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Abstract

With the advent of modern all-sky surveys, the number of known Milky Way
(MW) satellite galaxies has expanded well beyond the original eleven classical satel-
lites. One key use of this catalog of objects has been to test predictions of cosmological
cold dark matter simulations on the smallest scales in the universe. However, these
tests rely on modeling of the density profiles of the satellite galaxies. To build the
most accurate model, three dimensional motions of the stars in the satellite are re-
quired, a measurement only now becoming possible with the new era of precision
astrometry, led by work with the Hubble Space Telescope (HST) and the Gaia Space
Telescope. We use data from both of these observatories to study one of the brightest
nearby satellites, the Small Magellanic Cloud (SMC), to both understand its own
history with the MW and its companion the Large Magellanic Cloud (LMC) and
develop a novel kinematic modeling technique for application to the broader MW
satellite population.

Given the SMC’s irregular nature and large spatial extent across the sky, we
require broad spatial sampling to thoroughly study its kinematics. To provide this,
we observe 30 new fields in the SMC using HST, producing a new proper motion
catalog for analysis. Using this catalog, we improve the known systemic motion of
the SMC and constrain the minimum separation distance in its last interaction with
the LMC to roughly 7 kpc. This places the center of the SMC passing directly through
the disk of the LMC, indicating a highly turbulent interaction. Internal kinematics
reveal coherent outward motion in the southeastern side of the SMC in the direction
of the Magellanic Bridge, consistent with the scenario of ongoing tidal disruption.

The Gaia Data Release 2 (DR2) expanded our proper motion catalogs to well

over a billion stars across the MW with proper motions, including many thousands
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in the direction of the Magellanic Clouds. We use this database to present the first
kinematic characterization of the stellar component of the Magellinc Bridge. This
analysis reveals in the young stars a roughly linearly increasing relative motion from
the SMC towards the LMC, at velocities above 100 km /s, suggesting an active outflow
of stars (and gas) from the SMC towards the LMC. We compare these kinematics
against numerical simulations of the interactions between the SMC and LMC and
find good agreement for a recent direct collision scenario, consistent with our original
HST work.

However, significant uncertainties remain in our understanding of the full internal
kinematics of the SMC. We present a new analysis of this system using the large
DR2 catalog, attempting to account for both possible coherent rotation within the
SMC and a tidal expansion component due to the LMC, as suggested by both our
Bridge and earlier HST results. To capture the full 3D information present in the
observations (as the proper motions are measured for stars at varying depths along
the line of sight), we generate a toy 3D model of the SMC and create mock data
for comparisons to the DR2 catalog. We find a need for an updated center of mass
location and systemic motion for the older stellar population compared to earlier
averaged measurements for the SMC, with the older stars located further from the
LMC and moving away from the LMC faster than the younger stars. Taken together,
we can understand this as a Bullet Cluster-like scenario where existent old stellar
populations in the SMC and LMC passed through relatively unscathed while the gas
violently collided, imparting different kinematics on the stars formed post-interaction.
Intriguingly, we find a need for a non-zero rotation throughout much of the SMC, at
a relatively high inclination angle, in addition to accounting for the tidal expansion

in the SMC RGs caused by recent interactions with the LMC.
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We present a similar analysis for the red supergiant (RSG) population in the SMC,
whose age closely coincides with the time of last interaction between the SMC and
LMC. We find compelling evidence for the existence of coherent rotation in a subpop-
ulation of the RSGs, potentially mapping onto a previously measured age bimodality
in the SMC Classical Cepheid population. The rotation signal appears when the
internal kinematics are studied assuming the systemic properties for the SMC RG
population, suggesting that the gas within the SMC may have been relatively un-
perturbed before the most recent interaction. The small area of rotation may also
provide new leverage on improving the constraints on the mass ratios of the Magel-
lanic system as it could place a hard boundary on where the gas remained fully bound
to the SMC.
Taken as a whole, the analysis of the SMC has led to the creation of a model-
ing framework capable of accounting for compounding kinematic mechanisms (like
rotation and tidal expansion) and developing intuition for understanding the broader

MW satellite population in a truly 3D manner.



Acknowledgements

“I don’t know. You tell me, Paul.”

- Matt Pryal

First, I would like to acknowledge the traditional custodians of the land on which
UVa and the Department of Astronomy is built, the Monacan Nation, and pay my
respects to their elders past and present.

For my personal acknowledgements, it has to start with my family, without whom
none of this would have been possible. Grandmom and Granddad, you two have been
a never ending source of support and love, and I know I wouldn’t be here without
it. David, I can’t imagine there’s a stepdad out there who has done a better or more
earnest job making a stepson feel like a real son, and I count my lucky stars I get to
be that stepson. Dad, I blame you for accidentally starting me down the astronomy
path when you talked about your new job at NRAO all those many years ago, and
I can’t thank you enough for innumerable phone calls filled with impossibly sage
advice. Mom, I'm still not sure who was more excited when I decided to come back
to Virginia for graduate school, but I can’t imagine the last five years playing out any
differently. No matter how impossible life/grad school/whatever may have seemed,
knowing I could hop in the car and have dinner at home has meant more to me than
I could possibly put into words.

