with one peak in the HI spectrum
in the inner disk region. This region is well populated by stars along sightlines with
five peaks in the HI spectrum, indicating that the inner 10 kpc of the HI disk is messier
than the outer radii. The stars still lag behind the gas for each subsample regardless of
the number of components in the HI spectrum at that line of sight.
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Figure 3.12: AD as a function of radius. The color is the number of peaks in the
HI spectrum. The purple points represent sightlines that have one peak in the HI
spectrum, blue represents those that have two peaks, green represents three peaks,
orange represents four peaks, and red represents five peaks. From left to right: the
massive MS stars, the young AGB stars, the older AGB stars, and the RGB stars. The
range of AD increases at outer radii for the older three populations.
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Figure 3.13: Cumulative histograms for velocity dispersion (upper panels) and AD
(lower panels) for subsamples based on the number of peaks in the HI spectrum along
the corresponding sightlines. From left to right: massive MS stars, young AGB stars,
older AGB stars, and RGB stars. The purple line represents sightlines that have one
peak in the HI spectrum, blue represents those that have two peaks, green represents
three peaks, orange four peaks, and red represents five peaks. The vertical dotted line
marks 0 = 75 km s~ and v, = 0 km s~! for reference. Stars along sightlines with
five components in the HI spectrum have greater velocity dispersion and AD than those
with fewer components. Despite the number of peaks in the HI spectrum, longer lived
stars have greater velocity dispersion and AD.
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3.5 Conclusion

In this study:

e We use observations from the PHAT and SPLASH surveys of M31 along with 21-
cm line measurements to compare the stellar rotation velocities of ~ 6,000 stars,
which we divide into four aged populations based on color (30 Myr, 0.4 Gyr, 2 Gyr,

and 4 Gyr), to the rotation velocities of two gas components (CO and HI).

e We show that AD is a function of stellar age: the youngest stars lead the HI
and the longer lived populations lag behind the gas. The lag between the stars
and the gas increases monotonically across each age bin, which suggests M31 has
experienced continuous heating events. The median AD values for each stellar

population with respect to the HI are —8.15, 17.69, 50.43, and 62.97.

e We present substructure in the RCs and explore possible sources: geometrical
effects and multiplicity in the HI spectrum. A significant portion of the scatter
in the RCs is caused by a geometrical effect of the tilted ring model that is used
to deproject line-of-sight velocity into a rotation velocity. This demonstrates that
the tilted ring model is not sufficient to describe the multiple warps in the disk of
M31. Despite the limitations this puts on our ability to perfectly model the disk
and its dynamics, we show that the underlying trend of monotonically increasing

AD with stellar age is a true phenomenon.
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3.6 Appendix

3.6.1 The Multiplicity of the HI spectrum

300-llllllllllll‘l l.ll.l.llll_-llllllrlllll..Tll.l‘.glll_-llll'llllllll!",-ll'.l‘lll-
- .. iy . XL . . b s _-5. b
" I I VN
—~ 250F I I . B
: i : i T
g 200F T T E
é L .- . .
£ 150F + . + : 3
- [ X Ny=2 Va=-14.73kmsF Ny=3 V,=-9.33km s~ 1]
2 100k Fa P IPEPIPE APEPICS AP IPICACE s AP IAPEPS APIITE A P
= H H-HHE
o L - I : ]
2 250F + 3
- C I .
o C I . .
z 200F T T
£ s I ]
150 T - . -
[ Nyy=4 V,=-0.7kms ! F Ny=5 V,=8.01kms! ]
100- lllllllllllllllllll T, lllllllllllllllllll .

6 9 12 15 18 6 9 12 15 18
r (kpc) r (kpc)

Figure 3.14: Same as Figure 3.11, except the blue points represent massive MS star

velocities and the gray points the HI. The median lines are only drawn over regions that
contain at least five stars per 0.5 kpc bin.
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Figure 3.15: Same as Figure 3.11, except the purple points represent intermediate mass
young AGB star velocities and the gray points the HI. The median lines are only drawn
over regions that contain at least five stars per 0.5 kpc bin.
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Figure 3.16: Same as Figure 3.11, except the green points represent intermediate mass
older AGB star velocities and the gray points the HI. The median lines are only drawn
over regions that contain at least five stars per 0.5 kpc bin.
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Figure 3.17: Left panel: the RCs for sightlines in which the strongest HI component is
also the peak associated with the velocity closest to that of the star. The right panel
is the RCs for sightlines where this is not the case. From top to bottom: massive MS
stars, young AGB stars, older AGB stars, and RGB stars. The color points represent
the star velocities and the gray the HI. The lines represent the median rotation velocity
for a 0.5 kpc bin. The solid line is for the stars and the dashed the gas. Each panel
gives the median AD. There is a significant amount of scatter and substructure in both
the left and right panels, and both show similar trends of increasing AD with stellar

age.
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3.6.2 Effects of Dusty Sightlines

Next we examine the effects of dust on the substructure in the RCs. Dust
extinction biases us to observe more stars on the near side of the dust disk. Because of
warps in M31 and patchiness in the dust layer, the radial location of the near side stars
changes drastically as you move across the disk.

Figure 3.18 shows extinction maps for the sightlines in our study, as measured
by Dalcanton et al. (2015). The median extinction value across the disk is 4, = 1.6.
Figure 3.19 shows the cumulative fraction of stars at each extinction value. The vertical
line denotes an extinction value of 1, which is later used in Figure 3.21 to divide the
population into clear and dusty sightlines. A larger of fraction of MS stars have a higher
extinction than the other three age bins, which is consistent with the idea that stars

form in dusty regions.
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Figure 3.18: Dust extinction maps for the four age bins. Left to right: massive MS
stars, young AGB stars, older AGB stars, and RGB stars. Color represents extinction
values as measured in Dalcanton et al. (2015). The center of M31 is marked with the
blue plus symbol in each panel. The ellipse is for visual reference.

Figure 3.20 shows dust extinction against velocity dispersion and AD. Lower
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Figure 3.19: Cumulative extinction values for each age bin. The MS stars are repre-
sented by the dashed blue line, the young AGB stars by the dotted purple line, the older
AGB stars by the dashed dotted green line, and the RGB stars by the solid red line.
An extinction value of A, = 1 is denoted by the dotted line. This will be referenced
in Figure 3.21. The massive MS stars have the highest fraction of stars with 4, > 1.

velocity dispersion is expected in areas of high extinction because in these areas, a
smaller number of stars in front of the dust disk are sampled instead of probing stars
both in front and behind the dust layer. However, as seen in Figure 3.20, there are
too few stars at high extinction to see if there are correlations between the dust extinc-
tion, dispersion, and lag. There appear to be no trends amongst these values at lower
extinction, which suggests this study is not significantly affected by dust extinction.
Figure 3.21 shows RCs for clear (4, < 1) and dusty (A, > 1) sightlines. Most of
the sightlines, correspond to the stars in our sample have A, < 1. There appears to be

no systematic difference in the AD between A, < 1 and A, > 1 sightlines for a given
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stellar subsample. There is a hint that the RC scatter is slightly smaller for the A, > 1
sightlines. While it may be tempting to interpret this lower RC scatter as the result of
viewing only the near side of the stellar disk, we point out two caveats: (1) the young
MS stars have a low AD and are presumably in a thin disk but nevertheless display
this lower RC scatter for A, > 1 sightlines, and (2) the HI, which is unaffected by dust
extinction, also shows lower RC scatter for A, > 1 sightlines. Instead, it is possible
that the reddened sightlines happen to correspond to parts of the stellar and gas disk
that have slightly more ordered kinematics than average. However, the analysis in this
section is limited to examining dusty and clear sightlines and is unable to test if an

individual star is behind or in front of the dust.

Velocity Dispersion: o (km s~1)

________________________________

!
-
(=
=

Asymmetric Drift: v, (km s™1)
.
(=]
o

Dust Extinction: A,

Figure 3.20: Top panel: the velocity dispersion as a function as extinction;. The bottom
panel is AD as a function of extinction. Left to right: massive MS stars, young AGB
stars, older AGB stars, and RGB stars. The horizontal dotted line marks o = 75 km s~
and v, = 0 km s~! for reference. There do not appear to be trends between extinction
and velocity dispersion (or AD) at low extinction, and there are too few stars at high
extinction make conclusions about correlations.
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Figure 3.21: Left panel: the RCs for sightlines where the A, < 1. The fraction of
total stars for the age bin with A, < 1 are written in the left panels. The right panel is
the RCs for sightlines where A, > 1. From top to bottom: massive MS stars, young
AGB stars, older AGB stars, and RGB stars. In each panel, the gray points represent
the HI and the color points represent the stars. The lines represent the median rotation
velocity for a 0.5 kpc bin. The solid line represents the stars, and the dashed represents
the gas. The median lines are only drawn over regions that contain at least five stars
per bin. Each panel gives the median AD. Both sets of RCs show the trend of increasing
AD as a function of stellar age.

3.6.3 Contamination from Reddened Young Hot Stars

In the analysis done in the previous section, we are limited to clear or dusty

sightlines instead of examining the reddening of individual stars, which would be ideal.
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Knowing if a star has been reddened can clarify potential discrepancies: for example,
young hot stars that are behind dust will appear redder and as a result can be mis-
classified as older stars, and thus the higher velocity dispersion seen in the RGB bin
in Figure 3.3 could be an artifact of a small population of younger stars in the RGB
population.

While we cannot know the reddening of all of the stars in this study, the
RGB population can be more closely examined. Dalcanton et al. (2015) analyze a near-
infrared CMD of RGB stars in M31 to look for evidence that an individual star has been
reddened. We use the same unreddened line from their study to determine if RGB stars
in our sample have experienced reddening and therefore could be a mislabeled younger
star. Figure 3.22 shows the CMD for the RGB star population using the F110W and
F160W HST filters (corresponding to J and H ). Most stars lie on the solid line, which
denotes unreddened stars. We split the CMD into three regions, as shown in Figure 3.22.
Region I is most likely to contain stars that have been reddened and therefore could be
misclassified young hot stars, and Region III is least likely to have reddened stars.

Figure 3.23 shows characteristics of the the three regions, as denoted in Fig-
ure 3.22. The left panel of Figure 3.23 shows the extinction values in each of the regions.
Region I has a bimodal line of sight extinction distribution: the secondary peak is at
a higher extinction than that of the peaks of the other two regions. Younger reddened
stars could be occupying this peak. The right panel of Figure 3.23 shows the distribu-
tion of AD for each region. The AD for Region I peaks at a lower value than the other

two regions. The AD for Region I is significantly greater in magnitude than the AD
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Figure 3.22: The CMD for the RGB stars using the F110W and F160W HST filters
(corresponding to J and H ). The solid line represents unreddened stars (Dalcanton
et al. 2015). Most of the RGB stars sampled are well described by the unreddened line
(Region II). Region III contains stars that are least likely to be reddened hot young
stars. Points to the far left of the solid line (Region I) could be younger stars that have
experienced reddening and were mistakenly classified as RGB stars but could also be
metal-poor giants.

for the massive MS population. However, since the peak AD is lower than the median
AD for Region II and Region III the median AD of Region I is more similar to the MS
population than Region II and Region III. This suggests there could be contamination
from younger stars in the sample we have classified as RGB stars.

The RCs for each of the three regions are shown in Figure 3.24. Stars in
Region I with A, > 1 are marked with a larger square symbol in the top panel.
These stars lie in the secondary peak for Region I in the left panel of Figure 3.23 that

corresponds to a greater extinction value. The rotational velocities of these stars are
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Figure 3.23: Histograms of characteristics for the three RGB CMD regions as denoted
in Figure 3.22. Left panel: the line of sight dust extinction values. Right panel: AD.
Region 1 is filled blue histogram, Region II is solid line black histogram, and Region II1
is the dashed line red histogram. Region I has a secondary peak at high extinction and
a smaller magnitude of AD than the other two regions, which suggests it could have
reddened young stars.

not significantly different from the velocities of stars in Region I with clear line of sight,
Region II, and Region III. They are consistent with the RGB AD: within 2% of the
median AD value found for the entire population. Furthermore, they are inconsistent
with the behavior of the MS population, as they still lag behind the gas. Thus, while
Figure 3.23 suggests there could be young hot stars misclassified as older stars, the RCs
suggest these stars are anomalies but not younger stars. There are also so few stars
in Region I that are potentially reddened hot young stars compared to the total RGB
population (0.39% of the total RGB population) that even if they were young reddened
stars, their contamination is insignificant and not a cause of the substructure in the

RGB RC.
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Figure 3.24: RCs for the RGB stars in the three RGB CMD regions as denoted in
Figure 3.22. From top panel to bottom: Region I, Region II, and Region III. In each
panel, the red points represent the star velocities, and the gray represent the HI. The
lines represent the median rotation velocity for a 0.5 kpc bin. In the middle and bottom
panels, the solid line is for the stars and the dashed the gas. The median lines are only
drawn over regions that contain at least two stars for bin for the top panel and five
stars per bin for the second and third panel. In the top panel, the solid line represents
the stars in Region 1 with A, < 1, and the dotted dashed line represents the stars in
Region 1 with A, > 1. The dashed line represents the gas in this region along clear
lines of sights, and the dotted line is for the gas along dusty lines of sight. The large
square markers in the top panel represent stars in Region I that have A, > 1, as seen
in the left panel of Figure 3.23, and could be misclassified young hot stars. However,
they have an AD value that is consistent with the rest of the RGB population.
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Chapter 4

Asymmetric Drift of Andromeda
Analogs in the IllustrisTNG

Simulation

4.1 Introduction

The kinematics of stars are influenced by dynamical heating events that occur
within (i.e., Giant Molecular Clouds (GMCs), spiral arms, bars) or to (i.e., mergers) the
galaxies they reside in. Such events are common, are needed to explain the present-day
properties of galaxies, and could explain what makes some galaxies unique (e.g. Seth
et al. 2005; Walker et al. 1996). Because of their similar masses (M, =~ 10'2 M), the
Milky Way (MW) and the Andromeda (M31) galaxies are considered to be analogs of

each other (e.g. Patel et al. 2017). However, despite this similarity, the disk kinematics
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of the MW and M31 differ drastically. The MW has a population of thin disk stars,
while almost all of the disk stars in M31 exist in a thick or kicked up disk (Dorman
et al. 2013). These stars are much hotter than classical thin disk stars (Dorman et al.
2013). Additionally, the disk of M31 has a higher velocity dispersion than our own
solar neighborhood (Holmberg, J. et al. 2009; Sysoliatina, K. et al. 2018; Dorman et al.
2015; Budanova et al. 2017) and a steeper age-velocity dispersion gradient than the MW
(Dorman et al. 2015; Bhattacharya et al. 2019). While it is possible that the MW and
M31 formed under different conditions that led to their distinct dynamics, mergers may
also explain the higher velocity dispersion observed in M31 (Leaman et al. 2017). As
searching for evidence of dynamical heating via internal and external sources is more
easily accessible than disentangling different galactic birth conditions, in this study, we
aim to understand the impact of external sources of dynamical heating, specifically that
caused by mergers, on the observed kinematics of stellar populations in M31.

Mergers lead to the growth of galaxies via the accretion of gaseous and stellar
material to the inner and outer regions of galaxies (Abadi et al. 2003); thus they affect
not only galactic disks but also the halos of galaxies by perturbing the orbits of stars
residing at radial distances of a few to a few hundred kiloparsecs from the center of a
galaxy (e.g. Quinn & Goodman 1986). These dynamically heated stars can lead to a
kicked-up or puffed up disk, like the one seen in M31 (e.g. Dorman et al. 2013; Purcell
et al. 2010). Additionally, simulations show that mergers can heat or accrete stars:
these heated or accreted stars can have a permanent increase in velocity dispersion of

up to 400% when compared to stars formed in-situ (Walker et al. 1996). Since stars have
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long dynamical time scales, they retain these differences (e.g. Abadi et al. 2003; Purcell
et al. 2010). In addition to heating existing stars, mergers can play an important role
in setting the birth kinematics of stars. Brook et al. (2004) illustrate that stars born
in epochs of rapid accretion of gas from hierarchical growth exhibit different and much
hotter z = 0 kinematics than stars that were born during periods of quiescence. Thus,
mergers play an important role both in setting the birth kinematics of stars in a merger
event and also heating the kinematics of existing stars.

Because of its relatively close proximity of 785 kpc (McConnachie et al. 2005),
we can study the entire disk and halo of M31 using individual, resolved stars and search
for evidence of mergers. In the last decade, two major surveys of the M31 region have
revealed potential relics of mergers throughout M31’s disk and halo. The wide-field
Pan-Andromeda Archaeological Survey (PAndAS; Ibata et al. 2007, 2013) has surveyed
the halo of M31 to a projected distance of 150 kpc, revealing debris in the form of tidal
streams and shelves (e.g. Hernquist & Quinn 1988, 1989; Escala et al. 2019; McConnachie
et al. 2018). The most prominent debris feature is the Giant Stellar Stream (GSS) (Ibata
et al. 2001, 2005; Ferguson et al. 2002), which spans nearly 100 kpc from the center of
M31. The second survey is the Pan-chromatic Hubble Andromeda Treasury (PHAT)
(Dalcanton et al. 2012; Williams et al. 2014), which among other discoveries has revealed
M31’s global star formation history (Lewis et al. 2015; Williams et al. 2017), a ring of
star formation at 10 kpc (Lewis et al. 2015), and the age-velocity dispersion relation
(Dorman et al. 2013).