Of course family can mean more than just people related by blood, so I have to
thank my Charlottesville family for the love and support over these last five years.
Sean and Molly, it has been wonderful sharing a beer and conversation on countless
relaxed nights with y’all. Spider Robby, I'm not sure I've ever bonded so quickly with
a friend over the course of a single night, and it’s been a true pleasure seeing that

bond grow these past four years. Brian, it’s hard to believe we’ve lived together for



vi
five years, through compromise chairs, unexpected dogs, and all. Knowing that I had
a constant friend and roommate certainly made grad school a smoother experience
than it would’ve otherwise been. Rudy, I know you’re up in Harrisonburg so it doesn’t
quite count, but it has been an incredible joy reconnecting over a love of competitive
card games and board games along with some fairly spontaneous travel experiences
(looking at you, Denver). Thankful and Riley (and Ezreal too), I've lost track of how
much time I have spent at your home, and I know I'll never be able to fully repay
you for the warmth and acceptance you have shown me. Matt, one day we’re going
to start that podcast, and it’ll be an Spotify chart topper. And if we never do, then
we will still have had some truly life-affirming conversations over a beer or two at
Nelly’s. And Katrina, you joined this party a little later than the others, but I can’t
imagine having finished grad school without you there with me every step of the way
nor can I envision being this excited to move to Texas without you. Academia might
be a crazy journey, but I can’t think of a better copilot to navigate it with.

Thank you to all of the grad students in the department, both past and present,
who helped to make it a welcoming environment. Thank you to my fantastic cohort
with our (optimistically) monthly dinners and support among each other. Thank you
to far too many other incredible folks that I’ve met here in Charlottesville to name.
Whether that has been Courtney’s cabin trips (with more people than I thought could
go to a cabin), to Lauren spearheading unforgettable trips to Foxfield, to Trey talking
about other Jupiter, all of you wonderful people have left an indelible mark on me.

Professionally, I have to start with my incredible advisor, Nitya. I still remember
the feeling of excitement I felt listening to you talk about the research projects you
envisioned for the group when I visited as a prospective student. It was that same

excitement which made the choice to come to UVa an easy one (and that pushed



vii
me to email you only a few weeks after accepting about joining the group). I think
I can say with some degree of confidence that not every advisor would want their
third year grad student to fly across the country to Los Angeles then entrust them
with a major role on a significant and time sensitive paper (Gaia DR2, what a time).
Looking back, that experience, that excitement around racing to finish our analysis,
has formed a foundational part of my graduate school experience. Truly, whether
as an astronomer, a mentor, a communicator, a professional, or one of the other
countless roles I have seen you in, you have been beyond an exemplary model that I
can only hope to follow.

As a (deeply) non-exhaustive list of other folks who have had a significant impact
upon my career: Roeland, thank you for your always invaluable insights into both
the science and the framing of the science for readers and TACs (not to mention the
way-too-many letters of recommendation for postdoc applications). Gurtina, thank
you for your support and encouragement across the many papers and projects (and
also for the way-too-many letters too). Gail and Rachael, thank you for shepherding
a young high school student who knew absolutely nothing about astronomy onto a
path to becoming an actual astronomer. Tobias, thank you for ingraining into a young
grad student the importance of being careful with statistics and errors (even if I may
still slip up from time to time). Tony and all the fantastic HSTPROMO folks, thank
you for your support and patience with a steady stream coding and HST-related
questions. Hannah, it’s been truly rewarding working with you in Nitya’s group, and
I know you will excel next year when you become the senior grad student in the group!
Thank you to the rest of my thesis committee, Steve and Shane, who have been a
great source of feedback and advice in guiding the arc of my PhD. Thank you to the

folks across Grounds that I've had the chance to work with through Grad Council or



viii
GPC work. I wasn’t expecting to learn more about higher education administration
in graduate school, but I'm certainly glad I did. And a monumental thank you to
all the folks in the department, from David and his Herculean efforts in keeping the
department IT running to Whitney and her organizing so many wonderful events in
the department, we are lucky to have so many folks who make the department better
in countless ways each day.

Now I believe I have run more than a bit over for what an acknowledgements
section ought to be, so I will finish by saying thank you to the reader about to open
this thesis. As a fair warning, you may become sick of the words “satellite” and
“kinematics” by the end of this, but I hope you find it thought-provoking (or at least

passably interesting).



Table of contents

List of Figures Xix

List of Tables XX

1 Introduction

1.1

1
Milky Way Satellites . . . . . . .. ... ... 1
1.1.1 Background . . . . . . ... ... 1
1.1.2  Implications for ACDM . . . . .. .. ... ... ... ... .. 2
1.1.3 Measuring MW Satellite Kinematics . . . . ... .. ... .. 6

7

0

1.2 The Magellanic Clouds . . . . . . .. .. .. ... ... ... .....
1.3 The Small Magellanic Cloud . . . . . .. .. .. ... ... ... ... 1
2 The Proper Motion Field of the Small Magellanic Cloud: Kinematic
Evidence for its Tidal Disruption 13
2.1 Imtroduction . . . . . . .. ... 14
2.2 Data & Analysis . . . . ... 17
2.2.1 Description of Observations . . . . . ... ... ... ..... 17
2.2.2  Analysis of WFC3/UVIS Observations . . . . . ... ... .. 18
223 Two Epoch Results . . . . ... ... ... ... ... ..... 23
2.3 Proper Motion Results . . . . . . .. ... ... ... ... ..., 27
2.3.1 Model Design & Analysis. . . . . .. ... ... ... ... .. 27
2.3.2 Center of Mass Results . . . . .. ... ... ... . ...... 32
2.4 Internal Kinematics . . . . . . . . . .. . .. ... ... 33
24.1 Full Star Sample . . . ... ... oo 33
2.4.2 Red vs Blue Stellar Motion . . . .. ... ... ... ..... 39
2.5 Orbit Implications . . . . . . . .. . ... 40
2.5.1 Methodology . . . . . . .. ... ... 43
2.5.2 Impact parameter and timing of the last SMC-LMC encounter 45
2.6 Discussion & Conclusions . . . . . . . . .. ... ... ... ... .. 48
2.6.1 Conclusions for PMs . . .. ... .. ... ... ........ 48
2.6.2 Conclusions for Implied Orbit . . . . . .. ... ... .. ... 50
2.6.3 Future Work. . . . . . . . . .. ... o1

1X



3 The Proper Motion Field Along the Magellanic Bridge: a New Probe

of the LM C-SMC Interaction 55
3.1 Introduction . . . . . . . . ... 56
3.2 Data Selection . . . . . . . ... 58
321 GaiaDR2Data . . . ... ... ... ... 58
322 HST Data . . . . .. .. . .. 61
3.3 Data Analysis & Model Comparisons . . . . . . . .. ... ... ... 64
3.3.1 Data Analysis . . . . . . ... 64
3.3.2 HTand Stellar Comparisons . . . . . . ... ... ... .... 67
3.3.3 Model Comparisons . . . . . . . . . . . ... ... ... ... 69
3.4 Discussion & Conclusions . . . . . . . . . .. .. ... 71

4 Deciphering the Kinematic Structure of the Small Magellanic Cloud

through its Red Giant Population 85
4.1 Introduction . . . . . . . .. ... 86
4.2 Data Selection . . . . . . . ... 90
4.2.1 Gaia DR2 Selection . . . . . .. ... ... ... ... ... 90
4.2.2 Radial Velocity Cross-Matching . . . . . ... ... ... ... 93
4.3 Data Analysis . . . . . . . ... 97
4.3.1 Observational Data . . . . . ... ... ... ... ....... 97
4.3.2 Mock Data Creation . . . ... .. .. ... ... ....... 100
4.3.3 Comparison Quantification . . . . . . . .. ... .. ... ... 106
4.4 Model-to-Data Comparison Results . . . . . .. ... ... ... ... 109
4.4.1 Best-fit Results . . . ... ... ... ... ... ... 109
4.4.2 Existing Proposed Scenarios . . . . . .. ... ... ... 111
4.5 Conclusions and Discussion . . . . . ... .. .. ... ... .... 115

5 Exploring the Kinematics of the “Young” Stars of the Small Magel-

lanic Cloud 121
5.1 Introduction . . . . . . . .. .. 122
5.2 Data Selection . . . . . . .. ... 125
5.2.1 Gaia DR2 Selection . . . . . . .. .. ... .. ... ... 125
5.2.2 Radial Velocity Cross-Matching . . . . . . ... .. ... ... 128

5.3 Data Analysis . . . . . . . . 130
5.3.1 Systemic Properties . . . . . . . . .. ... 130
5.3.2 Internal Kinematics . . . . . .. .. ... .. ... ... 131
5.3.3 Radial Velocity Structure . . . . .. ... ... ... .. ... 135

5.4 Implications and Future Work . . . . . . ... ... ... ... 139
6 Summary 144
6.1 Satellites in a New Age of Astrometry . . . . . . ... .. ... ... 144

6.2 Outstanding ACDM Challenges . . . . . . .. ... .. ... ..... 147



List of Figures

1.1

1.2

2.1

2.2

2.3

2.4

2.5

Distribution of known MW satellites. This image is from a movie

produced by Marcel S. Pawlowski for Bullock & Boylan-Kolchin (2017)

The Large Magellanic Cloud can be seen to the upper right of the
Milky Way, and the Small Magellanic Cloud can be seen on the far
right side of the image. Credit:ESO/H. Stockebrand . . . . . . . . ..

B-band image covering 4° x 6° from the Digital Sky Survey of the
SMC (with 47 Tuc to the right) where north is up and east is to the
left in the image. The LMC, northeast of the SMC, is located off the
panel to the upper left. The green circles indicate the locations of our
new reference QSOs from Koztowski et al. (2013). The cyan squares
show the quasars used in NK13 and Kallivayalil et al. (2006b), and the

magenta diamonds indicate the positions of the stars used in vdMS16.

Median standard deviation of the source positions for all fields used
in the analysis. The green points represent the median of all stellar
sources in a field. The crosses represent measurements for the first
epoch of observations and the diamonds represent the second epoch. .
Example of all sources in the vicinity of the known position of the
quasar. Black points represent all sources in the field, green diamonds
represent the sources within 7 arcseconds of the known QSO position,
and the red square represents the QSO. (Top) Color Magnitude Dia~
gram for the field. (Bottom) Proper motion divided by the scatter in
position in the pixel frame, described further in Section 2.2.3.