As more evidence for a fairly constant and violent merger history for M31 have
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emerged, so has the question about the types of mergers that shaped M31 into the galaxy
we see today. Until recently, the favored theories for M31’s formation history were an
ancient major merger followed by a series of minor mergers (e.g. Kormendy et al. 2013;
van den Bergh et al. 2006; Courteau et al. 2011). Simulations of minor mergers in M31’s
halo have successfully recovered many observed features: the simulations from Tanaka
et al. (2009) show that roughly 15 minor mergers are necessary to form the stellar debris
seen in M31 today, and Fardal et al. (2008) illustrates that a minor merger can recover
the formation and velocity dispersion of the GSS as well. Furthermore, the motions of
globular clusters at high galactic radii suggest that M31 has had more than one major
period of accretion (Mackey et al. 2019). However, new studies suggest that instead of
an ancient and larger merger, a relatively recent (~2-3 Gyr ago) major merger could
explain many of these observed phenomenon while preserving the disk of M31 (D’Souza
& Bell 2018). For example, Hammer et al. (2018) find a major merger model recovers
both the substructure resembling the GSS and the age-velocity dispersion gradient in
M31’s disk (Dorman et al. 2015). They conclude a major merger can explain the burst of
star formation approximately 2 Gyr ago (Williams et al. 2017), a ring of star formation
at 10 kpc (Lewis et al. 2015), and the mass of the stellar halo (Ibata et al. 2013; Bell
et al. 2017). Thus, while it is believed that M31 has had a long and ongoing history
of accretion (e.g. Ferguson & Mackey 2016), the exact merger history is still unknown,
and therefore leads to an ongoing debate as to whether or not a single, recent major
merger could explain several observed properties in M31’s halo and disk better than a

series of recent minor mergers.
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Hammer et al. (2018) highlight the importance of recovering M31’s disk dynam-
ics when testing different merger histories for M31. In this study, we aim to determine
if the relative difference between the stellar dynamics and gas dynamics of the disk of
M381 are consistent with a major merger scenario. To do so, we will analyze the stellar
and gas dynamics across a sample of M31 mass analogs selected from a cosmological
simulation, accounting for a range of merger histories across a large sample of simulated
galaxies, and compare these properties to observed measurements of the lag between
the gas rotation velocity and that of the stars, or the asymmetric drift (AD), in the
disk of M31 from Quirk et al. (2019). In doing so, we will explore whether AD changes
with merger history and thereby determine how significant of a role external dynamical
heating has played in the current kinematics of these analogs.

In this study, we are solely limited to exploring the effects of external sources
of dynamical heating (i.e. mergers) because the resolution of simulated analogs selected
from a cosmological box does not allow us to probe internal sources occurring on sub-
kiloparsec scales such as perturbations from spiral waves (e.g. Sellwood & Binney 2002;
Sellwood 2014), galactic bars (e.g. Dehnen & Binney 1998; Saha & Elmegreen 2018), or
GMCs (e.g. Jenkins & Binney 1990; Ting & Rix 2019). As such, we cannot comment
on the effects of these drivers on the disk dynamics of massive galaxies. While internal
sources of heating affect a galaxy’s kinematics, they cannot alone explain the kinematics
observed today. External sources of dynamical heating, mergers, are also necessary to
explain some Local Group galaxies’ velocities (Leaman et al. 2017). Furthermore, while

stellar feedback can drastically affect the disk of galaxies less massive than the MW
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or M31 (El-Badry et al. 2016), mergers are more important than stellar feedback for
setting the present-day kinematics of massive galaxies. Thus, in this work we focus
solely on the effects of external dynamical heating on AD, with the overarching goal of
shedding light on the recent merger history of M31.

This paper is organized as follows: in Section 4.2, we discuss the llustrisTNG
simulations and the selection criteria we use to choose our sample of analogs. Section 4.3
describes the methods used to calculate rotation velocities, construct rotation curves,
and calculate AD. In Section 4.4, we illustrate how AD as a function of stellar age
changes with merger history, and in Section 4.5 we make comparisons to observational

results. In Section 4.6, we summarize our findings.

4.2 Data

4.2.1 The Illustris Suite

The HlustrisTNG Project is a suite of N-body and hydrodynamic simulations
evolved from redshift z = 127 to z = 0 using the moving-mesh AREPO code (Marinacci
et al. 2018; Naiman et al. 2018; Springel et al. 2018; Pillepich et al. 2018; Nelson et al.
2018; Springel 2010). The simulations span a cosmological volume of (110.7 Mpc)? and
are initialized with the following cosmological parameters from Planck Collaboration
et al. (2016): €, = 0.3089, Q5 = 0.6911, Q2 = 0.0486, os = 0.8159, n, = 0.9667,
and h = 0.6774. Throughout our analysis, we adopt a value of h = 0.704 (WMAP-9;
Hinshaw et al. 2013).

The MlustrisTNG Project (Marinacci et al. 2018; Naiman et al. 2018; Springel
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et al. 2018; Pillepich et al. 2018; Nelson et al. 2018) is a follow-up suite of simulations
to the original Illustris Project (Nelson et al. 2015; Vogelsberger et al. 2014), including
an updated galaxy formation model described in Weinberger et al. (2018) and Pillepich
et al. (2018). The most significant improvements to the galaxy formation model include
the treatment of AGN feedback, an improved parametrization of galactic winds, and
the addition of magnetic fields.

In our analysis, we use data from the IllustrisTNG100-1 simulation (hereafter
MustrisTNG), the midsize and mid-resolution simulation in the suite including both
dark matter and baryons. IlustrisTNG follows the evolution of 1820% dark matter par-
ticles and 18202 hydrodynamical cells, achieving a dark matter particle mass resolution
of mpy = 7.5 x 109 Mg and a baryonic mass resolution of mypapy = 1.4 109 Mg. Halos
and subhalos are identified using the SUBFIND (Springel et al. 2001; Dolag et al. 2009)
halo-finding routine. We use the IllustrisTNG merger trees created with the SUBLINK
code (Rodriguez-Gomez et al. 2015) to track the mass history of subhalos in our analysis.

In the following sections, we identify a primary sample of M31 analogs in IllustrisTNG.

4.2.2 Selection of M31 Mass Analogs

M31 analogs are chosen as all central (or primary) subhalos at z = 0 where
the FoF group virial mass is My, = 1 — 2.2 x 10'2 My, (see D’Souza & Bell 2018).
Virial mass is calculated for each SUBFIND FoF group following the methods of Bryan &
Norman (1998). We also require that these primary subhalos have a stellar mass within
the range 5 — 20 x 1019 Mg (Tamm et al. 2012; Sick et al. 2014). Finally, we require

that the maximum circular velocity for each subhalo is at least 200 km s~! to ensure
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that our analogs generally represent the observed HI rotation curve of M31 (Chemin
et al. 2009; Corbelli et al. 2010). Using these selection criteria, we find 216 M31 analogs
in IlustrisTNG. We eliminate one analog that has no associated gas, bringing the full
sample to a total of 215 analogs.

The left panel of Figure 4.1 shows the distribution of virial masses for the
full sample (blue histogram) and for the subset of 93 M31 analogs that will serve as
the primary sample (blue filled histogram). The primary sample is selected based on
visual inspection of each simulated galaxy’s rotation curve and provides a checkpoint to
eliminate any analogs without sufficient statistics to calculate both stellar and gaseous
rotation curves (see Section 4.3.3). The middle and right panels show the distribu-
tion of stellar mass and maximum circular velocity, respectively, for the full sample
of M31 analogs in IllustrisTNG (blue histograms) and the primary sample (blue filled
histograms). The gray vertical line in the right panel indicates the maximum circular
velocity of M31’s HI rotation curve (Corbelli et al. 2010). All three properties of the

primary sample are representative of the broader population of M31 analogs.

4.2.3 Stellar Assembly for IllustrisTNG Analogs

Our main goal is to explore if the merger history of galaxies in our simulated
sample show any correlation with the values of AD. As such, the stellar assembly and
merger history catalogs for the IllustrisTNG suite are also used to probe the formation
histories of the M31 analogs identified in Section 4.2.2. The stellar assembly and merger
histories of the original Illustris-1 simulated galaxies are discussed in Rodriguez-Gomez

et al. (2015); Rodriguez-Gomez (2016); Rodriguez-Gomez et al. (2016). The same tools
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Figure 4.1: Histograms of virial mass (left), stellar mass (middle), and subhalo vyx for
all M31 mass analogs. In all panels, the blue histogram represents the full sample of
215 analogs, and the blue filled histogram represents our primary sample of 93 analogs
that are chosen based on visual inspection of their radially average rotation curves
(see Section 4.3.3). In the right panel, the gray vertical dashed line denotes the peak
circular velocity of M31 as measured in Corbelli et al. (2010) and the purple dashed
line represents the approximate peak circular velocity of both halves of M31’s disk in
Chemin et al. (2009). Our primary sample is generally representative of the full sample
of M31 analogs in all properties.

were used to create the equivalent catalogs for IllustrisTNG. Below, we describe the
properties of interest for this analysis and their definitions as defined by the previously

mentioned papers.

e time of last major merger: the lookback time at which the last major merger

(stellar mass ratio < 4:1) occurred

e total number of major mergers: the total number of completed major mergers

(stellar mass ratio < 4:1)

e total number of minor mergers: the total number of completed minor mergers

(stellar mass ratio > 10:1 and < 4:1)

Figure 4.2 shows the distribution of the time of last major merger for the 215

M31 analogs in our primary sample. The median time of last major merger is 8 Gyr
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Figure 4.2: Histograms of time since an analog’s most recent 4:1 merger. The blue
histogram represents the full sample of 215 analogs, and the blue filled histogram rep-
resents our primary sample of 93 analogs. The vertical line marks the median time for

the primary sample at 8.0 Gyr. Our primary sample is generally representative of the
broader distribution of M31 analogs.

ago as denoted by the vertical dashed gray line, thus many analogs have had relatively
quiet recent merger histories.

Figure 4.3 illustrates the total number of mergers (major and minor) for the
primary sample in black. The distribution of total 4:1 mergers is indicated by the
blue filled histogram and the total number of 10:1 mergers is represented by the red
histogram. On average, M31 analogs in our primary sample experience 5-10 mergers
in total. In total, the primary sample experiences 441 4:1 mergers, 369 10:1 mergers,

summing to 810 mergers overall.
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Figure 4.3: Histograms of number of mergers for the analogs in the primary sample.
The blue filled histogram shows the distribution of number of 4:1 mergers, the red
histogram represents the number of 10:1 mergers, and the black histogram represents
the total number of mergers.

4.3 Methods

AD is often defined as the difference between the circular velocity derived
from the potential and the stellar rotation velocity (Stromberg 1946). For the purposes
of comparing this work to Quirk et al. (2019), we define AD slightly differently than
Stromberg (1946) and Walker et al. (1996). Instead of relying on models of the potential
to calculate circular velocity, we use the rotation velocity of the gas data to calculate
AD, as in Quirk et al. (2019), since this gives a more empirical measurement.

The rotation velocity of the gas is used as a proxy for circular velocity because
gas is collisional and therefore can easily dissipate energy and maintain a low energy
orbit (Sellwood & Moore 1998). Gas creates radial pressure support, which in low mass

disks can cause the tangential velocity of the gas to fall below its circular velocity;
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however this is not the case for massive disks like M31 (Dalcanton & Stilp 2010). Stars,
on the other hand, are not collisional and thus can maintain an eccentric orbit if they
are gravitationally perturbed. When comparing their circular rotation velocities, stars
may lag behind gas because they are following a different orbital path and/or moving
more slowly.

In this sense, AD is a measurement of the difference between a star’s orbit
and a roughly circular orbit, as the gas is only a proxy for circular velocity. Thus, it
can also be treated as a long-term effect of dynamical heating. Since the perturbations
from dynamical heating can permanently alter the orbital paths of stars (e.g. Leaman
et al. 2017), it can change a star’s angular momentum such that random motions are
increased in a stellar population, and thus the group’s average motion is less dominated
by orderly rotation (Sellwood & Binney 2002). Effects of dynamical heating may be
long lasting, and individual stars in galaxies often preserve the effects of heating. Walker
et al. (1996) find that minor mergers temporarily increase AD in a galaxy using idealized
N-body simulations.

In this work, we will focus on the effect of external dynamical heating, and
specifically that caused by 4:1 major mergers for a cosmological sample of M31 mass
analogs. Where possible, we will make comparisons to existing AD measurements in
M31, as this is the only galaxy for which observational results of AD as a function of
stellar age are available (Quirk et al. 2019). In our own galaxy, AD has been used
to construct rotation curves beyond the solar neighborhood and to correct the local

standard of rest (LSR) (Golubov 2014; Huang et al. 2016) but has not been studied as
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a function of age or for individual stars.

4.3.1 Rotating the Coordinates

To calculate rotation curves and subsequently AD, we first apply a center of
mass (COM) shift and rotate the particles/cells in each simulated M31 analog to a
face-on reference frame. HlustrisTNG particle/cell positions and velocities are reported
relative to the simulation box edges, so we first shift the data to a (0,0,0) Cartesian
reference frame by subtracting the COM of the dark matter halo from both the stellar
and gaseous data. This COM position comes directly from the HlustrisTNG group
catalogs (i.e. the position of each FoF group). We have checked whether using the
center of mass of the baryons rather than the dark matter alters the results and find no
significant differences.

To rotate the particle/cell data to a face-on reference frame, we calculate the
net specific angular momentum vector for all gas cells belonging to a given halo. Then
we apply a rotation matrix to the cell data such that the unit vector of the net angular
momentum of the gas is mapped to the z-axis in the face-on reference frame. The same
procedure is repeated with all star particles belonging to a given halo. Thus, the stars
and gas are each rotated with respect to their own net angular momenta. In this new
reference frame, the galaxy’s disk lies in the xy-plane. Finally, particles with a z scale-
height > 10 kpc are eliminated to ensure we only include data for the gas and stars

roughly in the disks to construct rotation curves and subsequently AD.
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4.3.2 Smoothing the Particles/Cells

Once the particles/cells are rotated to the face-on reference frame, we divide
the stellar particles into four broad age groups: Group 1 with ages < 1 Gyr, Group 2
with ages 1 — 5 Gyr, Group 3 with ages 5 — 10 Gyr, and Group 4 with ages > 10 Gyr.
These age bins differ from those used in the observational analysis of AD in M31 in Quirk
et al. (2019) in order to take advantage of the full range of stellar particle ages that
exists in the IllustrisTNG simulation. The observational constraints on M31 in Quirk
et al. (2019) are limited to stellar ages of up to ~4 Gyr, as older stars are too faint to
observe easily. IllustrisTNG, on the other hand, provides ages spanning approximately a
Hubble time. However, there is a lack of young (< 500 Myr) stars in IllustrisTNG, which
prevents us from breaking Group 1 into age bins that better match the observational
results in M31. This lack of young stars may be a result of the AGN feedback model in
MustrisTNG (Weinberger et al. 2018; Terrazas et al. 2020).

Quirk et al. (2019) calculates AD of stars with respect to neutral Hr gas. To
follow this, we also calculate AD with respect to neutral gas data in this analysis. With
the IllustrisTNG simulated galaxies, we implement this by limiting our analysis to only
include the gas data where the neutral hydrogen fraction, ng, is above some threshold.
Since there is no exact boundary for what gas constitutes as neutral, we initially varied
the neutral fraction cutoffs to find the highest fraction that still included enough gas
cells for good statistics and to have a full spatial expanse across the inner 20 kpc of each
analog. We find that ny > 0.6 is a reasonable threshold, as on average 21.1 + 11% of

gas particles fall into this range for the primary sample.
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After the stellar particles are divided into the four age groups and the neutral
gas cells are isolated, we locally smooth the line-of-sight velocity (the vertical component
or V, in the face-on reference frame). Instead of smoothing velocities using a grid of
set positions, we use the true positions of all particles/cells in a given M31 analog and
center a smoothing circle on each particle/cell, as in Dorman et al. (2015) and Quirk
et al. (2019).For stellar age Groups 2 and 3, we use a circle of radius 0.75 kpc and a
circle of 1.05 kpc for the less populated Groups 1 and 4 and for the neutral gas cells.
This radius size mimics the 200 ”-275 "resolution in HI observations in M31, described
in Quirk et al. (2019). The size of the circle was optimized to probe local kinematics and
to include enough data points for good statistics. If there are at least 10 particles/cells
in a circle, we assign the median of the velocity components to that particle/cell. We use
these median components to calculate a rotation velocity and assign it to the position
of the particle/cell that the circle is centered on. If there are not 10 members in a
particle’s/cell’s smoothing circle, we do not calculate a rotation velocity at that position.
That particle/cell may still be included in the membership of nearby circles and thus
would contribute towards the calculation of the median velocities at other positions if
those circles pass the membership requirement. We also experimented with adjusting
circle membership requirements to balance retaining data with being able to smooth
the data. Similar to Quirk et al. (2019), we chose a membership requirement of 10.