Positions in the master reference frame of the QSO from each individual
dither (black triangles) for Field 1 with the average for each epoch
marked by green circle. The "motion" is the inverse of the average
motion of the stars, as we measure the QSO position relative to the
stellar frame. . . . . . . ...
The measured proper motions for each field (green), along with the
earlier measurements by NK13 (cyan) and vdMS16 (magenta). . . . .

x1

3

19

21

22



2.6

2.7

2.8

2.9

2.10

2.11

The motions inferred for each quasar (green points), corrected for the
reflex motion, as compared to the median motions for the stars (black
points). The median uncertainty for the stars is shown. That the stars
cluster close to zero and that the average of the stars is still closer to
zero indicates that the transformations have worked as intended. . . .
The residual motion vectors calculated after subtracting our adopted
COM motion determined in this study. Similar to Figure 2.1 the green,
cyan, and magenta measurements are this study, NK13, and vdMS16,
respectively. The boxes indicate the uncertainty in the motion for
that field where a vector that exceeds its box corresponds to a residual
vector of greater than one o. A reference vector of 100 km s™! is shown
at the bottom right, and the two centers used for the models are shown
as well with the H I derived center marked by the dashed orange circle
and the Ripepi et al. (2017) center marked by the dashed red circle.
For orientation, north is up and east is to the right. . . . . . . . ..
The locations of the two centers tested: the H I derived center (dashed
orange circle) and the Ripepi et al. (2017) center (dashed red circle).
Three areas with potential kinematic signatures are also marked. The
regions considered to be the Counter-Bridge and Western Halo are
marked by the cyan ellipses, and the direction towards the Magellanic
Bridge is marked by the cyan vector. For orientation, north is up and
east is totheright. . . . . . . . . ... .. L
Amplitudes for the radial (top) and tangential (bottom) components
of the residual motions for the H I center, V,; free model, as a function
of distance from the center. For calculating the error-weighted mean,
we exclude any fields not consistent with zero to within twice the ob-
servational error. The resulting error-weighted mean is indicated by
the red line and the error of the weighted mean is shaded above and
below the line. . . . . . . . . . ...
The composite CMD for all new SMC fields. The dividing lines for the
red and blue subpopulations, examined in Figure 2.11, are marked at
(F606W—F814W)=0.45 and F606W<21 mag. . . . . ... ... ...
Residual proper motions in the E-W (top) and N-S (bottom) directions
for all fields with enough red and blue stars for the transformations.
There are essentially no statistically significant differences between the
different populations. . . . . . . . ...

xii

30

35

36

37

41



2.12 The LMC-SMC separation at their last encounter as a function of

3.1

3.2

3.3

3.4

the time of the last encounter, color-coded by the present-day relative
velocities between the LMC and SMC (in km s™!). The panel on the
left shows results for integrations assuming a MW virial mass of 10!
Mg and an LMC halo mass of 1.8x 10 M, on the lower (larger) end of
MW (LMC) mass possibilities in the literature. The panel on the right
is for a heavier MW virial mass of 2x10'2 M, and a lighter LMC halo
mass of 3.7x10'° Mg, on the larger(lower) end of possible MW (LMC)
masses. The red star indicates the mean value in each case. Impact
parameters higher than 20 kpc are found to be highly unlikely. Impact
parameters as small as 2.5 kpc and as recent as 100 Myr are possible,
but a bulls-eye hit (0 kpc impact parameter) is unlikely. . . . . . . . .

Gaia source density count around the Magellanic System with cuts
made as described in 3.2.1 for astrometric quality. The green crosses
mark the locations of the assumed centers of the LMC and SMC, and
the red box indicates the area examined further for Bridge dynamics.
(0,0) is defined as the kinematic center of the SMC. . . . . . . . . ..
Color-Magnitude Diagram of the selected Bridge region. All stars in
the region are marked in gray. The blue colored points indicate the
stars selected by our mask as main sequence stars, and the orange-
red colored points indicate the red giant mask. From left to right the
PARSEC isochrones are 10 Myr (solid blue line), 30 Myr (dashed dark
blue line), and 800 Myr (solid red line), all more metal-rich than [M/H]|

Proper motion diagram for the selected Bridge stars. All stars present
in the region are marked in gray. The blue lines indicate the PM
region identified as belonging to the Magellanic system. The light
green square indicates the PM of the SMC and the light green star
indicates the PM of the LMC. . . . . . ... ... ... ... .....
Bridge region with the main sequence (MS) population marked in blue
and the red giant population (RG) marked in orange-red. The frame
has been rotated such that the z-axis now lies along the line between
the assumed centers for the LMC and SMC, where (0,0) is the center
of the SMC. The area comparable to Model 2 (discussed in 3.3.3) has
been outlined in black for easier comparison, and the locations of the
HST fields are marked with brown stars. The RG population has been
randomly subsampled down to the level of the MS stars to allow for
easier comparison of the spatial correlations. . . . . . . . .. ... ..

xiil

46

5

76

7

78



3.5

3.6

3.7

Color-magnitude (top) and proper motion diagrams (bottom) for the
three HST fields. Stars selected as belonging to the Magellanic Bridge
are plotted in red while non-members are plotted in gray. In the top
panels, we overplot isochrones with metallicities [Fe/H|] = —1.0 and
ages 0.25, 1, 3, 5, and 10 Gyr to represent stellar populations expected
in these regions. Distances of 62, 62, and 50 kpc were adopted respec-
tively for BG1, BG2, and BG3. We applied reddening to the isochrones
based on the E(B — V') values estimated from interpolating the red-
dening maps of Schlegel et al. (1998), and the total absorption values
were adopted from Table 6 of Schlafly & Finkbeiner (2011). . . . . .
Vector field of the residual PMs of the stellar populations in the Bridge
relative to the SMC COM PM. The RG stars are displayed in orange-
red, and the MS stars in blue. The HST fields are marked in brown.
The locations of each population are displayed in the background for
reference. The median vectors are created from 0.5° x 0.5° bins and
are only calculated if five or more stars are present. A reference vector
of 1 mas yr—! is provided at the top of the figure in black. The largest
Gaia vector has a length of 1.0l mas yr=t. . . . . . . ... ... ...
(Left) Relative proper motions of the stars in the Bridge along the
x-axis as a function of angular distance from the center of the SMC.
All MS stars selected as part of the Bridge are displayed in gray. To
understand the typical motion as a function of distance across the
Bridge, the data are binned every 0.2 degrees, and the resulting error-
weighted average PM in each bin is displayed in blue along with the
standard error for weighted averages. The systematic errors of the
Gaia DR2 catalog are not displayed. The motions of the HST fields
are marked in brown and the LMC-disk PMs by the light green region
on the lefthand side of the plot. The vertical dashed line indicates the
limit of comparison to Model 2, and the horizontal dashed line at 0
mas yr—' is a guide for the eye. (Right) Same as for the left plot but
for the motion along the y-axis. . . . . . .. ... ... ... .....

X1iv



3.8

3.9

3.10

(Left) Relative proper motions of the older stars in the Bridge along
the z-axis as a function of angular distance from the center of the
SMC. All RG stars selected as part of the Bridge are displayed in gray.
To understand the typical motion as a function of distance across the
Bridge, the data are binned every 0.2 degrees, and the resulting error-
weighted average PM in each bin is displayed in orange-red along with
the standard error for weighted averages. The systematic errors of the
Gaia DR2 catalog are not displayed. The motions of the HST fields
are marked in brown and the LMC-disk PMs by the light green region
on the lefthand side of the plot. The vertical dashed line indicates the
limit of comparison to the models, and the horizontal dashed line is at
0 mas yr—! as a guide for the eye. (Right) Same as for the left plot but
for the motion along the y-axis. . . . . . .. ... ... .. ... ...
(Top) H I gas intensity map from Putman et al. (2003) with lines of
constant RA and Dec provided for reference. The LMC is the large
structure in the middle left of the panel and the SMC is located below
and to the right of the LMC with the Bridge stretching between them.
(Bottom) The H I map transformed into our working frame with the
location of the selected MS stars overplotted in blue. . . . . . . . ..
(Left) Error-weighted average relative PMs along the Bridge in the
x-axis direction, calculated as described in Section 3.3.1 for the RG
(orange-red) and MS (blue) stars. The motions of the HST fields are
marked by the brown squares and the LMC-disk PMs by the light green
region on the lefthand side of the plot. The predicted motions from the
two models are plotted here as well (purple for Model 1, lime-green for
Model 2). The average error for the models is on the order of ~ 0.1 mas
yr~1. Model 2 allows for a direct collision between the SMC and LMC
while Model 1 assumes they do not. At the start of the Bridge (~ 2
degrees from the SMC) Models 1 and 2 begin diverging, with Model 2
motions having a similar trend as both the observed RG and MS star
motions. (Right) Same as the left plot but for motion along the y-axis.
Near the start of the Bridge, Models 1 and 2 do not provide significant
discriminating power. However, as Model 1 continues for the length of
the Bridge, we observe a clear divergence from the data for both the
RG and MS stars on approach to the LMC-side of the Bridge.

XV

82

83

84



4.1

4.2

4.3

4.4

4.5

Gaia DR2 sources after initial astrometric cuts have been applied to
the data, displayed in a Cartesian coordinate system as outlined in
Gaia Collaboration et al. (2018c). The zero point is set to the best-
fit center for the RG population (the red “x”), described in Section
4.2. The inferred kinematic center from H I gas is marked by the blue
star, and the geometric center derived from the RR Lyrae population
is marked by the green square. The SMC Wing can be seen on the
castern (left) side of the SMC, heading towards the Magellanic Bridge
and the LMC. We also note the empty patch on the right side of the
figure as the location of 47 Tuc, which has been removed from our
sample by our astrometric criteria. . . . . . . ... ...
Color-Magnitude Diagram of all sources present in Figure 4.1. Two
separate stellar sequences have been marked: the main sequence (MS)
stars in blue on the left side and the red giants (RG) on the right side.
The top of the red clump can be observed near (1.0, 18.0), but due
to worsening astrometric performance near G ~ 18, we have chosen
not to examine it further. All sources that have been matched to an
existing RV measurement (described in Section 4.2.2) are marked in
green, which can be seen to mostly sample the RGs but do extend to
the sequence blueward of the RGs, likely a red supergiant population
inthe SMC. . . . . . ...
All SMC main sequence (MS, blue) and red giant (RG, red) stars from
Figure 4.2 in the same field of view and Cartesian coordinate system as
Figure 4.1. The MS stars have a clear spatial structure to them, tracing
the optical main body of the SMC and stretching into the Wing, while
the RGs have a significantly more well-behaved structure, appearing
to be roughly azimuthally isotropic with a radial dependence for the
density. . . . . ..
Distribution of the PMs of the RG and MS samples. The PM center of
the RGs, measured with a simple Gaussian fit, is marked by the black
“X”. The RG PM is clearly offset from where one would place the MS
center, though the asymmetric extension of the MS PMs towards the
left side of the figure would make it difficult to accurately assess the
systemic MS PM. . . . .. .o
Spatial locations of all RG stars (same Cartesian frame as in Figure
4.1) selected for analysis. The stars possessing a measured RV are
marked in green. The resulting distribution of RV stars does favor
the interior of the SMC but coverage is available for much of the RG
distribution. . . . . ...