To ensure that our smoothing does not obscure any substructures in the ro-
tation curves and subsequent bias to AD, we created rotation curves with and without

the smoothing and find no significant differences. We illustrate the smoothing process
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for an example halo in our primary sample in Section 4.3.5.

4.3.3 Calculation of Rotation Curve

For the rest of our analysis, we use the smoothed kinematics for the primary
sample of M31 analogs. We calculate a rotation velocity for every star particle and
gas cell that passes the circle-membership requirement in the smoothing process. To
calculate the rotation velocity, we find the tangential velocity of the particles/cells by
first calculating the projected radial velocity and the total planar velocity, shown in the
equations below. We limit our rotation velocity calculations to the 2D xy plane in our
face-on rotated frame so the resulting rotation velocities are comparable to de-projected

rotation velocities in observations (Quirk et al. 2019).

TV + Y-y

Vpad =
rTa /7$2+y2

(4.1)

Viot = [ V2 + v2 (4.2)

_ _ 2 2
Vrot = Vtan = \/ Vipt = Urad (4.3)

The above procedure gives us a rotation velocity for every smoothed star par-
ticle and neutral gas cell. To calculate AD we must be able to directly compare the
rotation velocity of the star particles and neutral gas cells. However, the gas cells and

star particles do not have the same spatial extent and analogs typically have an unequal
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number of stellar particles and gas cells. Instead of trying to pair each star particle to
a neutral gas cell as in Quirk et al. (2019), we radially bin all of the particles/cells and
calculate the median rotation velocity within that bin. Our radial bins sample from
2 kpc to 20 kpc with a spacing of 0.1 kpc. We radially bin in this fashion separately
for each stellar age bin and also for the neutral gas cells. As seen in the bottom panel
of Figure 4.5, there is no clear azimuthal dependence of the rotation velocity, so we do

not obscure any local substructure through this binning.

4.3.4 Visual Inspection of Rotation Curves

Since both the gas cells and star particles of these M31 analogs are necessary
to calculate AD, we perform an additional visual inspection of the rotation curves of
each analog in the full sample to ensure they have enough spatially overlapping stellar
particles and gas cells across the inner 20 kpc of the analog. Those that do not have
spatial overlap between the gas cells and star particles for at least five radial bins are
removed. After this visual inspection, 93/215 M31 analogs from IllustrisTNG remain

and will be referred to as the primary sample.

4.3.5 Demonstrating Smoothing Particle/Cell Data

In this section, we choose an analog from the primary sample that best rep-
resents M31’s rotation curve to demonstrate smoothing the particle/cell data prior to
calculating rotation curves. The halo properties of this example analog are listed in
Table 4.1, and the mock image of this simulated galaxy is shown in Fig 4.4 (Torrey

et al. 2015; Rodriguez-Gomez et al. 2019). The results of velocity smoothing (described
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Figure 4.4: Mock image of analog 449972 as if viewed with the Sloan Digital Sky Survey
(SDSS) g filter.

in Section 4.3.5) for this analog is illustrated in Figure 4.5, which shows the individual
line-of-sight velocity, the post-smoothing median line-of-sight velocity, and the rotation
velocity of each star particle for the four age bins as a function of position. For this
analog, 16088 of the original 19919 central neutral gas cells remain after the smoothing
process, and 77832 of the 87141 central star particles remain. This is typical of M31
analogs in the primary sample. The smoothed kinematic data retains the underlying
kinematics needed to calculate AD without strong loss of information, so we continue

to smooth the data for the entire primary sample.

4.3.6 Calculation of AD as a function of Stellar Age

AD, (also denoted by v,), is the difference between the rotation velocity of the

gas and that of the stars.

85



Table 4.1: Analog 449972 Halo Properties

My 2.01 x 10'% My

M, 9.08 x 1019 M,

Vinax 247 km s~ 1

Time Since Last 4:1 Merger 4.12 Gyr

Number of 4:1 Mergers 4

Number of 10:1 Mergers 5

Group 1: =1 Gyr Group 2:1-5 Gyr Group 3:5- 10 Gyr
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Figure 4.5: Individual line-of-sight velocity (top row), local medians of the line-of-sight
velocity (middle row), and rotation velocity (bottom row) as a function of location and
age for star particles in analog 449972. From left to right: age < 1 Gyr, age 1 — 5 Gyr,
age b — 10 Gyr, and age > 10 Gyr. Smoothing circles are used to calculate the median
of the individual line-of-sight velocities. We use a circle of radius 0.75 kpc for Groups 2
and 3 and 1.05 kpc for the less populated Groups 1 and 4. The circles in each panel of
the middle row show the respective sizes of the smoothing circles. The blue cross marks
the center of the analog.
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Vg = Vrot,gas — Urot,* (44)

We calculate the AD at each radial bin for the four stellar age groups individu-
ally. Thus at each radial bin, we have an AD measurement for Group 1, 2, 3, and 4 with
respect to the same neutral gas cell rotation velocities. An example of the results of
the AD calculations from the corresponding rotation curve are presented in Figure 4.6.
The left panel shows the rotation curve for this analog: the neutral gas is represented
by the grey points, the blue triangles represent stars with ages < 1 Gyr, the purple
points represent stars between 1 — 5 Gyr, the green squares represent stars between
5 — 10 Gyr, and the red dashes represent the stars > 10 Gyr. The right panel shows
histograms of the AD for the four stellar age groups for the example analog 449972. The
blue histogram represents stars that are < 1 Gyr, the purple hatch marks represents
stars between 1 — 5 Gyr, the green solid histogram represents stars between 5 — 10 Gyr,
and the red histogram represents the stars > 10 Gyr. In all following figures of AD, the
histograms will follow the same style and color pattern for each stellar age bin. The
trend of AD increasing as a function of stellar age is clearly visible in this example. In

the next section, we describe trends with AD for the primary sample of analogs.
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Figure 4.6: Left panel: Radially binned rotation curve for analog 449972. The neutral
gas is represented by the grey points, the blue triangles represent stars with ages <
1 Gyr, the purple points represent stars between 1 —5 Gyr, the green squares represent
stars between 5 — 10 Gyr, and the red dashes represent the stars > 10 Gyr. Right
panel: normalized histograms (probability distribution function) of AD values for analog
449972. The blue dashed histogram represents stars that are < 1 Gyr, the one with
the purple hatch marks represents stars between 1 — 5 Gyr, the green solid histogram
represents stars between 5 — 10 Gyr, and histogram denoted by the red line represents
the stars > 10 Gyr. AD increases with stellar age.

4.4 Results

To calculate the cumulative rotation curves and AD values as a function of
stellar age for the whole primary sample, we first calculate both the rotation curve and
AD for each individual analog as described in the previous section (see Figure 4.6).
Since the rotation curves are radially binned, the cumulative rotation curve for the
whole primary sample is constructed by taking the median rotation velocity for each
age group along every radial bin. To compare the AD values across all of the analogs,
we find the median of AD for each of the four stellar age bins for every analog. Thus,
for our primary sample, we have 93 median AD values for each of the four age bins.

We show the distribution of these median AD measurements along with the cumulative
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Table 4.2: Median AD Values for the Primary Sample
Stellar Age Group Median AD (kms~1)

Group 1: <1 Gyr —612

Group 2: 1 —5 Gyr +10J_r§
Group 3: 5 — 10 Gyr +5611°
Group 4: > 10 Gyr +103*1%

rotation curves across the primary sample of analogs in Figure 4.7. We find there is
a progression to higher AD as stellar age increases. This trend and the amplitude of
median AD values are aligned with expectations from theory and with the observational
study of AD as a function of stellar age in M31 (Quirk et al. 2019). The peak and the
width of the distributions (16" — 84" percentile) for each age bin are listed in Table 4.4.
Quirk et al. (2019) find that stars that lag the gas in M31 tend to do so by 30 £10 %
(Quirk et al. 2019), while in the MW stars lagged behind the gas by 11 +8 % (Bovy
et al. 2009, 2012). The AD in the MW is similar to that in other local galaxies (e.g.
Ciardullo et al. 2004; Herrmann & Ciardullo 2009; Westfall et al. 2007, 2011). These
observations probed stars that were younger than Group 4 in this analysis.

Since we aim to understand the possible correlation between AD and merger
histories in this work, we use the properties included in the stellar assembly catalogues
described in Section 4.2.3 to divide our primary sample into two subgroups: analogs that
have experienced a 4:1 merger since a given time and those that have not experienced
a merger more recent than the given time. We vary the time frame of interest from
the past 4 Gyr, to the past 8 Gyr (approximately the median time of last 4:1 merger

across the analogs), and to the past 12 Gyr. We create rotation curves (Figure 4.11) and
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Figure 4.7: Left panel: Rotation curve for the primary sample of analogs. Each point
represents the median rotation velocity at a radial bin with a width of 0.1 kpc across
all of the analogs in the primary sample. The grey line represents the gas cells, the blue
dashed line represent star particles with ages < 1 Gyr, the purple line represents star
particles with ages 1-5 Gyr, the green line represents star particles with ages 5-10 Gyr,
and the red dotted line represents star particles with ages > 10 Gyr. The vertical bars
represent the width of the distribution (16" — 84 percentile) of rotation velocities in a
given radial bin. Right panel: Normalized histograms (probability distribution function)
of AD values for the 93 analogs of the primary sample. For each analog, we find the
median AD value of the four age bins; these histograms represent the distribution of
those medians across all of the analogs. The colors correspond to the age bins as follows:
< 1 Gyr (blue dashed histogram), 1 — 5 Gyr (purple hatched histogram), 5 — 10 Gyr
(green solid histogram), and > 10 Gyr (red histogram). AD increases with stellar age.
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histograms of the median AD (Figure 4.8) for the subgroups for each of the specified
time frames. The median AD values are listed in Table 4.4.

In the majority of cases for all time frames, AD is higher in the group that
experienced the 4:1 merger than it is in the group that did not have a 4:1 merger
more recent than the specified time frame (the “no 4:1 merger group”). magenta. The
exception is for Group 1 in the 4 Gyr time frame, where the magnitude of AD is slightly
higher for the no 4:1 merger group and Group 2 in the 12 Gyr time frame, where
AD is roughly equal for the two subgroups. For all time frames, the largest difference
between the two subgroups is in Group 3. These are stars with ages 5 — 10 Gyr. Brook
et al. (2004) show that the epoch in which a star is born can shape its kinematics. For
example, they find stars born during a period of rapid hierarchical growth, roughly 8.5
to 10.5 Gyr ago, have the kinematical characteristics of thick disk stars, whereas those
born in a quiescent epoch have characteristics that resemble the thin disk. Overall, the
total difference in AD between the two subgroups decreases as the time since the last
4:1 merger increases, suggesting that some effects from ancient mergers settle over time.

In all cases, AD also increases with stellar age despite the time of last 4:1
merger. This is particularly interesting when looking at analogs that have not had a
4:1 merger in the past 12 Gyr. For these simulated galaxies, AD must be influenced
by other dynamical heating sources, including internal sources of dynamical heating,
such as GMCs, galactic bars, and spiral arms or by other external events such as minor
mergers and other tidal encounters. Another possible explanation is that stars were

born in hotter and less rotationally-supported disks in the past or that the older stars
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Table 4.3: Median AD Values as a Function of Merger History

Time Since Last  Stellar Age Group Median AD Median AD
4:1 Merger [kms™!] [kms™!]

(4:1 Merger) (No 4:1 Merger)

4 Gyr Group 1 —41'2 —71'2
Group 2 +30ﬂ§ +6fg
Group 3 +91J_r%§ +43ﬂ§
Group 4 +131743 +100738

8 Gyr Group 1 —ng —5fg
Group 2 +14179 +678
Group 3 +85f?3 +29J_ré6
Group 4 +128732 +95%33

12 Gyr Group 1 —Gfé —21'%(75
Group 2 —i—lOJ_rg —i—llfg
Group 3 +611. +41724°
Group 4 +105721 +9545°

were accreted. In the next section, we will discuss these implications further.
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Figure 4.8: Histograms of median AD values for the primary sample of analogs subdi-
vided into two subgroups: those that have had a 4:1 merger (left panels) and those that
have not (right panels) in a given time frame. In the top two panels, the time frame is
the past 4 Gyr, in the middle panels it’s the past 8 Gyr, and in the bottom panels it’s
the past 12 Gyr. In every panel, the blue histogram stars that are < 1 Gyr, the one with
the purple hatch marks represents stars between 1 — 5 Gyr, the green solid histogram
represents stars between 5 — 10 Gyr, and histogram denoted by the red line represents
the stars > 10 Gyr. The number of analogs in each subgroup is written in the top left
of each panel. On average, the median AD is higher for the merger subgroups.
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4.5 Discussion

4.5.1 Comparisons to Measurements of Asymmetric Drift in Andromeda

We further examine the AD of analogs that have had a 4:1 merger in the past
4 Gyr and those that have not (top panels in Figures 4.8 and 4.11), since recent studies
suggest that M31 might have had a major merger in the past several billion years.
Figure 4.9 shows the comparison of AD in the simulated analogs to the AD measured
in M31 as in Quirk et al. (2019). The blue shaded regions represent AD for the analogs
that have experienced a 4:1 merger in the past 4 Gyr, and the pink represents the AD
for analogs that have not. The vertical line marks 4 Gyr. Stars to the right of this line
existed during the merger event, while stars to the left might have been born during or
after the merger.

The smallest difference in AD between the subgroups is in Group 1. These
stars would have been born after the merger event. The largest difference is in Group
3. These stars would have formed 1 — 6 Gyr before the merger. In all cases, AD is
higher for the group of analogs that experienced a merger since a given time, showing
that recent 4:1 mergers can perturb stars even in the inner 20 kpc of a galaxy.

The black circular points in this figure show the observations of AD from
(Quirk et al. 2019). Each point represents an average stellar age for a broad stellar
evolution classification: massive main sequence (MS), intermediate mass asymptotic
branch (AGB), older AGB, and less massive red giant branch (RGB). To emphasize
that each point represents a range of stellar age, we have arbitrarily added dotted

horizontal bars on each point to show +/- 50% of the mean age. The star formation

94



history of M31 is known more precisely than is represented here (Lewis et al. 2015;
Williams et al. 2017), but we use broader age bins as to match the analysis in Quirk
et al. (2019) and allow for easy comparison. The observational AD measurements from
M31 are most similar to the blue shaded region, suggesting that the observed AD trends
in M31 could be consistent with a 4:1 merger in the past 4 Gyr. We posit that internal
heating could be an explanation for why the observed AD measurements are greater
than the median values across the analog sample (see Section 4.5.2). Furthermore, the
observational M31 AD measurements are more similar to this analog subgroup than
AD measured in analogs with more ancient mergers (the middle and bottom panels of
Figure 4.8.) This is a potential piece of evidence that M31 did in fact have a recent
major merger and suggests that the GSS could indeed have been formed by a major
merger event that also led to prominent features that have been observed in M31’s halo
such as the various stellar streams, shelves, and tidal features mentioned in Hammer
et al. (2018); D’Souza & Bell (2018).

For comparison, we also plot the median AD values for the example analog
449972 in black square points. The properties of this analog are shown in Table 4.1
and Figures 4.5 and 4.6. This analog last had a 4:1 merger 4.12 Gyr ago, but its AD
is much higher for the oldest stellar age groups than the overall primary sample. Since
this analog has one of the highest Vijax and M, values in our sample, it may provide
the best insight on the kinematics of the old stars in M31 relative to the younger stellar

populations.
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Figure 4.9: AD as a function of stellar age for the primary sample of analogs and
observations of M31’s disk. The shaded regions represent the median AD of stellar
Groups 1, 2, 3, and 4 from the primary sample of analogs. The dashed lines in each
region shows the median AD value, and the shading shows the lo confidence levels.
The blue represents analogs that have experienced a 4:1 merger within the past 4 Gyr,
and the pink represents those that have not. The vertical line marks 4 Gyr. The black
squares represent the median AD for the example analog 449972. This analog last had a
4:1 merger 4.12 Gyr ago. The observations from Quirk et al. (2019) are the black circles.
The observations are most similar to the AD from the analogs that have experienced a
4:1 merger within the past 4 Gyr.
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4.5.2 Assessing the Influence of Minor Mergers and Other Effects on

AD

The AD observed in M31 naturally includes minor mergers, other tidal fly-bys,
and sources of internal heating. The resolution of IllustrisTNG-100 does not allow us to
probe how AD is affected by internal sources, like scattering via GMCs and spiral arms,
as many internal heating sources rely on a thin disk. However, we can assess whether
minor mergers play a significant role in the magnitude of AD and in the increasing AD
as a function of stellar age using the primary sample.