XVv1

91

94

95

96



4.6

4.7

4.8

4.9

4.10

The average residual PM vectors of the SMC RGs as a function of
location in the SMC. The gray points mark all RG stars used in the
averaging. The solid black lines indicate the original Cartesian co-
ordinate system, and the dashed black line marks the rotated frame
where the x-axis lies along the major axis of the SMC RG distribution.
The dark red vector marks the relative velocity, as projected on the
sky, between the LMC systemic motion and the SMC systemic motion,
prmo—smc- Clear outward motion can be seen on the eastern side of
the SMC, consistent with the direction of prnc_smc, while coherent
rotation appears to be located in the center of the SMC. . . . . . ..
(Top) All RG stars in our selected sample plotted using our Cartesian
frame. The small, tightly clumped dark areas in the plot are believed
to be globular clusters or other stellar associations belonging to the
SMC. (Bottom) All model stars, scaled to qualitatively match the
observational data, plotted in our Cartesian frame. The central under-
density present in the data has been artificially created in the model
in an effort to reflect observations. . . . . . . . ... ... L.
Residual PMs plotted against spatial position in the SMC geometric
major/minor axis frame. The gray points are all of the RG stars in the
same. The stars are binned accordingly to the spatial sampling, which
is about 0.08 degrees in X and 0.06 degrees in Y. A simple average is
taken for each bin, marked by the orange-red point, and the standard
deviation of the bin is shown as the error bar. (Left) Residual PM in
Y (which points roughly along the axis of relative LMC-SMC motion)
as a function of position in X (which spans the major axis of the SMC,
with the positive X direction north of the Magellanic Bridge). (Right)
Residual PM in Y as a function of positioninY.. . . . . . ... ...
Residual PM vectors for the best-fit model to the data (specifics can be
found in Table 4.1), displayed in the same format as Figure 4.6. Unlike
the data, the residual vectors are limited to the area encompassed by
a single 2D Gaussian function that had been fit to the original RG
distribution. . . . . . ...
(Left) Spatial positions of the Gaia sample with cross-matched RVs,
color coded by the residual RV (after removing the SMC systemic RV
and correcting for viewing perspective). The non-RV stars for each re-
spectively stellar population are marked by the grey points in the back-
ground.(Right) Bin-averaged residual RVs from the best-fit model. .

xXvil

101

103

108

112

113



4.11

4.12

5.1

5.2

5.3

Residual PMs as a function of spatial position for all permutations of
PMy/PMy and X/Y. The light grey points are the mock RG stars
from the kinematic models. The orange-red points are the measured
Gaia RG residual PM averages, and the purple points are the averaged
residual PMs for the mock RG stars. The model presented here is the

best-fit model to the data (specific parameters are listed in Table 4.1).

Residual PM vector plots for the Gaia RG stars (orange-red, top left),
the best-fit model (top right), the model inferred by D14 (bottom
left), and the model inferred by DT19 (bottom right). The frame and
vectors are displayed in the same manner as Figure 4.6. The Gaia-
measured residual PMs have been limited to only the bins that have
measured PMs in the mock SMC data. One can readily observe the
departures from the Gaia data in both the D14 and DT19 models that
fail to capture the behavior on the eastern edge of the SMC, while the
tidal+rotation best-fit model is able to capture both that structure
while also managing to describe the finer interior motions. . . . . . .

Gaia DR2 sources after initial astrometric cuts have been applied to
the data, displayed in a Cartesian coordinate system as outlined in
Gaia Collaboration et al. (2018c). For each plot, the zero point is set
to the best-fit center for the RG population found in Z20 (the “x”, red
in top left), and the inferred kinematic center from H I gas is marked
by the square (blue in top left). (top left) All stars in the Gaia sample
are displayed. The SMC Wing can be seen on the eastern (left) side
of the SMC, heading towards the Magellanic Bridge and the LMC. We
also note the empty patch on the right side of the figure as the location
of 47 Tuc, which has been removed from our sample by our astrometric
criteria. (top right) The red giant population as identified in Figure
5.2. (bottom left) The red supergiant population. (bottom right)
The main sequence population. . . . . . ... ... ... ... ....
Color-Magnitude Diagram of all sources present in the top left panel
of Figure 5.1. Three separate stellar sequences have been marked:
the main sequence (MS) stars in light blue on the left side, the red
supergiants (RSG) in green near the center, and the red giants (RG)
on the right side. All sources that have been matched to an existing
RV measurement (described in Section 5.2.2) are marked in dark blue,
which can be seen to mostly sample the RGs but do extend into the
RSGs. . . . .
Binned spatial distribution of the SMC RSG population. The H I and
RG centers (blue square and red “x”) from Figure 5.1 are displayed for
reference along with the center from a 2D Gaussian fit to the RSG data
(green diamond). . . . . ...