To check whether minor mergers can also influence AD, we find five analogs in
the primary sample with no 4:1 merger in the past 13.1 Gyr and analyze their dynamics
based on the number of 10:1 mergers they have experienced. These five halos are split
into a subgroup containing the halos that have experienced five to six 10:1 mergers and
those that have only experienced zero or one 10:1 merger. AD increases with stellar age
for all five halos. The AD for stellar age Groups 1, 2, and 3 is independent of the number
of 10:1 mergers. The AD for the oldest stars (Group 4) is higher (~ 20 km s~!) in the
analogs with the most 10:1 mergers but is still significantly below that of the AD for
the primary sample, indicating that 4:1 mergers play a much larger role in influencing
AD than 10:1 mergers. Furthermore, this suggests that minor mergers cannot explain
why AD increases with stellar age (see also Section 4.4, Figure 4.8) but rather that
this pattern is likely a signature of any of the following processes: physical sources of
internal heating, older stars being born with hotter birth kinematics, or from older stars

born ex-situ. AD can be as high as 65 km s~! for stellar age Group 4 even for analogs

97



with zero or one 10:1 merger and no 4:1 mergers.Understanding the specifics of internal
heating events versus artificial noise and their separate contributions to AD requires
further work with a set of higher resolution simulations and is beyond the scope of this

analysis.

4.6 Summary and Conclusions

We have analyzed the AD of M31 mass analogs in the IllustrisTNG simulation
to look for trends with stellar age. For the 93 analogs in our primary sample, we also
examined merger histories to look for any correlations with AD. Our main conclusions

are summarized below:

1. We find that AD for M31 mass analogs in the IllustrisTNG simulation increases
with stellar age, as in the observations in (Quirk et al. 2019). Our stellar age bins
are defined as Group 1: < 1 Gyr, Group 2: 1-5 Gyr, Group 3: 5-10 Gyr, and
Group 4: > 10 Gyr. Each stellar age bin is compared to the properties of neutral

gas, defined as gas cells with neutral hydrogen fractions ; 0.6.

2. The M31 mass analogs are selected independently from their merger histories. Upon
examining their merger trees, we find that major mergers do affect the value of
AD. However, they are not the sole agent giving rise to observed trends in AD as
we find that AD increases as a function of stellar age even without a major merger
event. Thus, AD is also influenced by internal dynamical heating, minor mergers
and birth kinematics. Understanding the specific internal processes by which AD

is affected requires a suite of higher resolution zoom-in simulations such as Auriga
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or IustrisTNG50.

3. We divide the primary sample into two subgroups based on the analogs that have
experienced a 4:1 merger since a given time (i.e, in the last 4 Gyr, 8 Gyr, and 12
Gyr) and those that have not experienced a merger more recent than the given
time to determine how strongly AD is affected by the most recent major merger.
On average, analogs that have experienced a merger have higher AD (up to a
48 km s~! difference) than those analogs that have not experienced a merger in
the time frame of interest. The effect is greatest for stars in Group 3: those with

age 5 — 10 Gyr, regardless of time since the last 4:1 merger.

4. The AD measurements observed in the disk of M31 from Quirk et al. (2019) are
similar to the subgroup of the primary sample that experienced a 4:1 merger
within the past 4 Gyr. This is a piece of evidence that M31 may have experienced

a major merger event in the past several billion years.
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4.7 Appendix

4.7.1 Particle Density Plots for Example Analog 449972

Figure 4.10 shows a more detailed view of analog 449972’s geometry. The left
panel shows the gas cell density in the inner 100 kpc of the simulated galaxy. The right
panel shows the stellar particle density across the same extent. The orange and gray
circles illustrates the 20 kpc region encompassing the data in the left and right panels,
respectively. All rotation curves are calculated using particle/cell data within this 20
kpc region relative to the COM. For this M31 analog, 56% of gas cells with ng > 0.6
and 97% of stellar particles are encompassed by the 20 kpc radius, so the rotation curves
used to calculate AD are representative of the most prominent inner regions of the M31

analogs with little contamination from non-spherical substructures.

4.7.2 Primary Sample Rotation Curves

In this section, we show the rotation curves from the merger and no merger
subgroups (Figure 4.11). These rotation curves are used to make the histograms of AD
shown in Figure 4.8. The vertical gap between the stellar particle rotation curves and

the gas data rotation curve is a visual representation of AD.
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Figure 4.10: Density maps for one M31 analog (ID 449772). The data has been rotated
to the face-on reference frame as described in Section 4.3.1 and only includes particles
within 10 kpc of the disk plane. The left panel shows the gas density only for the cells
where ny > 0.6 and the right panel shows the stellar density. In the left and right
panels, the orange and white circles, respectively, denote a radius of 20 kpc.
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Figure 4.11: Rotation curves for the primary sample of analogs subdivided into two
groups: those that have had a recent 4:1 merger (left panels) and those that have not
(right panels). In the top two panels, we define 4:1 merger time frame as having occurred
in the last 4 Gyr. In the middle panels, the time frame is 8 Gyr, and in the bottom
panels it is 12 Gyr. In every panel, the grey line shows the rotation curve of the neutral
gas, the blue dashed line represents stars that are < 1 Gyr, the purple represents stars
between 1 — 5 Gyr, the green represents stars between 5 — 10 Gyr, and the red dotted
line represents the stars > 10 Gyr. The vertical bars show the width of distribution
of median rotation values (16'" — 84" percentile) across all of the analogs at a given
radial bin. The oscillations in the individual rotation curves shows the radial variations
in rotation velocity.
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Chapter 5

The Triangulum Extended

(TREX) Survey: The Stellar Disk
Dynamics of M33 as a Function

of Stellar Age

5.1 Introduction

The Triangulum Galaxy (M33) is one of two dwarf spirals in the Local Group
(Gaia Collaboration et al. 2021). With a stellar mass of roughly 4.8 x 10° Mg, (Corbelli
et al. 2014), it is ten times less massive than the Milky Way (MW) and Andromeda
(M31) and twice as massive as the Large Magellanic Cloud (LMC). It has a high star

formation rate (SFR), ~ 0.7Muyr~—! (Blitz & Rosolowsky 2006), characteristic of later
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type spirals. Furthermore, it is a relatively isolated galaxy, making its disk more pristine.
As high redshift galaxy observations push down to lower stellar masses, M33 becomes
an important local comparison point.

While M33 is sufficiently close to be studied in detail, much remains unknown.
For example, there is debate as to its interaction history with M31. Some of M33’s
properties could be explained by an interaction; such as its highly warped H1 disk that
extends far beyond the stellar disk, out to 22 kpc (Braun & Thilker 2004; Putman et al.
2009; Semczuk et al. 2018), the apparent disturbances to the outskirts of M33’s stellar
disk (McConnachie et al. 2009; McConnachie et al. 2010), and the mutual burst of star
formation 2 — 4 Gyr ago for both M31 and M33 (e.g., Putman et al. 2009; McConnachie
et al. 2009; Lewis et al. 2015; Ferguson & Mackey 2016; Semczuk et al. 2018; Williams
et al. 2017). However, new studies using the proper motion of both galaxies from Gaia
DR2, the Hubble Space Telescope (HST) and the Very Long Baseline Array (VLBA),
and cosmological simulations support the notion that M33 is on its first infall (Patel
et al. 2017; Patel et al. 2017; van der Marel et al. 2018) and has had no significant
interaction with M31.

Furthermore, M33 is more complex then expected for a low luminosity galaxy,
which are thought to be dominated by a single component, although the highest mass
dwarfs can have a thick disk in addition to a stellar halo (Roychowdhury et al. 2013;
van der Wel et al. 2014; Patra Nath 2020; Kado-Fong et al. 2020, 2021). However, M33,
is proving to be more complex, with a newly confirmed centrally-concentrated halo

(Gilbert et al. 2022) and bar (Williams et al. 2021; Smercina & et al. in preparation;
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Lazzarini & et al. in preparation) and the mysterious warps described above (Braun &
Thilker 2004; Putman et al. 2009; Semczuk et al. 2018).

Resolved stellar spectroscopy is a valuable tool to unlock the history of M33,
especially when information from spectroscopic observations is examined as a function
of stellar age. This is only possible in the Local Group, in which the distances to galaxies
allow us to view their entire disk while resolving individual stars. For example, stellar
line-of-sight velocity dispersion as a function of stellar age can point to gradual heating
and heating via one event, as seen in M31, where the high velocity dispersion increases
monotonically with stellar age, suggesting a constant and violent merger history (Dor-
man et al. 2015). Comparing stellar kinematics to gas kinematics can also give insight
into a galaxy’s dynamical heating history, as was demonstrated in M31 (Quirk et al.
2019), as the asymmetric drift of stellar populations is correlated with their velocity
dispersion in the plane of the disk. Furthermore, comparing this observed asymmetric
drift to that in simulations suggests that M31 had a relatively recent 4:1 merger (Quirk
& Patel 2020). M33’s distance of 859 kpc (de Grijs & Bono 2014) is comparable to
that of M31 (McConnachie et al. 2009), so we can measure spectroscopy of individually
resolved stars in M33. These techniques may also be capable of constraining the merger
history of M33.

We expect M33 to be a particularly interesting target for these studies. Unlike
M31’s obvious remnants from its violent history, M33 is morphologically less disturbed.
It has however a much higher SFR (Blitz & Rosolowsky 2006) and lower disk mass

surface density (Corbelli et al. 2014), placing its disk in a very different regime than
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M31’s. M33 is also the prime environment to observe the effects of internal heating (i.e.,
bursts from star formation, perturbations from giant molecular clouds and the bar, and
density waves from spiral arms) because of its low mass and low inclination (Warner
et al. 1973, ~ 54°). Stellar feedback can cause powerful inflows and outflows of gas
and bursts of star formation, which can result in drastic radial migration in low mass
galaxies and can even lead to the creation of a stellar halo (e.g., Stinson et al. 2009;
Maxwell et al. 2012; El-Badry et al. 2016). This internal feedback could have drastically
changed the stellar kinematics of M33 since its birth. Stellar disks are fragile (Toth &
Ostriker 1992), and while more massive disks are likely able to survive major merger
events (e.g., D’Souza & Bell 2018; Hammer et al. 2018) and low mass disks are believed
to have to survive many minor events (Helmi et al. 2012), low mass disks, like that of
Ma33, are unlikely to remain intact after major merging events. This notion paired with
the fact that M33 is relatively isolated (~ 230 kpc from M31), and about half of its
stellar mass comes from stars that are ~ 10 Gyr (Williams et al. 2009), means that
the disk of M33 is fairly pristine and therefore can give us insight into the evolution of
isolated high redshift galaxies.

In this paper, we present the TRiangulum EXtended (TREX) Survey of ~ 7000
targets, making it the largest stellar spectroscopic survey of M33. The survey spans
across the entire disk of M33, out to a deprojected radius of ~ 11 kpc. It is the first
dataset that consists of individually resolved stars that extends across the entire inner
and into the outer disk. With this dataset, we examine the kinematics of stars in the

disk of M33 as a function of stellar age to measure the dynamical heating of the evolving
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disk. This analysis, which uses a subset of the total sample, is the first study of disk
kinematics as a function of stellar age in M33 using only individual stars and is overall
the third of its kind (after the MW and M31). The robust dataset presented here has
already been used to confirm the existence of a dynamically hot component in M33
(Gilbert et al. 2022).

This paper is organized as follows. In Section 5.2 we present our new spec-
troscopic dataset and archival datasets used in this study. Section 5.3 describes the
separation of stars into broad age bins and the removal of possible halo stars, and
Section 5.4 shows the calculation of local velocity dispersion, rotation velocity, and
asymmetric drift. Section 5.5 highlights a comparison of observed kinematics to the
kinematics seen in M33-like simulated galaxies, and Section 5.6 compares them to the
kinematics of M31 and the MW Solar Neighborhood. We summarize the main points of

this work in Section 5.7, and in Section 5.8.1, we show the kinematics of rare spectral

types.

5.2 Data

Our study made use of large catalogs of stellar photometry and spectroscopy,
as well as imaging data of the M33 gas content. Below we describe the photometric,

stellar spectroscopic, and gas imaging catalogs.
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5.2.1 Stellar Data

We started with large libraries of resolved stellar data, including space-based
and ground-based photometry. These, in turn, allowed us to obtain our stellar spec-
troscopic dataset. We selected targets from a wide range of masses and evolutionary
stages, including massive main sequence (MS), massive helium burning (HeB), interme-
diate mass asymptotic giant branch (AGB), and low mass red giant branch (RGB) stars.
The use of these different stellar types is described later in Section 5.3. These different
stages were not prioritized equally over the four observing epochs, see description below
and Figure 5.2. The broad evolutionary stage of a star comes from color magnitude
diagrams (CMD) of the photometry catalogs described in Section 5.2.1. We describe

this process in detail below.

Photometry

Our strategy for target selection relies on selecting bright isolated stars from
resolved stellar photometry. The high precision of this photometry allows us to target
stars in the crowded central regions of M33 with confidence that we were observing
isolated stars instead of blended light from multiple sources.

Over the four years of spectroscopic observations, our stellar selection varied
in response to the available photometry and evolving scientific opportunities, as stated
in Figure 5.2. We relied on a mix of photometry from the Hubble Space Telescope
(HST) and the Canada-France-Hawaii Telescope (CFHT). Targets observed in 2016

were selected using archival HST data with broad bands F475W + F814W, or F606W
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+ F814W or where there was a gap in HST coverage, using data from MegaCam on
CFHT with i— and g— bands. The HST fields were observed with the Advanced Camera
for Surveys (ACS) and the reduction is described in Williams et al. (2009, 2014). Each
of the 2016 masks overlapped with multiple of these ACS fields. The CFHT /MegaCam
data was reduced using the MegaPipe reduction pipeline (Gwyn 2008). The primary
targets for these masks were RGB stars, but also included some AGB and red HeB stars
and a small number of MS and BHeB stars.

The 2018 and 2019 slitmasks had targets selected from HST photometry from
the Panchromatic Hubble Andromeda Treasury: Triangulum Extended Region (Williams
et al. 2021, PHATTER) and CFHT /MegaCam (same as described above). The PHAT-
TER survey observed stars in the Andromeda and Triangulum galaxies with six filter
photometry using ACS and WFC3: F275W, F336W, F475W, F814W, F110W, and
F160W (Dalcanton et al. 2012; Williams et al. 2021). The photometric catalogs are
described in Williams et al. (2014, 2021).

The availability of six filter photometry allows us to more precisely divide stars
into broad age bins, as described later in Section 5.3. With the six filter photometry, we
were able to target a range of stellar evolutionary stages for the 2018 masks: MS, HeB,
AGB, and RGB stars. To sample a broad range of stellar ages, we preferentially targeted
rarer stars, including a large number of bright HeB stars. These stars were identified
from PHATTER CMDs. CFHT/MegaCam data was used to fill in the outer parts of
the DEIMOS slitmasks that extended beyond the HST PHATTER footprint, into the

low density outer disk where HST resolution is less needed. For the 2019 masks, RGB
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stars were the primary targets. These stars were identified from PHATTER CMDs if
in the PHATTER range. If they came from the CFHT /MegaCam MegaPipe reduction,
we prioritized stars with g —¢ > 0.5 and 21 < ¢ < 22.

The 2020 slitmasks were positioned to probe the outer disk, and they are
beyond the PHATTER footprint and any other continuous HST coverage. For these
outer slitmasks, we used the catalog from the Pan-Andromeda Archaeological Survey
(PAndAS) (McConnachie et al. 2018). PAndAS used CFHT /Megacam to observe >400
square degrees of sky centered on Andromeda and Triangulum with i— and g— bands.
The observations and data reduction are described in McConnachie et al. (2018). Only
objects that were flagged by the PAndAS team to most likely be stars were included
in our target list. We prioritized placing RGB stars on these masks (¢ — ¢ > 0.5 and
20.5 < i < 22.5).

To avoid blends, especially in the crowded central regions, we applied an iso-
lation criterion ILeighbor < ltarget — (ﬁ)2 + 3 to exclude stars with neighbors that are
too close and/or too bright and therefore might contaminate the target’s light during
spectroscopic observation with DEIMOS(Dorman et al. 2012). We applied this criterion
to all of the photometry catalogs used, although it was most critical for the crowded re-
gions targeted using PHATTER photometry. If a target candidate has a single neighbor
that fulfills this criterion, it is excluded from the slitmask.

Even with this criterion, it is possible to have multiple objects in a given slit.
The majority of these serendipitous observations have good quality spectra and well-

measured velocities that did not interfere with the main target’s spectrum. However,
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since we do not have easily paired photometry for these objects, we do not include
them in this particular study, although they will eventually be incorporated. The total
number of targets is 7684, with 2381 from 2016, 2457 from 2018, 906 from 2019, and
1940 from 2020. Adding in the serendipitous targets would increase the sample by

~ 27%.

Keck IT DEIMOS Spectroscopy

The spectroscopic data comes from four epochs of observing. All observations
were taken with the DEIMOS Spectrograph (Faber et al. 2003) on the Keck II 10 meter
telescope. The program uses thirty-six DEIMOS slitmasks and two different grating
setups— one to target a wide range of stellar evolutionary phases and one to target
older, redder stars. The first ten slitmasks were observed in 2016 using the 600 line
mm~! grating, which has a resolution of R ~ 2000, and a central wavelength and
wavelength range of 7200A and A ~ 4600-9800 A, respectively. This setting allows us
to target a wide range of spectral types. In 2018, we observed eleven slitmasks across
the central disk using the same configuration. In 2019, we obtained four additional
slitmasks of spectroscopic data. The first used the 600 line mm ™! grating configuration,
and the remaining three were observed using the 1200 line mm~" grating (R ~ 6000) to
account for additional moon light and to target older stars. With this grating, we used
a central wavelength of 7800A and a wavelength range of A ~ 63009800 A, focusing on
the redder part of the spectrum where RGB stars emit significant flux. In the Fall of
1

2020, we observed the last eleven slitmasks in the outer disk with the 1200 line mm™

configuration.
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The layout of the thirty six slitmasks can be seen in Figure 5.1. Because of
the high density of stars in the inner regions, we were able to have slitmasks targeting
different stars at the same slitmask location and orientation. Some of the targets on
different slitmasks were repeated to get higher signal for faint targets and to help cali-
brate velocity measurement errors. The positions of the 2019 slitmasks are the same as
the two most northern 2018 slitmasks. Each slitmask was observed for approximately 2
hours. The table in Figure 5.2 lists the names, positions, orientations, exposure times,
numbers of stars observed, years observed, gratings used, photometry sources for tar-
get selection, and the main targets for each DEIMOS slitmask. For primary targets,
“range” indicates MS, HeB, AGB, and RGB stars.

The DEIMOS spectra were reduced with the spec2d and specld programs
(Cooper et al. 2012; Newman et al. 2013). This software has been adapted from its
original use for the Sloan Digital Sky Survey to be used on DEIMOS spectroscopy. The
resulting one-dimensional spectra were flat-fielded and sky subtracted and then cross
correlated against stellar template spectra to measure the line-of-sight velocity of the
target star (Simon & Geha 2007). The velocity measurements were confirmed visually
using the zspec software. At this step, each measurement is given a quality rating,
and rare stars and MW foreground stars are identified (more details below). We then
shifted the velocities to the heliocentric frame.

We account for possible miscentering of the star in the slit width direction,
which causes a systematic wavelength shift. To do so, we calculated the wavelength shift

of the atmospheric absorption line at 7600 A. We call this shift the A-band correction
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Figure 5.1: Layout and orientation of the thirty six DEIMOS slitmasks across the disk
of M33 for the TREX Survey. Each rectangle on the image represents the rough shape
and size of a DEIMOS slitmask (approximately 16'by 4’). The cyan bricks were observed
in 2016, the green in 2018 and 2019, and the red in 2020. Because of the high density
of stars in the central regions, we targeted different stars at the same slitmask position
in 2018 and 2019. The 2019 slitmasks placements are the top two green slitmasks. The
ellipse represents the approximate location of a break in the exponential surface density
profile of the disk at ~ 36’ (Ferguson et al. 2007; Barker et al. 2011). The background
image of M33 is from the Digital Sky Survey (DSS). In this orientation, north is up,
and east is to the left.
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from north. Exposure times marked with an asterisk do not represent the effective

The position angle (PA) of the long axis of the slitmask is measured counterclockwise
exposure time and include exposures with bad seeing.

Figure 5.2: Information for the 36 DEIMOS slitmasks that make up the TREX Survey.
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and applied it to the measured velocity of the star. We found that the A-band correction
varies across the mask depending on the slit’s position along the length of the mask,
possibly because of a slight positional and/or rotational misalignment of the mask in
the sky. To account for the spatial variation, we fitted a polynomial to the A-band
velocity as a function of mask position for the stars with the best quality spectra. The
polynomial was then applied to all stars to calculate the A-band correction based on
the stars’ positions along the mask. A typical A-band correction is ~ —1.3kms™! and
varies by ~ 7kms~! across a mask.

The systematic uncertainties for the old stars observed with the 600 line mm ™!
and 1200 line mm~! gratings were calculated as in Simon & Geha (2007); Collins et al.
(2011), giving 5.6 kms~!for the 600 line mm~! and 2.2 kms~!for the 1200 line mm~!
grating. We also estimate random uncertainties, derived from duplicate velocity cross
correlation measurements of RGB stars (1.65 kms~!for the 600 line mm~! and 1.85
kms~!for the 1200 line mm™! grating). The final error is the result of adding the
estimated random uncertainties to the systematic uncertainties in quadrature. We do
not yet have enough duplicate observations of young and intermediate age stars to
calculate an estimate of the systematic uncertainty. Initial analysis of the duplicate
young stars suggest that a typical velocity measurement error for these stars is ~ 12

kms~1

. For now, we take the velocity errors from the specid pipeline (Cooper et al.
2012; Newman et al. 2013) for the young and intermediate age stars. A typical velocity

error measurement is assumed to be ~ 6 kms™!, but this is likely an underestimate of

the true velocity uncertainty. We will rectify this in the future after obtaining a larger
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sample of repeat observations.

MW foreground stars are not identified during target selection. Instead, they
are removed from our sample if there is Na1 absorption present during visual inspection
of their spectra, as this indicates the star is likely a dwarf star (Gilbert et al. 2006).
Once these visually classified foreground stars are removed, we compared the line-of-
sight velocities of the remaining stars to a Besancon model (Robin et al. 2003, 2014;
Robin et al. 2017; Amores et al. 2017) at the location of the TREX Survey with a
color and magnitude cut similar to the range of the targets, shown in Figure 5.3. The
MW foreground stars have radial velocities that peak at —39 kms™!, with 57% of the
distribution at > —50 kms~!. Only 18 stars, or 0.70% of our final sample (described
in Section 5.3) has line-of-sight velocities > —50 kms™!, so our study is largely free of
MW contamination.

Targets are also removed from our sample if their spectra suggests the target is
an extended source (i.e., background galaxy) or if the quality of the spectrum is too poor
to return a well measured velocity. We also eliminate stars with |vzog| > 500kms™!
or that are miscentered in the slit enough to cause a needed correction on the order of
80kms~! (Sohn et al. 2007; Simon & Geha 2007) based on the polynomial fit estimate.
Stars with extreme velocities compared to M33’s systematic velocity are unlikely to
be members of M33 or to have properly measured velocities. With foreground stars,
poor quality targets, and duplicate measurements removed, our spectroscopic dataset
consists of 4118 stars in M33. In this specific study, we further narrow our sample based

on velocity measurement error (Section 5.4), CMD placement (Section 5.3), and, for the
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Figure 5.3: Color-magnitude diagrams of the subsets of photometric catalogs used for
target selection with the final stellar sample overplotted. The left panel shows stars with
HST photometry with the F457W and F814W bands. Most of these stars are from the
PHATTER survey; some are from archival HST images. The center panel shows stars
selected from archival HST photometry with the F606W and F814W bands only. The
right CMD shows stars selected from the CFHT /Megacam + MegaPipe and from the
PAndAS catalogue. In each panel, the blue points represent the young stars, the orange
represents the intermediate age stars, and the red squares represent the old stars, and
the grey represents a Hess diagram version of the full photometric catalogs. The points
outlined in black are young weak CN stars (blue) and intermediate age carbon stars
(orange) with ages derived from spectroscopic analysis instead of CMD divisions; see
Appendix 5.8.1 for more details. We list the adopted average age for each bin in the
legend. All magnitudes have been extinction corrected.

older stars, the probability of belonging to the stellar disk component (Section 5.3.1).
With the final sample of resolved spectroscopy, we can examine the line-of-sight velocity

for individual stars across the disk in M33.

5.2.2 (Gas Data

Unlike stars, which retain their kinematic memories of past dynamical heating,
dense gas’s comparatively rapid cooling dissipates energy, leaving the gas as a low
velocity dispersion tracer of the disk’s gravitational potential. In this study, we use
velocity measurements of H1, CO, and Ha to make comparisons between the dynamics
of the gas and stars in the disk of M33.

The H1 measurements from the Very Large Array (VLA) are described in
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Gratier et al. (2010) and have 5”-25" resolution (FWHM), depending on the specific
pointing (see their Table 2 and 3). The data are from archival VLA imaging obtained in
1997, 1998, and 2001. The resulting gas line-of-sight velocities have an RMS uncertainty
of ~ 1.3kms™ 1.

The CO(2-1) data were observed using the Institute for Radio Astronomy in
the Millimeter Range (IRAM) 30 meter antenna by Gratier et al. (2010); Druard et al.
(2014). The observations began in 2008 and build off of those from Gardan et al. (2007).
The angular resolution of the data is 12’ with a spectral resolution of 2.6 kms~! (RMS).

The Ha measurements were observed by Kam et al. (2015) at Observatoire du
Mont Megantic with a 1.6-m telescope and the Fabry-Perot interferometer in September
2012, producing an angular resolution of < 3” and a typical velocity measurement
uncertainty is ~ 10kms~! (FWHM).

Further details on the observations and data reduction are described in the
references listed above. All of the gas velocity measurements have been shifted to the
heliocentric frame. Each star corresponds to a specific a single pixel of the gas maps,
which allows us to make local and direct comparisons of the gas and stellar kinematics.
In Section 5.4.1, we discuss how we locally average the stellar kinematics to better
match the resolution of the gas imaging so that one star does not represent the stellar
kinematics of an entire pixel in a gas map.

The extent of the H1 dataset is vast, so we are able to pair almost all stars with
the nearest (in projection) H1 velocity measurement. The percentages of stars paired

with H1 measurements are 91%,79%, and 71% for the young, intermediate age, and
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old stars, respectively. (We discuss the division of stars into age bins in Section 5.3).
The CO and Ha velocity measurement maps have a smaller extent so only stars with a
projected radius of < 4 kpc are able to be paired to a CO and Ha measurement. For
Ha, this includes 24%, 12%, and 4% for the young, intermediate age, and old stars. For

the CO, it covers 34%, 25%, and 12% for the young, intermediate age, and old stars.

5.3 Broad Age Groups

We divide stars loosely into three age groups based on average stellar age at
present day. First we use color magnitude diagrams (CMD). Different regions on a CMD
are dominated by stars of different masses and ages. For example, the MS-dominated
region we target consists almost entirely of massive stars with short stellar lifetimes.
Regions dominated by evolving AGB stars are populated by intermediate mass stars
with present day ages older than the main sequence, but not as old as the targeted
RGB stars, which occupy a region dominated by older low mass stars with present day
ages > 2.5 Gyr.

We can use stellar population models to estimate average ages for each CMD
stellar region (Williams et al. 2014, 2021). In the rest of the paper, we will refer to
stars in the AGB region as “intermediate age,” and stars in the RGB region as “old.”
We combine MS stars, blue HeB, and red HeB, and into a single broad age group that
we will refer to as “young.” Even though the RHeB stars are far to the red, they are
put into the young group because we targeted high mass ones with short lifetimes. See

Figure 5.3 for the approximate location of each stellar lifetime division for our sample.
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After the CMD division, we re-categorize weak CN and carbon stars based their
spectroscopic information, regardless of their CMD location. Both the intermediate age
carbon and young weak CN stars are identified using a combination of visual inspection
and machine classification of stellar spectra; they are discussed in greater detail in
Appendix 5.8.1. We assign weak CN stars to the young age group and carbon stars to
the intermediate age group because the average age of these stars are consistent with
the young and intermediate age group, respectively. We have marked these stars in
Figure 5.3 with black outlines to distinguish them from the CMD divisions.

We assign each broad bin an average age using simulated CMDs: ~ 80 Myr
for the young stars group; ~ 1 Gyr for intermediate age stars; and ~ 4 Gyr for the
old stars. These age averages come from Williams et al. (2021); Smercina & et al. (in
preparation) who compare the PHATTER targets to simulated CMDs using Padova
isochrones (Marigo et al. 2017). These age ranges are quite broad. The range (16
to 84'™") in the young group is ~ 20 — 180 Myr, the intermediate age bin spans ages
~ 0.56 — 2.2 Gyr, and the old age bin spans 1.4 — 9 Gyr. (See Williams et al. (2009)
for specific star formation histories of regions in M33.) Additionally, these age bins
have some overlap and contamination due to the approximate nature of CMD divisions.
However, the average ages for each bin are distinct enough to broadly study stellar
kinematics as a function of age, which is the goal of this work. We compare the dynamics

of these three broad groups and look for trends with stellar age.

5.3.1 Removing Halo Contamination

Gilbert et al. (2022) provide evidence for the existence of a dynamically hot
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component in M33, using a subset of the spectroscopic dataset used in this paper. They
do not find evidence for this component in their young stellar sample, made up of weak
CN stars, which are best described by a single dynamically cold component. The stars
of the hot component make up ~ 22% of the total old sample of the TREX Survey,
which we correct for using the model described in Gilbert et al. (2022) to remove likely

halo contaminants from the old disk population.
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Figure 5.4: Map of the intermediate age and old stars color coded by probability of
belonging to a dynamically cold component. The ellipse represents the approximate
location of the disk break. The center of M33 is marked with a blue cross.

Gilbert et al. (2022) model the disk and halo assuming a tight kinematic con-
nection to the H1 disk. They compare the line-of-sight velocities of stars to the line-of-

sight velocity of the H1 at the same radius using the titled ring model in Kam et al.

(2017), rather than individual H1 measurements. They model the disk and halo as
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Gaussians in a transformed line-of-sight velocity space defined as the difference between
a star’s velocity and the calculated line-of-sight velocity of the disk or halo component
at the star’s disk location, assuming the fractional rotation speed for that component.
This allows each component to rotate at a fraction of the speed of the H1 disk model.
The best fit model from Gilbert et al. (2022) then returns a probability that a given
star’s kinematics belong to a dynamically cold component. Although the Gilbert et al.
(2022) analysis focuses only on the old stars, we see preliminary evidence that the in-
termediate age population may host a similar component, and thus we apply the same
model to remove candidate kinematically hot AGB stars. The model was run separately
on the AGB stars utilizing the same model formalism and procedure used by Gilbert
et al. (2022) for RGB stars. We use the probability from the model to keep all inter-
mediate age and old stars with velocities that are at least 80% likely to belong to the
dynamically cold component, eliminating velocity outliers and producing a more pure
disk-like population. We assume all young stars are disk stars. Figure 5.4 shows a map
of the intermediate age and old stars color coded by probability their kinematics are
consistent with a cold component.

Removing stars with disk probabilities which are < 80% eliminates ~ 14%
of the initial intermediate age bin and ~ 23% of the initial old age bin. For the old
stars, the percentage of stars eliminated from the disk sample is consistent with the
expected fraction of RGB halo stars from Gilbert et al. (2022). Future work, utilizing
an increased AGB sample, will characterize the kinematics of the AGB population as

a whole and explore the nature of the AGB stars which have velocities well removed
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from the M33 disk velocity. In Section 5.5 and 5.6, we explore the implications of not
removing possible halo stars.

With the quality cuts and the elimination of old halo stars and intermediate
age halo star candidates, our study consists of 952 young stars, 521 intermediate age

stars, and 1088 old stars for a total of 2561 stars.

5.4 Stellar Kinematics as a Function of Age

We get line-of-sight velocities for the stars in our sample from the stellar spec-
troscopic observations. In this section, we describe how we use the line-of-sight velocities
to calculate local line-of-sight velocity dispersion, construct rotation curves, and calcu-

late asymmetric drift for each stellar age bin.

5.4.1 Local Velocity Smoothing

We calculate the local velocity dispersion by examining the velocities of neigh-
bors around each star. We start with a 50” radius aperture for selecting neighbors and
then grow in radius by 5” until there are at least fifteen stars of the same broad age
bin within the circle. The sizes of the circles used are illustrated in the last column of
Figure 5.5. For the young group, the median radius was 85", for the intermediate age
group the median radius was 120", and for the old age group the median radius was
100", which is 0.35 kpc, 0.5 kpc, and 0.42 kpc, respectively, at the distance of M33.

If the circle gets to 300” and still does not contain fifteen members, we do not

calculate a line-of-sight velocity average or velocity dispersion at that location. The
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Figure 5.5: Line-of-sight velocity and velocity dispersion as a function of position for
the three broad age bins. The top row shows the young stars. The middle represents
the intermediate age population, and the bottom row shows the old population. For all
rows, the color in the first column represents individual line-of-sight velocity. For the
second column, color represents the smoothed line-of-sight velocity. The third column
shows the local velocity dispersion. The last column shows the size of the radius of the
smoothing circle used at that point. The smallest and largest smoothing circle used
are also shown. The ellipse represents the approximate location of the disk break. The
center of M33 is marked with a black cross. The inner disk (r < 3.75kpc) has higher
velocity dispersion for all age bins, and the young stars show an extended area of high
dispersion.
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velocity of the skipped star can still contribute to the analysis of its neighbors however.
This smoothing technique is similar to that used in Dorman et al. (2015), Quirk et al.
(2019), and (Quirk & Patel 2020). After smoothing, we have local velocity dispersion
measurements centered on 879 young stars, 462 intermediate age stars, and 1053 old
stars.

The resulting velocity maps are shown in Figure 5.5. The second column shows
the locally averaged line-of-sight velocities for each age bin. The third column shows
the local velocity dispersion, the calculation of which we describe below. The fourth
column shows the size of the smoothing circle that was used for each center, along with

the size of the smallest and largest smoothing circle used for that age bin.