XVviil

114

117

127

129



5.4

5.5

5.6

5.7

5.8

Binned PM distribution of the SMC RSG population. The systemic
PM for the RGs is marked by the red “x”, the systemic PM assumed
for H T models is marked by the blue square, and the mean location
from a 2D Gaussian fit to the RSG PM data (green diamond). . . . .
Averaged residual PM vectors in a Cartesian coordinate system, every
0.2 degrees for easier display of the kinematic behavior. The dark red
vector indicates the direction of relative LMC-SMC motion, assuming
the RG systemic PM from Z20. For both plots, the assumed kinematic
center and systemic PM are the same, and the solid black line provides
a guide for the eye for the z- and y-axes. (Left) RSG Gaia PM vec-
tors are marked in green. The dashed black line indicates the rotated
coordinate system used for the spatial-kinematic quantification, as de-
scribed in Section 5.3.2. (Right) Residual PM vectors (in purple) for
the best-fit kinematic model to the SMC RG population from Z20 as a

XIX

133

demonstration of the capabilities and limitations of the current modeling.136

Averaged residual PM vectors in the same Cartesian frame as displayed
in Figure 5.5. To gain a clearer insight into the central internal kine-
matic of the SMC RSGs, the field of view has been shrunk to only
encompass the inner 4 degrees. The relative LMC-SMC vector and
dashed black lines are the same as the previous Figure. . . . . . . ..
Residual PMs plotted against spatial position in the SMC RG geomet-
ric major/minor axis frame. The gray points are all of the RSG stars
in the same. The stars are binned accordingly to the spatial sampling,
which is about 0.13 degrees in X and 0.07 degrees in Y. A simple aver-
age is taken for each bin, marked by the green point, and the standard
deviation of the bin is shown as the error bar. (Top Left) Residual
PM in X (which spans the major axis of the SMC, with the positive X
direction north of the Magellanic Bridge) as a function of position in
X. (Top Right) Residual PM in X as a function of spatial position in
Y (which is roughly along the axis of the relative LMC-SMC motion).
(Bottom Left) Residual PM in Y as a function of spatial position in

137

X. (Bottom Right) Residual PM in Y as a function of position in Y. 138

Spatial positions of the Gaia sample with cross-matched RVs, color
coded by the residual RV (after removing the SMC systemic RV and
correcting for viewing perspective). The non-RV stars for each respec-
tively stellar population are marked by the grey points in the back-
ground. (Left) All RSGs with residual RVs. (Right) All RGs with
residual RVs. . . . . .. oo



List of Tables

2.1
2.2
2.3
2.4
2.5

3.1
3.2

4.1
4.2

5.1

New SMC Observations and Results. . . . . . . . . .. .. ... ... 26
Previous SMC Observations and Results. . . . . . . . . .. ... ... 28
SMC Best-Fit Parameters. . . . . . . . . . . ..o 53
SMC Center of Mass Proper Motions. . . . . . .. ... ... ..... 53
Galactocentric Velocities . . . . . . . . . . . H4
HST Target Fields and Observations . . . . . ... ... ... .... 61
Proper Motion Average and Dispersion for the Magellanic Bridge Stars

in the HST Fields . . . . . . . . . . . . . 64
Rotation Model Parameters. . . . . . . . . . . . . ... ... ... .. 116
Best-Fit Model Values & Uncertainties. . . . . . . . . . . . . . . ... 116
SMC Systemic Model Properties. . . . . . . ... ... ... ..... 143



Chapter 1

Introduction

1.1  Milky Way Satellites

1.1.1 Background

One hundred years ago, the astronomical community held what is now known as
The Great Debate: the argument over whether our Milky Way (MW) comprised
the whole of the universe or if some of the nebula seen in the night sky were other
“island universes.” In the hundred years that followed, the existence of these “island
universes,” or galaxies as we now refer to them, quickly became the accepted paradigm
in the community, and we made great strides in learning more about them. This
extended to learning more about the volume of space around the MW where we came
to realize that significantly smaller galaxies than our MW, these dwarf galaxies, likely
orbited around us.

At the turn of the 21st century, we had discovered 11 of these “satellite” galaxies,
now referred to as the “classical” MW satellites, with many discovered via inspection

of photographic plates. However, as we progressed into the new century, we entered
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into a new era of MW astronomy, one led by all-sky survey utilizing advanced CCD
instruments to gather deeper exposures on short time scales than previously possible.
The Sloan Digital Sky Survey (SDSS) led the way in this effort, and with the swathes
of new data, the number of known MW satellite galaxies doubled within the first
five years of SDSS being active. This trend continued with the Dark Energy Survey
(DES), which pushed even fainter than SDSS, leading to the discovery of more MW
satellites (Koposov et al. 2015; Drlica-Wagner et al. 2015). The rapid explosion of
satellite discoveries has slowed in recent years, but new satellites continue to be found
as more surveys are conducted across the world (Homma et al. 2018, 2019, e.g.,). To
date, we know of more than 50 MW satellite candidates, across a range of size and

distance (see Figure 1.1 for a plot of known MW satellites).

1.1.2 TImplications for ACDM

As we have discovered more of these satellite galaxies, our understanding of their
place and significance in the universe has evolved in parallel. The basic paradigm
used to model structure in the universe is the A-Cold Dark Matter (ACDM) model,
where today the energy density of the universe is spread across the three components
of dark energy, dark matter, and baryonic matter. On large scales (> 1 Mpc), ACDM
appears to explain the observed distribution and structure of galaxy well. However,
in recent years as improved mass-resolution simulations became possible, new dis-
agreements between simulation and observation on smaller scales, like the MW and
its surrounding satellites, have appeared. The four key problems, which will be dis-

PA AN

cussed in brief detail below, are: “missing satellites,” “core vs cusp,” "too big to fail,”
and “satellite planes.”