5.4.2 Velocity Dispersion

We calculate the weighted mean of the line-of-sight velocities and the inverse
variance weighted root mean square dispersion (RMSE) of the members (Equation 5.1
and 5.2). In these two equations, the weights are normalized and derived from the

velocity measurement errors (oerr,; in the following equations) such that, Y ;" w; = 1

-2

o~ The velocity measurement error model is discussed in Section 5.2.1.

and w; = o

n
T:Z:Ei X W (5.1)
i=1

oy = Z(x —7)2 X w; (5.2)

125



We use the inverse variance weighted RMSE as the dispersion. We only con-
sider stars of the same age bin in the averaging and dispersion calculation.

Along with local velocity dispersion, we compute the median velocity disper-
sion for each of the three age bins, which is reported in Table 5.1. We can compare
these values to the global models fit from Gilbert et al. (2022), who find a global velocity
dispersion of ~ 16kms™! for the young stars and ~ 21kms~! for the old stars, which
is similar to the median local velocity dispersions reported here.

We also show details of the velocity dispersion distributions in Figure 5.6. The
left panel shows the median value, interquartile range, and outliers for the three age
bins across the full extent of the TREX Survey. Overall, we find that velocity dispersion
does not vary strongly with stellar age, as the median values of each population do not
vary significantly. Furthermore, the median values of each age bin are relatively low
and are roughly twice the average dispersion of the H1 (Chemin et al. 2020, 8 kms™!).
The low magnitude of velocity dispersion and the lack of an increase with stellar age are
not expected when compared to expectations from simulations of slightly more massive
disk galaxies (Martig et al. 2014) or observations of star clusters in M33 (Beasley et al.
2015). However, these studies do not remove dynamically heated populations that are
likely to belong to a halo, so it is not an exact comparison.

Martig et al. (2014) find that the shape of the age-velocity dispersion relation
for young and intermediate age stars is dependent on recent merger or other heating
activity, whereas the velocity dispersion for the oldest stars is more dependent on birth

kinematics. They also find that uncertainties in ages can obscure possible trends in the
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Age Group Mean o705 (kms™1)
0.3
Young 159705
Intermediate Age 15.2f8:%
old 165707

Table 5.1: Medians of weighted velocity dispersion as a function of broad age bin. The
errors on the median value represent the difference between the 16" and 84" percentiles
divided by VN , where N is the number of stars.

age-velocity dispersion relation. Since the age bins in this work are broad, we could be
missing a more subtle trend, but this would not explain the low magnitudes.

While the medians of the distributions are similar, the distributions themselves
are broad enough that they may be widened by trends with radius. In the right panel
of Figure 5.6, we show the distributions of velocity dispersion for each age group broken
into an inner (r < 5 kpc) and outer (r < 5 kpc) subgroup. For all age bins, the
distribution of velocity dispersion shifts lower in the outer region compared to in the
inner region, although the median velocity dispersion for the young stars is higher in
the outer region. The number of outliers is higher in the inner region for the young and
intermediate age stars.

We look more closely at velocity dispersion as a function of radius in Figure
5.7, which shows the distributions of velocity dispersion and radius. There is a clear
downward trend in the intermediate age and old stars populations as one goes out to
greater radii. This suggests the outer disk is dynamically cooler than the inner disk,
which is consistent with the findings of Gilbert et al. (2022) and disk galaxies in general
(e.g. Bottema 1993). Koch et al. (2018) find that the velocity dispersion of the Hr1
decreases by ~ 2 kms~'from the center of M33 to ~ r = 8 kpc. For the young stars,

any trend is less clear because of the extended area of high dispersion, which we examine
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below, however there is a slight trend of increasing velocity dispersion with radius.
Although there is not much trend between velocity dispersion and age, there
is an extended area of extreme velocity dispersion for the youngest group of stars.
Figure 5.5 shows this extended area of high velocity dispersion in the young star popu-
lation. We examined this anomalous region in detail to test if the substructure is real or
potential velocity measurement artifact. First, we looked at young stars with extreme
velocities that contribute to the high velocity dispersion in this extended region. Their
velocities are well measured and pass our quality cuts. Secondly, this region is also not
dominated by the largest size smoothing circle. Because of this, we think the areas of
high velocity dispersion in the young stars are real effects and will investigate it further

using duplicate velocity measurements as future work. A smaller portion of this same

— L e I ) L B B L B L B
Wgok Al § L Inner: r < 5kpc B ]
£ i + Outer: r >5kpc 1
¥ 3 - -
5 .t 1 ]
°60F o + o .
= ! 1 i
0 [ T i
& ! 1 i
0)40— 0 T n
o - s + .
0 L 4 4
a) L 1 ]
2 20F -+ % -
-G L . N
9 3 - -
[3) L 4 4
> IR DR R B P P B BT A B R A

young intermediate old inner outer inner outer inner outer

Figure 5.6: Velocity dispersion distributions for the three age bins. The left panel
shows the distributions for the full final population. The right panel shows each age bin
divided into an inner (r < 5 kpc) subgroup and an outer subgroup (r > 5 kpc). For
all boxplots, the shaded box represents the interquartile range, the horizontal line across
the box represents the median, and the open circles show the outliers. The outliers are
stars with a velocity dispersion that are at least 1.5 ¢ from the first or third quartile
value, which is the distance marked by the whiskers. Velocity dispersion does not vary
significantly with stellar age and is on average higher in the inner region.
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Figure 5.7: Velocity dispersion as a function of deprojected radius for the young, inter-
mediate age, and old populations. Median lines are also plotted. For the intermediate
and old age bins, velocity dispersion is higher in the inner regions than in the outer
regions. The old stars show one concentrated area of extreme velocity dispersion, while
the young stars show an extended area of high dispersion, and the intermediate age
stars show no high velocity dispersion. The area of extreme velocity dispersion for the
old stars is overlapped with an area that also has extreme velocities for the young stars.
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Figure 5.8: Velocity dispersion as a function of position for the young stars. Panel
a) shows the young stars overplotted on an image of M33 from the DSS. The color of
the points corresponds to velocity dispersion. The smaller red points mark H 11 regions
(Hodge et al. 1999). Panel b) shows a UV image of M33 from the Swift Observatory (im-
age credit: NASA /Swift/Stefan Immle) with a yellow ellipse showing the approximate
location of the high velocity dispersion. (The DSS map is slightly enlarged compared
to the image of M33 on the right.) These locations do not have higher concentrations
of UV emission than other parts of the disk.
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area is also coincident with high velocity dispersion for the old stars that do have well
characterized velocity measurement errors.

We also compare the location of the high velocity dispersion region to a UV
map of M33 in Figure 5.8. The yellow ellipse in the right panel shows the approximate
location of the extended area of high velocity dispersion with respect to the UV emission.
Because there is ongoing star formation across the disk, there does not appear to be
anything notable about the specific high dispersion area and no correlation between
stellar velocity dispersion and whether a location is UV dark or UV light. The left
panel shows velocity dispersion as a function of position compared to Hi regions from
Hodge et al. (1999). There also does not seem to be anything coincident about the Hir
regions around the high stellar velocity dispersion.

Koch et al. (2018) examine the atomic ISM across the disk of M33 and find
a filament of H1 that extends to 8 kpc across the southern disk (see their Figure 18).
While the filament overlaps the area of high velocity dispersion reported here, the young
velocity dispersion is coincident with a void in the filament. It is further unlikely that
the filament is related to the high stellar velocity dispersion because the line-of-sight
velocities of the young stars would need to be blueshfited by > 30 kms~!, which they
are not. There are some localized bright areas of H1 with broad line widths that are
close to the area of high velocity dispersion shared by the young and old stars, but it is
unclear if they are related to the high stellar dispersion.

It is possible that other phenomenon are causing the high velocity dispersion in

the young stars and small number of old stars. For example, there could be unmarked
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massive gas clouds or a significant number of stellar binaries. Additionally this area
could contain substructure from a relatively recent minor merger that lies in front of
the disk. If M31 and M33 did have an interaction in the past, perhaps the interaction

could have increased the dispersion of the H1 and young stellar disk.

5.4.3 Rotation Curves

We use the weighted average line-of-sight velocities to calculate the rotation
velocities of the stars, which we compare to the rotation velocities of gas tracers such as
Hi, CO, and Ha.. To calculate the rotation velocity, we convert the line-of-sight velocity
to a circular velocity using the tilted ring model described in Kam et al. (2017). Kam
et al. (2017) divide the Hr disk of M33 into forty-nine annuli from r = 0’ to r = 96’
and measure the position angle (PA) and inclination (i) of each annulus, as tabulated
in Table 4 of their paper. The rings in Kam et al. (2017) have a width of 0.2". We
interpolate this table to create thinner rings. We then calculate a star’s deprojected
distance from M33’s center using the PA and ¢ of M33. With that distance, we match
the star/gas measurement to a tilted ring from the interpolated table and assign it the
corresponding ring’s PA and i. We recalculate the deprojected distance, and reassign
the star/gas measurement to another ring if needed. We repeat this process twice before

adopting the final PA and i for the star/gas measurement.

_ VLOS — Usys
cos(0) sin(irp, )

(5.3)

Urot

The above equation projects a star onto a circular orbit. We use vgys =
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Figure 5.9: Rotation velocity as a function of deprojected radius. Rotation velocities
are calculated with the tilted ring model in Kam et al. (2017) (Equation 5.3). The top
panel shows the youngest age bin (light blue), the middle panel shows the intermediate
age group (orange), and the bottom panel shows the old group (red). Each star has
been paired with a H1 velocity measurement along the same line-of-sight, and the gas
is represented by the grey dots. The size of the points is proportional to the cos(6)
factor in Equation 5.3 to illustrate the limitations of the equation around the minor
axis. The solid (dotted) line shows the median rotation velocity for 0.5 kpc bins for
the stars (H1). The deprojection effects around the minor axis cannot explain the full
amount of scatter, especially for the gas.

—180kms~! (Kam et al. 2017). Theta is the azimuthal angle in the plane of M33,
and 7 is the inclination that comes directly from matching a star/gas measurement to
a tilted ring. Theta is calculated with 6 = 8 x [a cos(iTr)] ™! where a = ncos(PA7g) +

¢sin(PArg) and 8 = £cos(PArg) — nsin(PArg). We use the assigned PA of the ring
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Figure 5.10: Rotation velocity as a function of deprojected radius for the inner 4 kpc
of the disk. Rotation velocities are calculated with the tilted ring model in Kam et al.
(2017) (Equation 5.3). The top row shows the youngest age bin (light blue), the middle
row shows the intermediate age group (orange), and the bottom row shows the old group
(red). Each star has been paired with a H1 (first column), CO (second column), and
Ha (third column) velocity measurement along the same line-of-sight, and the gas is
represented by the grey dots. The size of the points is proportional to the cos(#) factor
in Equation 5.3 to illustrate the limitations of the equation around the minor axis. The
solid (dotted) line shows the median rotation velocity for 0.5 kpc bins for the stars
(gas). The deprojection effects around the minor axis cannot explain the full amount of
scatter, especially for the gas. The bar is believed to extend to 0.5 kpc (Williams et al.
2021; Smercina & et al. in preparation; Lazzarini & et al. in preparation).
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Figure 5.11: Asymmetric drift distributions for the young stars (blue solid), intermediate
age (orange hatched), and old star (red outline). AD is calculated with respect to the
Hr1 using vq4 = Vrot, gas — Urot,x- Lhe medians are marked by the vertical lines that run
from the peak of the corresponding distribution to the top of the plot. There is no clear
trend between AD and stellar age, except that the width of the distribution decreases
with stellar age.

that a star/gas measurement lies in and the deprojected coordinates of the star/gas
measurement centered on M33. Since each star is paired with a gas measurement, the
star and the gas measurement share the same deprojected geometric parameters but can
have different values for rotation velocities, as they have different line-of-sight velocities.

With the above equations, we construct a rotation curve for each of our broad
stellar age bins. The three rotation curves are shown in Figure 5.9. These rotation curves
show the rotation velocity as a function of deprojected radius for the three stellar age
bins and for the H1 along the same line-of-sight of each star for the full extent of the

TREX Survey. We also plot the inner rotation curves compared to the CO and Ha
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datasets, which do not extend beyond 4 kpc so are not shown in the full rotation curve.
These inner rotation curves are plotted in Figure 5.10 for the inner 4 kpc for the three
age bins and Hi1, CO, and Ha.

In both Figures 5.9 and 5.10 it is clear that the rotation curves of both the stars
and the gas show significant scatter. Quirk et al. (2019) demonstrate the deprojection
factor of the tilted ring model, or the denominator, approaches zero along the minor axis,
regardless of inclination because of the cos(6) factor, which can explain some but not
all of the scatter in the rotation curves. Other sources of scatter in the stellar rotation
curves could be from poorly measured velocities, particularly in the young stars, or
disturbances from M33’s bar (Williams et al. 2021; Smercina & et al. in preparation;
Lazzarini & et al. in preparation) and spiral arms. Scatter in the gas rotation curves
could reflect the impact of star formation or turbulence in the ISM. The amount of
scatter in the stellar rotation curves is largest for the youngest group and decreases with
stellar age, which suggests M33’s high star formation rate could be causing turbulence
not only in the gas but also in the birth kinematics of stars born from that gas. This
could also be causing some of the extreme velocities in the young stars.

To quantify the scatter, we have added median lines to each stellar and gas
rotation curve and have made the marker size proportional to the cos(f) factor. The
scatter cannot entirely be attributed to deprojection effects along the minor axis, espe-
cially for the gas, which appears to have the most scatter away from the minor axis. We
used binning of 0.5 kpc to remove likely outliers while preserving local discrepancies for

the median lines. Any velocity difference between the stellar and gas rotation curves
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is a visual representation of asymmetric drift and will be explored further in the next

section.

5.4.4 Asymmetric Drift

We use the stellar and gas rotation curves in Figures 5.9 and 5.10 to calculate
the asymmetric drift (AD or v,) of the three broad age bins. Often, AD is defined as
the difference between the circular velocity derived from the potential of a galaxy and
the rotation velocity of the stars (Stromberg 1946). For the purpose of this study, we
define AD to be the difference between the rotation velocity of the gas and that of the
stars (Quirk et al. 2019; Quirk & Patel 2020). This choice allows us to make local and
empirical AD measurements without relying on models of the potential of M33.

AD measurements can be used to measure dynamical heating (Quirk et al.
2019), as gas, which is collisional, can fairly easily dissipate energy and maintain a low
energy orbit (Sellwood & Moore 1998), while stars retain a non-circular orbit if they
have been perturbed onto an eccentric orbit (Leaman et al. 2017; Sellwood & Binney
2002). In M31, observed AD compared to that in simulated IllustrisTNG-100 M31-like
analogs has provided evidence that M31 experienced a relatively recent major merger
(Quirk & Patel 2020). In our own galaxy, AD is routinely used to correct the local
standard of rest and to predict rotation curves outside the solar neighborhood before
Gaia (Golubov 2014; Huang et al. 2016).

For every star and gas measurement pair, we calculate an AD value, v,, from
their respective rotation velocities, using v, = Urot, gas — Urot,x- We make AD measure-

ments with respect to Hi, CO, and Ha. (This equation is in rotation velocity space,
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Age Group AD w.r.t Hi | Width | Outliers
(kms™1) (kms—1) %

Young 15115 73.3 3.2
Intermediate Age 8.02:5 68.2 5.8
Old 24.5709 51.1 3.7

Table 5.2: Stats for the distribution of AD for the three age bins with respect to H1 for
the full extent of the survey. Median values of AD, width (sigma) of the distribution, and
the percentage of outliers in the distribution are shown. The errors on the median value
represent the difference between the 16™"and 84" percentiles divided by v/N, where N
is the number of stars. The outliers are stars with a velocity dispersion that are at least
1.5 ¢ from the first or third quartile value.

whereas the offset used in Gilbert et al. (2022) for halo star identification is in line-
of-sight space.) The CO and Ha measurements only exist for the inner ~ 4 kpc so
we calculated AD in the inner regions with respect to all three kinds of gas but only
with respect to H1 for the full survey extent (or out to ~ 11 kpc). The distribution of
these values are plotted in Figure 5.11 and 5.12, and the median values, width of the
distributions, and percentage of outliers are listed in Table 5.2 and 5.3. The outliers are
stars with a velocity dispersion that are at least 1.5 ¢ from the first or third quartile

value.
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Figure 5.12: AD distributions for the young stars (blue solid), intermediate age (orange
hatched), and old groups (red outline) for the inner 4 kpc. AD is calculated with
respect to the H1 (left panel), CO (middle panel), and Ha (right panel) using v, =
Urot, gas — Urot,x- Lhe medians are marked by the vertical lines that run from the peak
of the corresponding distribution to the top of the plot. On average, the young and
old stars have similar median AD values, suggesting there is no trend between AD and

stellar age. For the Ha, the gas is lagging the intermediate age and old stars, resulting
in a negative AD, but both AD values are consistent with zero within 1o.

For the H1 and CO, the intermediate stars show the lowest AD values, so there
is no monotonic trend with stellar age. When compared to Ha, the intermediate age
stars have the greatest offset in the rotation velocity of the gas and stars; however, this
difference is barely larger than 1o so is not robust. Furthermore, the median AD values
are negative for the intermediate age and old stars, which means that on average, the
Ha is lagging behind the stars and therefore the stars could be more settled on a circular
orbit than the Ha. However, both of these AD values are consistent with 0 within 1o.
We expect AD to increase with stellar age (e.g., Sellwood & Binney 2002; Westfall et al.
2007; Gaia Collaboration et al. 2021; Quirk et al. 2019), so seeing a high magnitude of
AD in the young stars suggests there is something perturbing the young stars on short
timescales, which resulted in their kinematics diverging from the gas.

Overall, the old stars tend to have the greatest magnitude of AD, but the

distributions of AD values are narrower. In the inner 4 kpc, the young and intermediate
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age stars have the largest widths, that are at times double that of the old stars for
each of the three types of gas used in calculating AD, which is the opposite of what is
expected for a canonical model of steady dynamical heating of stars. The old stars are
thus more systematically offset from the nearby gas in terms of the kinematics, whereas
the young and intermediate stars are more randomly offset from the kinematics of the
nearby gas. Over the full radial range, even though the young stars still have the widest
AD distribution, the three groups of stars have more similar widths. This suggests the
stars in our sample are most similar between radii 4 an 11 kpc.

The percentage of outliers (stars with AD values that are 1.50 or greater away
from the 16" or 84" percentiles) in each distribution shows no clear pattern with median
AD, width of the distribution, or stellar age. The intermediate age stars have the highest
percentage of outliers in the distribution of AD values calculated with respect to Hr1 in
the inner 4 kpc.

It is important to note that the three gas datasets used come from different
telescopes and were reduced using different methods. Subtle differences in the derivation
of the gas velocity measurement could be causing variations in the AD median values,
not just physical phenomena. However, subtle differences would systematically affect
the three age bins equally, which means these potential differences cannot be obscuring
a lack of trend between age and asymmetric drift.

In summary, M33 does not show the expected increase in AD with stellar age
because of the low AD of the intermediate age stars and the high AD value for the

young stars. The distributions of AD get narrower with stellar age, showing that the
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younger stars are more randomly offset from the gas than the older stars.

5.5 Comparison to IllustrisTNG

We analyze M33-like analogs from the IllustrisTNG50-1 cosmological simula-
tion to comment on the uniqueness of the results presented above. The IllustrisTNG
Project is a suite of N-body and hydrodynamic simulations from redshift z = 127 to
z = 0. It uses the AREPO moving-mesh code (Marinacci et al. 2018; Naiman et al.
2018; Springel et al. 2018; Pillepich et al. 2018; Nelson et al. 2018; Springel 2010).
The simulations have a cosmological volume of (51.7 Mpc)? and have the following ini-
tial cosmological parameters from Planck Collaboration et al. (2016): €Q,, = 0.3089,
Qp = 0.6911, Qp, = 0.0486, o0g = 0.8159, ny = 0.9667, and h = 0.6774. For our analysis,
we adopt a value of h = 0.704 (WMAP-9; Hinshaw et al. 2013).

We use data from the IllustrisTNG50-1 simulation (hereafter IlustrisTNG),
the smallest but highest resolution simulation in the project that includes both dark
matter and baryons. IllustrisTNG follows the evolution of 2160% dark matter particles
and 2160% hydrodynamical cells, resulting in a a baryonic mass resolution of Mpary =
8.1 x 10* M and a dark matter particle mass resolution of mpy; = 4.4 x 10% M. Halos
and subhalos are identified using SUBFIND (Springel et al. 2001; Dolag et al. 2009).

We identify general M33-like analogs as halos that fit the following criteria:
the subhalo is the central/primary subhalo at z = 0 in Friend of Friend (FoF) group
with a virial mass of My;, = 1 —2.5 x 101 My, (Patel et al. 2018, and references within);

the subhalo has a stellar mass of M, = 2.8 — 5.6 x 10°M, (Guo et al. 2010), and the
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Figure 5.13: Cumulative stellar rotation curves for the 216 M33-like analogs from the
TustrisTNG50-1 simulation and the observations presented in this analysis. Left panel:
The grey line represents the gas cells, the blue dashed line represent star particles with
ages < 1 Gyr, the purple line represents star particles with ages 1-5 Gyr, the green
line represents star particles with ages 5-10 Gyr, and the red dotted line represents star
particles with ages > 10 Gyr. The vertical bars represent the width of the distribution
(162 — 84 percentile) of rotation velocities in a given radial bin. The median rotation
velocities of the 0.1 kpc radial bins are shown. Right panel: The magenta filled region
represents stellar particles with ages 1-5 Gyr. The width of the filled regions represent
the width of the distribution (16'" — 84" percentile) of rotation velocities in a given
radial bin. The observed M33 rotation curves for the three age bins are plotted on top.
The observations are consistent with stellar particles ages 1-5 Gyr, which are a similar
age to the observed sample.

subhalo’s maximum dark matter particle circular velocity is < 70kms™".

These cuts
produce a sample of 224 analog galaxies. We eliminated eight of these due to lack of
baryon particles across the inner 10 kpc, leaving 216 M33-like galaxy analogs.

For each analog, we rotate the particles/gas cells to be face-on so that the
“line-of-sight” direction is the z component for all analogs. We exclude particles with
|z| > 10 kpc and with a galactic radius of > 20 kpc to target star particles that likely
belong to the disk. We then locally average the velocities to mimic the resolution from

observations, following Section 3 of Quirk & Patel (2020). We divide the stellar particles

into four groups based on exact stellar age: < 1 Gyr, 1-5 Gyr, 5-10 Gyr, and > 10 Gyr.
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Unlike the rough age division used for the observational part of the analysis, these age
bins use a star particle’s exact age and spans the full cosmological time. We use the gas
cells to calculate AD for each age bin as well.

For each analog, we use the smoothed kinematics to construct an azimuthally

averaged rotation curve using the equations below.

T-Up+ Y- Uy

VUrad = \/m (54)
Viot = 4/ V2 + ’UZ (5.5)
Vrot = Vtan = vtzot — vfad (5.6)

We limit the analysis to the 2D zy plane to mimic the observed line-of-sight
velocities. We choose to azimuthally average the rotation curve for each. To azimuthally
average the rotation curves, the particles/cells are placed into 0.1 kpc bins based on
their distance from the center of the analog. We then take the median of the rotation
velocities in each bin for the final rotation curve. This process creates a rotation curve
similar to the median lines shown in Figures 5.9 and 5.10.

To calculate a single set of rotation curves and median AD values as a function
of stellar age for the entire analog sample, we first calculate both the rotation curve and
AD for each individual analog, as described above. Since the rotation curves are radially

binned, the cumulative rotation curve for the entire sample of analogs is made by using
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Figure 5.14: Cumulative median AD measurements for M33-like analogs and for ob-
servations of young, intermediate age, and old stars in the disk of M33. The shaded
grey regions represent the median AD and the widths of the distribution (16" — 84th
percentile) of the AD for the analogs. The color points represent the median AD for the
young (blue), intermediate age (orange), and old (red) stars. The black points represent
the analog with AD values closest to what is observed. Compared to the whole sample
of analogs, the AD from observations is significantly higher for the youngest stars, than
that is seen in the simulated analogs.
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the median rotation velocity for each stellar particle age group at each radial bin. We
calculate AD values for the entire sample using this cumulative rotation curve. The set
of cumulative rotation curves is shown in the left panel of Figure 5.13. Also shown in this
figure are the median rotation curves for the observed M33 young stars, intermediate
age stars, and old stars in the right panel.

The set of observed M33 rotation curves is consistent with the rotation curves
for star particles with ages 1 — 5 Gyr from the simulated analogs. However, these
rotation curves are not a perfect comparison, as the observational one comes from a
tilted ring model, and the simulated ones come from calculating the actual tangential
velocity of the stellar particles.

The cumulative AD values for the simulated M33 analogs as a function of
stellar particle age are shown in Figure 5.14 along with the observational median M33
AD measurements. For the simulated analogs, AD increases with stellar age. A gradient
in AD with stellar age is also seen in M31-like simulated analogs in the same simulation
(Quirk & Patel 2020). There is no such gradient in the observed AD in M33.

For the young and intermediate age stars, the observed AD is higher than
what is seen in simulated M33-like analogs. The AD for the oldest stars is consistent
within the observed age errors. While some of the differences in the observed M33
AD and the simulated analogs AD is most likely from the differences in the way AD is
calculated for each, it is likely that this would affect all of the age bins equally. Thus, the
difference in AD between the observed intermediate and the simulated analogs could be

a nonphysical systematic offset. However, the observed young stars have an AD value

145



that is more offset from the AD of simulated analogs than the offset for the other two
age groups. Thus even if there is a systematic offset, the young observed stars still break
the gradient in age and AD that is seen in the simulated M33-like analogs.

The high AD observed in the young stars in M33 suggests that some phe-
nomenon is dynamically heating the young stars. Of the M33-like analogs, seven have
young stars with an AD greater than 10 kms™!. Six have young star AD values between
12 and 19 kms™!, and one has an AD value of 33 kms~!for the young stars. Of these
seven, four have AD distributions that are similar for all stars 0-10 Gyr (the age bins
that best represent the observed bins). For three analogs, the intermediate age stars
(1-5 Gyr) have the lowest AD. Upon visual inspection of the star and gas particles used
in these analogs, only one analog shows a slight disturbance in the disk, and only one
has had any mergers (minor or major) in the past 4 Gyr. Thus, there is no immediate
connection between these analogs that could point towards a cause of the high AD in
the young stars. Figure 5.14 shows the AD values for the analog that is closest to the
observed AD values. This analog has not had any mergers within the past 4 Gyr and
does not show a disturbance or asymmetry in its disk. Closer inspection of the stellar
assembly history of this analog is future work.

The observed sample of stars and the sample of simulated star particles are
meant to exclude possible halo stars. However, halo cuts for each are different, and those
for the simulated star particles were not based on a kinematic model. Including all halo
stars roughly doubles the AD value for the intermediate age and old bins (see Section

5.6 and Table 5.6). It is possible that the gap between the AD in the observations and
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the simulated M33-like analogs is larger for the intermediate age and old stars, but even
if the simulated AD halved for the older bins, the largest gap would still be for the

young stars.

5.6 Discussion: Contextualizing M33 in the Local Group

Resolved stellar spectroscopy of individual stars allows us to study a galaxy in
detail. For example, one can examine dynamics as a function of age, spatial position,
and metallicity, which puts narrow constraints on origin and evolution. Studies of this
kind have already proved valuable for the comparative evolution of the LG’s two massive
spirals, M31 and the MW. In spite of having similar masses (M;, ~ 102 M), the disk
kinematics of the MW and M31 differ significantly. The MW has thin disk stars, while
the majority of disk stars in M31 belong to a thick disk or kicked up disk (Dorman
et al. 2013; Dalcanton et al. 2015), with all the analysis pointing towards M31 having a
more violent merger history than the MW (e.g. Tanaka et al. 2009; Mackey et al. 2019;
Ferguson & Mackey 2016).

Leaman et al. (2017) use data from the literature to compare the age-velocity
dispersion relation of eight LG members, including the MW, M31, the LMC, and M33 to
model the evolving interstellar medium (ISM) turbulence as a galaxy experiences heating
from various sources. In this section, we focus on the observed velocity dispersion of the
three most massive LG members and add measurements for M33 that include a robust
sample of individually resolved stars across the inner and outer disk of M33. We also

present the first comparison of AD as a function of stellar age of LG members.
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Figure 5.15: A comparison of velocity dispersion as a function of stellar age for the MW
(Nordstrom, B. et al. 2004, black triangles), M31 (Dorman et al. 2015, black squares),
M33 star clusters (Beasley et al. 2015, open circles; data later used by Leaman et al.
(2017)), the LMC (Cole et al. 2005, grey diamonds), and M33 (this work, stars). The
open stars show the velocity dispersion for intermediate age and old stars in M33 if halo
candidates are not removed. For M31 and M33, the velocity dispersion is in the line-of-
sight, whereas for the MW, the azimuthal component of velocity dispersion is shown.
The MW measurements are also in the solar neighborhood, while the measurements of
M31 come from across the northern disk, and those from M33 come from across the
entire disk. The MW and M31 show a clear increase in velocity dispersion with stellar
age. M33 star clusters also show this increase, but the data from this work does not.
Additionally, the magnitude of velocity dispersion from this work is much lower than
that seen in the M33 star clusters.
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It is important to note that possible halo stars were not removed from the
M31 velocity dispersion or AD analysis. Dorman et al. (2012) find that ~ 15% of stars
in the M31 sample are part of a dynamically hot component. Dorman et al. (2013)
characterize the bulge, disk, and halo of M31 using the luminosity function of stars
from the PHAT survey, line-of-sight velocities of RGB stars from the SPLASH survey,
and surface brightness profiles. Using these criteria, Dorman et al. (2013) find that the
hot component in the M31 sample is best described by a disk-like surface brightness
profile and luminosity function but spheroid-like kinematics, suggesting that ~ 30% of
the dynamically hot stars belong to a kicked up disk and ~ 10% of the M31 sample
is halo contamination. Since Dorman et al. (2013) did not fit for a both a disk and a
kicked up disk along with a halo component, it is possible that the halo contamination
is lower.

The MW data presented here consists of nearby F and G dwarf stars in the
Solar Neighborhood that were targeted using Hipparcos parallaxes as part of the Geneva-
Copenhagen Survey (Nordstrom, B. et al. 2004). Nordstrom, B. et al. (2004) use kine-
matics to identify thick disk stars and distances to target nearby stars but do not
formally remove possible halo stars. The MW halo fraction in the Solar Neighborhood
is very small (0.15% Du et al. 2018), so it is possible the sample contains few halo
stars but unlikely that these bias the velocity dispersion measurements significantly.
The LMC stars come from the optical bar, so there is unlikely to be significant halo
contamination (Cole et al. 2005).

It was important for this work to remove possible M33 halo stars because M33’s
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halo is centrally concentrated and dense, so there is more overlap between the halo and
disk stars’ sightlines, giving a larger halo fraction in the RGB stars in M33. For the
sake of comparison, though, we show the median velocity dispersion and AD values for
Ma33 if halo stars are not removed. We also acknowledge there is not necessarily a clear
distinction between a galaxy’s halo and kicked up disk, even if they were formed from
different mechanisms and that differentiating between a disk, kicked up disk, and a halo
can be arbitrary.

Figure 5.15 shows velocity dispersion as a function of stellar age for the MW
solar neighborhood (Nordstrom, B. et al. 2004; Holmberg, J. et al. 2009), the northern
disk of M31 (Dorman et al. 2015), star clusters in M33 (Beasley et al. 2015), stars within
the optical bar of the LMC (Cole et al. 2005), and stars in the disk of M33 (this work).
M31 has both a greater velocity dispersion (Nordstrom, B. et al. 2004; Holmberg, J.
et al. 2009; Sysoliatina, K. et al. 2018; Dorman et al. 2015; Budanova et al. 2017) and
a steeper gradient in the age-velocity dispersion than the MW and M33 (Dorman et al.
2015; Bhattacharya et al. 2019). The median velocity dispersion values are significantly
lower in M33, which is expected, as M33 is a less massive and therefore more fragile disk.
The velocity dispersion of the LMC is most similar to that of M33, but for older stars,
the LMC has a higher velocity dispersion than old stars in M33 do, which is unexpected
just based on galaxy mass. However, the LMC is more obviously disturbed than the
disk of M33, which could be the cause of the higer velocity dispersion.

The velocity dispersion reported in this work is not consistent with that mea-

sured using star clusters in M33 (Beasley et al. 2015). The star clusters show a higher
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Age Group AD w.r.t Hrin AD in M33 AD w.r.t Hrin
M33 (kms™!) | inc. halo (kms™!) | M31 (kms™1)

Young 151779 151715 -8.2707
Intermediate Age 8.02:5 206779 34-1f3:3
old 24,5109 42,0111 63.0195?

Table 5.4: Median values of AD for stars in M33 (this work) and in M31 (Quirk et al.
2019).

magnitude that is consistent with the MW Solar Neighborhood and a gradient in ve-
locity dispersion and stellar age. One potential explanation for the difference is that we
remove stars with line-of-sight velocities that are consistent with a dynamically hot com-
ponent. If we do not remove these stars, we do recover a sloped age velocity dispersion
relation and higher magnitudes, although not high enough to match the dispersion of
the star clusters. It is possible that a larger fraction of the star clusters than individual
stars belong to the hot component.

It is unexpected that this work does not see a trend between velocity dispersion
and age, as it is predicted and seen in the MW and M31 (Leaman et al. 2017; Beasley
et al. 2015; Nordstrom, B. et al. 2004; Dorman et al. 2015). This lack of trend is what
Leaman et al. (2017) calculate for dwarf spheroids in the LG with masses ~ 1000 times
less than M33, not for a more massive galaxy like M33. Their models, which do not
distinguish between galactic components, predict M33 should have a velocity dispersion
of ~ 40 kms~!for stars with ages of several Gyr, which is also consistent with the
observations of M33 star clusters (Beasley et al. 2015). If we do not remove likely halo
stars, the oldest M33 stars in this work have a velocity dispersion that approaches 40
kms~!. This demonstrates the effect that contaminate halo stars can have in a measured

age-velocity dispersion relation. The velocity dispersion of the individual stars and the
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clusters were also measured in two different ways in two different samples, which results
in different systematic uncertainties in the intrinsic dispersion calculation and could
contribute to the discrepancy.

The existence of a substantial kinematically hot halo component in M33’s
inner disk (Gilbert et al. 2022) may suggest internal heating mechanisms, like gas flows
from stellar feedback (El-Badry et al. 2016), could have caused enough disk heating
to substantially contribute to a stellar halo, which could also cause stellar clusters and
individual stars that were born in the disk to be heated or kicked up into the halo
component.

Additionally, because of their respective inclinations, the observed line-of-sight
velocity dispersion of M33 includes a larger z component than the observed line-of-sight
velocity dispersion of M31. Martig et al. (2014) find that in more massive disks, the
vertical component of velocity dispersion is largely dependent on merger history but
these trends can be obscured when there are large uncertainties on age estimates. It is
possible our wide age bins combined with the large influence of the vertical component
in M33’s line-of-sight velocity dispersion are obscuring a subtle trend in the age-velocity
dispersion relation, but it is unlikely to fully explain the low magnitude of velocity
dispersion for the intermediate age and old stars.

We also make the first comparisons of the AD as a function of stellar age
observed in M31 and M33. There are no current measurements of AD as a function of
stellar age in the MW or other galaxies in the LG. Table 5.4 compares the AD (with

respect to Hr) in M31 and M33. Like velocity dispersion, M31 has greater values of AD
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and a steeper rise in AD as a function of age than observed in M33, suggesting that it
has experienced several significant and ongoing heating events throughout its relatively
recent history. If possible halo stars are not removed from the M33 dataset, there is a
trend between velocity dispersion/AD and stellar age. However, this trend disappears
if the likely halo stars are removed. Furthermore, the AD values roughly double when
possible halo stars are not removed for the intermediate age and old stars.

There are other measurements of AD from Integral-field-units (IFUs): Mar-
tinsson et al. (2013) use IFUs to measure the AD with respect to ionized gas in face-on
spiral galaxies and find stars lag behind the ionized gas by ~ 11+8%, which is consistent
with the young stars lagging on average by 20%, the intermediate age stars by 9%, and
the old stars by 18%. This amount of lag is similar to studies of AD in other inclined
local galaxies (Ciardullo et al. 2004; Herrmann & Ciardullo 2009; Westfall et al. 2007,

2011) and in the MW (Ratnatunga & Upgren 1997; Olling & Dehnen 2003).

5.7 Summary and Conclusions

In this work, we present the largest stellar spectroscopic survey of M33, the
TREX Survey, and present initial analysis of the stellar disk kinematics as a function
of stellar age using only individually resolved stars, which is the first of its kind in M33.
Below we summarize our main findings and conclusions of the complex, yet low mass,

galaxy.

e 1. The TREX survey consists of ~ 4500 stars with good quality spectra across

the entire disk of M33, ranging from several evolutionary stages: massive MS and
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HeB stars, intermediate mass AGB stars, and low mass RGB stars. This work

uses a subset (2561 spectra) of the full survey.

2. We find that M33’s stellar disk has an average velocity dispersion of ~ 16
kms~!, which is significantly lower than what is observed in the disk of MW
and M31 (Holmberg, J. et al. 2009; Dorman et al. 2015) and lower than what is
measured using star clusters (Beasley et al. 2015). The average magnitude of AD

is on the order of ~ 16, which is also lower than what is observed in M31.

3. Velocity dispersion and AD do not increase with stellar age in the disk, which
is unexpected. We highlight the importance of removing potential halo stars when

measuring the age-velocity dispersion and age-AD relation.

4. This analysis suggests that M33 has experienced a significantly different dy-
namical heating history than M31 and the MW, which may have been dominated

by internal heating mechanisms rather than external ones.

5. The young stars are as dynamically hot as the older stars in the stellar disk
component. These young stars also have a wider distribution of AD values than the
old disk stars. They are more dynamically hot than simulated M33-like analogs
predict. Possible mechanisms for the heating of the young stars could include
turbulence from ongoing star formation or scattering from giant molecular clouds.
It is also possible that these stars are remnants of a relatively recent minor merger

or other type of galaxy interaction and lie in front of the disk.
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5.8 Appendix

5.8.1 Special stars: weak CN and carbon Stars

As mentioned in Section 5.3 we identified two classes of rare M33 stars with
unusual spectroscopic features, carbon stars and “weak CN” stars in our TREX survey
dataset, using the same combination of visual inspection and machine classification of
spectra that our team has used to identify such stars in M31 (Hamren et al. 2015, 2016;
Guhathakurta et al. 2017; Kamath et al. 2017; Masegian et al. 2019; Kotha et al. 2020;
Girardi et al. 2020; Chauhan et al. 2021; Rodriguez et al. 2021). The carbon stars are
identified by their strong CN, CH, and Cs molecular absorption bands, the strongest of
which is the “W”-shaped CN band at 8000 A. By contrast, the “weak CN” spectrum
displays a much weaker 8000 A CN absorption feature while the rest of the spectrum
resembles that of a normal (i.e., O-rich) star of comparable color in that it displays the
near-infrared Ca triplet and, for redder stars, a set of TiO bands.

We have compared the positions of these rare M33 stars in CMDs to theoretical
stellar tracks from the PARSEC library (Bressan et al. 1993, 2012), for a variety of
combinations of the PHATTER filters (all except F275W). As expected, this comparison
indicates that carbon stars are intermediate mass/intermediate age AGB stars with
masses of M ~ 2—4 M, and ages of a few Gyr. In contrast, the “weak CN” stars are
massive (M ~ 4-Mg) and short lived (¢ < 100 Myr) in the RGB/AGB evolutionary
phase.

We identify 97 carbon stars and 363 weak CN stars that pass our quality and

disk star cuts. For the bulk of this analysis, we have assigned the weak CN stars to the
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young star group and the carbon stars to the intermediate age group. In this section,
we examine the kinematics of these carbon and “weak CN” stars separately to see if
they are unique beyond their spectral features.

Figure 5.16 shows the location and line-of-sight velocity of the weak CN and
carbon stars. As there is a lack of young stars in the outer disk in our sample due to
different target selection epochs, the weak CN stars are centrally concentrated while the
carbon stars are present at extended radii. We have calculated the velocity dispersion
for these two groups (Table 5.5). The weak CN stars have a lower velocity dispersion
(11.9kms™!) than the young stars, intermediate stars, and old stars (15.9 kms™!,
15.2kms~!, and 16.5kms™!, respectively; Table 5.1), and the carbon stars have a

slightly higher velocity dispersion (20.3kms™!) than all the three age groups.
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Figure 5.16: A spatial map showing the location of identified weak CN and carbon
stars. The color represents the line-of-sight velocity. The weak CN stars have circular
symbols and a grayscale colorbar, and the carbon stars have square symbols and a color
colorbar.
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Rare Star | or0s AD w.r.t Hr | Width | Outliers

(kms™1) (kms™1) (kms~1) (%)

weak CN | 11.970-2 8.0152 70.0 3.5
carbon | 20312 | 224730 58.8 0.0

Table 5.5: Median values of velocity dispersion and AD for the weak CN and carbon
stars with respect to H1. Also shown is the width (sigma) of the AD distributions
and the percentage of outliers in the distributions. The errors on the median value
represent the difference between the 16™and 84" percentiles divided by v/'N, where N
is the number of stars.

We also construct rotation curves and calculate AD for the weak CN and
carbon stars. Because most of the carbon stars are located at large radii, we only
calculate AD with respect to the H1. The median AD values, width of the distributions,
and percentage of outliers in the distribution are shown in Table 5.5. The AD of the
weak CN stars (8.0kms~!) most closely resembles that of the intermediate age stars
(8.0kms~!). The carbon stars’ median AD value (22.4kms™!) is more consistent with
the old (24.5kms™!) than the intermediate age stars, even though they are believed to
be intermediate age. The width of the distribution of AD for the weak CN and carbon
stars are both closest to the width of the intermediate age stars (67.7kms™1), which is
wider than the old stars. There does not appear to be anything kinematically unique

about these rare spectral types.
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Chapter 6

Summary and Future Directions

6.1 Summary

This thesis examines the stellar disk kinematics in M33 and M31. Chapter 3
analyzes asymmetric drift as a function of stellar age for stars in the northern disk of
M31, using comparisons of the movements of individual stars and clouds of neutral and
molecular gas. I find that the older stars are more offset from the gas than the younger
and intermediate stars, showing that in M31, asymmetric drift increases monotonically
with stellar age. This suggests that M31 has had violent and relatively constant dynam-
ical heating events, like mergers. In Chapter 4, I compare these observed asymmetric
drift measurements to simulated M31-like analogs in the large scale cosmological simu-
lation IllustrisTNG. The observed measurements are most consistent with analogs that
have had a major (4:1) merger within the past 4 Gyrs. This is another piece of evidence
for the more recent major merger scenario for M31.

Chapter 5 presents the TREX Survey, which is the largest collection of stellar
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spectroscopy in M33. It highlights some initial findings of the stellar disk kinematics;
namely, the lack of kinematic age gradients. The young stars are as dynamically hot
as the old stars, and thus velocity dispersion and asymmetric drift do not increase
with stellar age. The velocity dispersion for M33 is also lower than that predicted by
models of the interstellar medium and by observations of star clusters. We highlight the
importance of removing stars that are likely to belong to a dynamically hot component,
i.e., a stellar halo, when analyzing the kinematics of the disk.

I hope this thesis demonstrates the power of using resolved stellar spectroscopy
to get local measurements of stellar disk kinematics and the importance of studying local
galaxies in detail so that we can better understand the uniqueness of our own galaxy

and galactic neighborhood while also helping inform us about higher redshift galaxies.

6.2 Future directions

6.2.1 M33 Outer Disk

There is still much to be explored in M33. The data presented in Chapter 5
does not represent the entirety of the TREX Survey. There are targets for which we
have measured velocities but have not yet paired them to photometry, as they were
serendipitous observations. It would increase our sample by 27%.

Additionally, we observed 17 masks in the fall of 2021, the layout of which can
be seen in Figure 6.1. During these observations, we targeted older stars in the inner
disk (to fill in the belly of the beast) and a variety of types of stars in the far outer

disk. The outer masks were placed so as to overlap with the dramatic warps in the
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Figure 6.1: Image of the published (red) and unpublished 2021 (purple) TREX DEIMOS
masks. An enlargement of the masks and inner portion is shown in the lower right corner.
The image of M33 comes from DSS. The black contours and background figure come
from McConnachie et al. (2009) who mapped the stellar warp using RGB stars. The
red contours show the neutral gas warps from Putman et al. (2009). This figure was
put together in part by Yong Zheng.
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extended stellar and gas disks in M33. Getting stellar velocities in these regions will
help determine the origin of the warps. This could shed light not only on the cause of
the warps but also on what triggered a burst of star formation in M31 and M33 2-4 Gyrs
ago (Lewis et al. 2015), which would help us understand the evolution of the M31/M33
system. We also aim to further examine the dynamically hot component described in
Gilbert et al. (2022). This possible stellar halo component shows asymmetries in the
outer vs inner disk and north vs south parts of the disk. We will be able to further
constrain this discovery and the properties of the stellar halo with the 2021 masks.
Constraining the halo further will help confirm its formation (in-situ vs accreted) and
evolution. It might be that this “halo” more resembles a kicked-up disk population,
and the data might allow us to more definitely differentiate between the kinematical
proprieties of a heated disk vs halo, which is not trivial.

Additionally, there is evidence that AGB (intermediate age) stars exist in the
dynamically hot component. We specifically targeted AGB stars in 2021 to increase our
sample size and spatial expanse in order to determine if this evidence is substantial. If
there is a significant fraction of intermediate stars in the halo, it is more likely that the
halo is either a kicked-up disk or a halo that formed from a heated disk and not from an
accretion event. Lastly, one of the 2021 masks targeted stars across the inner disks that
had already been observed. This duplicate data will allow us to better characterize the
velocity measurement errors for young stars, as this is currently not as well constrained
as it is for older stars in the survey.

Another natural next project for the TREX Survey collaboration is to do a
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detailed analysis of M33-like analogs in simulations. Particularly, it would be interesting
to look at the stellar assembly histories for analogs that have kinematics similar to those
observed in M33. As M33 is a low mass disk, the simulated analogs can also be used to
study which internal heating phenomenon likely lead to the present day dynamics in the
galaxy. This would provide insight into how low mass disks evolve, which is particularly

important for understanding high redshift disk galaxies.

6.2.2 Ma31

Although the stellar populations in M31 have been studied in more detail than
those in M33 have, there is still much left to discover in M31, particularly in its southern
disk. Ben Williams successfully proposed a similar survey to PHAT (Williams et al.
2014) that would target the southern half of M31 with 4 filter (optical and near UV)
photometry using the Hubble Space Telescope. This survey, The Panchromatic Hubble
Andromeda Southern Treasury (PHAST), was the largest accepted proposal in Cycle 29.
As a collaborator, I have access to the incoming astrometric and photometric catalogs
and will help plan and conduct spectroscopic followup observations (Figure 6.2).

With stellar spectroscopy in the southern disk we can make local measure-
ments of stellar kinematics as a function of age, compare the kinematics of the northern
and southern disk, and have more data to model the galactic components of M31. Work
done by me and Ekta Patel for the PHAST proposal shows that if one half of M31’s disk
contains the progenitor of the Giant Stellar Stream (GSS), there should be noticeable
differences in the star formation histories and age-velocity dispersion gradients of the

two halves. We will be able to do that comparison and determine which half of the
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disk contains the merger remnant, which will allow for detailed followup and greater
understanding of M31’s merger history. Although the HST observations are still ongo-
ing, there is enough data to have put in a Keck proposal for fall 2022 to target stars
around the M32 region. In the 2023B cycle, we will ask for more time to cover the rest
of the PHAST footprint and to observe young blue stars throughout the southern half.

Additionally, there are more opportunities to compare the kinematics of stars
with the surrounding gas in both halves of the disk. Ha measurements can be picked
up in the stellar spectroscopic slits. These measurements provide a direct comparison
of the stellar kinematics and the kinematics of the Ha, allowing for a new set of AD
calculations. The rotation velocities of the CO, Ha, and H1 can all be compared to each
other as well. This work is also possible in M33. Similarly, adding in the kinematics of
H 1 regions and planetary nebulae (like those in Bhattacharya et al. 2019) would make
for an interesting comparison to the measurements presented in this thesis. One could

also compare the kinematics of the different kinds of gas.

6.2.3 M32 — Filling in the Messier Sequence

As mentioned in the previous section, we are going to target stars around
M32 for stellar spectroscopy in the fall of 2022 (fingers crossed for a yes from the Keck
TAC). Having more radial velocities of stars in the region of M32 will allow us to help
determine a star’s membership to M31, M32, or the GSS. These distinctions in turn
allow us to better determine if M32 is the progenitor of the GSS, especially when paired
with metallicities. Observations to get metallicities of stars in M32 is possible with

deep exposures and high quality photometry, like the PHAST survey. The 2022B Keck
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Figure 6.2: Image of the proposed observations of M31’s southern half using the PHAST
photometry. The purple DEIMOS shapes represent placements where we would put two
masks with different targets, and the yellow shapes represent a single placement. The
beautiful DEIMOS shape in this figure was created by Raja GuhaThakurta, who also
designed this configuration. The bold black rectangles represent the PHAST bricks
that will be observed by June 2022, and the unbolded black rectangles are the PHAST
bricks that will be observed by June 2023. The inset in the upper right shows the PHAT
footprint and the existing spectroscopy in the northern half.
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proposal mentioned above will result in the metallicities of M32 stars in the pivot point
of the fan. The combination of radial velocities and metallicities will lead to a powerful

study of the origins of the GSS.

6.24 MW

Lastly, it would be amazing to have radial velocities for a variety of types
of stars across the entire disk of the MW. This is becoming more possible with Gaia,
especially with the upcoming full DR3 (sometime in the first half of 2022, Antoja et al.
2018), which will have more radial velocities. The MW galaxy shows evidence for having
had fewer mergers than M31 (e.g., Leaman et al. 2017; Helmi et al. 2018). Gaia DR3
will allow a more global view of the MW disk and halo, which could reveal more signs of
mergers than has previously been discovered. It would be interesting to see how steep
of a gradient in the age velocity dispersion relation there is beyond what we see in the
Solar Neighborhood (Nordstrom, B. et al. 2004; Holmberg, J. et al. 2009). This would
allow for a more direct comparison to the stellar disk kinematics of M33 and M31. It
would be especially useful to be able to compare this gradient for the thin and thick

disk of the MW with halo stars removed from each sample.
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