The first problem, the “missing satellites” problem, stems from the mismatch in



Year 2019 by Marcel S. Pawlowski

Fig. 1.1.— Distribution of known MW satellites. This image is from a movie produced

by Marcel S. Pawlowski for Bullock & Boylan-Kolchin (2017)

. The classical MW satellites are indicated by the blue points, the SDSS-discovered

satellites are marked by red points, and all satellites discovered with DES onwards
are marked by green.
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observed numbers of MW satellites versus the (far larger) observed number dark
matter halos in numerical simulations. In high resolution simulations, clumps of
dark matter form at every possible mass scale, with no apparent mass cut off (e.g.,
Garrison-Kimmel et al. 2014). As a result, based on expectations from dark-matter-
only simulations, one would anticipate finding potentially thousands of satellite galax-
ies surrounding a galaxy with the mass of the MW. But we do not observe this, having
just now reached 50 observed satellites. One possible solution lies in the possibility
that as the dark matter halo mass gets smaller, it becomes easier to disrupt the
formation of the galaxy (e.g., Sawala et al. 2016). Combined with the idea of “abun-
dance matching,” where one assumes the largest satellite halo in the simulation cor-
responds to the largest observed halo, the previous discrepancy between simulations
and observations appears to be resolved, at least to the scale of the classical satellites
(Garrison-Kimmel et al. 2017). However, work remains in investigating whether this
extends to the lowest mass MW satellites, often referred to as the “ultra-faint dwarfs”
(UFDs).

The second problem, “core vs cusp,” deals with the expected distribution of dark
matter in halos. Under normal ACDM, one expects to find a steeply rising density
of dark matter, a “cusp-y” shape, as one approaches the center of the halo (Navarro
et al. 2010). For larger galaxies, like the MW, the fraction of baryons (and feedback
associated with the baryons like supernovae) is expected to be large enough to smooth

” However, in many available studies

the density profile from a “cusp” into a “core.
of galaxies that should be primarily dark matter-dominated, the measured rotation
curves are consistent with constant densities (“cores”) in the center of the galaxy (e.g.,

de Blok et al. 2008). Moving forward, continuing to push lower on the mass (both

halo mass and stellar mass) scale for galaxies to measure rotation curves will prove a



crucial constraint in answering this question.

The third problem, “too big to fail,” deals with a consequence of the potential
above solution to the missing satellites. In assigning the largest halo to the largest
observed satellite, one should be able to make predictions regarding the rotation curve
measured in the satellite (Boylan-Kolchin et al. 2011). So far this prediction does not
seem to hold true. Comparisons with recent ACDM simulations consistently find
central densities significantly denser than those observed in the bright MW satellites
(Boylan-Kolchin et al. 2012). Simulations do contain dark matter halos with a mass
in line with the mass inferred from the MW satellite rotation curves, but it raises
the question of why wouldn’t the very largest halos be able to form galaxies as well?
Studies pushing further into the Local Group have detected this same inconsistency
among other host-satellite systems (Tollerud et al. 2014). Similar to the “core vs
cusp”’ problem, continuing to characterize galaxies further down the mass scale will
play a vital role in understanding the full extent of the disagreement.

The final and most recent problem, “satellite planes,” deals with the low prob-
ability in ACDM of satellite galaxies around a host galaxy forming into a coherent
order. In the very early days of discovering MW satellites, it was observed that the
satellites did not appear to have a random distribution to them, as might be natu-
rally expected (Kunkel & Demers 1976). As there were a relatively small number of
satellites known, this problem did not stand out as a fundamental issue. However,
as more 3D motions for MW satellites were measured, along with an increase in the
total known number of satellites and improved simulations/expectations for satellite
distributions in ACDM, this non-spherical distribution remained (Pawlowski et al.
2012). Beyond simply appearing anisotropic, the satellites seem to have a preferen-

tial alignment of their orbital poles, with the structure being dubbed the “vast polar
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structure” (VPOS) (Pawlowski et al. 2013). Even with the most recent PMs available
for a large fraction of MW satellites, upwards of 40% of MW satellites seem to align
with VPOS. As of yet, no competitive solution has been proposed, but more work
will be required to push fainter to find satellite systems around other host galaxies
to increase the total sample of host/satellite systems to better identify the degree to
which the MW may be an outlier.

In each of these cases, improved kinematic information for the MW satellites will
be foundational and instructive in improving our constraints on small-scale agree-

ments (or disagreements) with ACDM.

1.1.3 Measuring MW Satellite Kinematics

However, it has been a slow process in attempting to determine the full 3D kinematics
of MW satellite galaxies. While we have been able to measure the radial velocities
(RVs) of the satellites for decades (e.g., Feast et al. 1961), measuring the motion in
the plane of the sky, or the proper motion (PM), has proven more difficult. Part of
this is simply the physical distance to many of these objects, which results in the
PMs for many of the MW satellites being on the order of milliarcseconds per year
(mas yr~'). To make such a precision measurement requires some combination of
time (the more time passes, the larger the apparent motion) and angular resolution.
The better the resolution, the less time is required to be able to detect the motion.
Conversely, even with ground-based telescopes, given a long enough baseline of time,
PM measurements can be made.

Indeed, as astronomy entered into the CCD era, multiple attempts were made
at measuring PMs for MW satellites, such as the Large Magellanic Cloud (e.g., Pe-

dreros et al. 2002). Even in the best cases though (e.g., a ten-year baseline, enough
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member stars in the image to outweigh statistical noise), the errors were often large,
ranging from 20% to 50% of the measured PM. It was not until the application of
the Hubble Space Telescope(HST) that true high precision PMs were realized. Using
the High Resolution Camera and only a two year baseline, Kallivayalil et al. (2006b)
measured the PM of the LMC to highest precision of any MW satellite to that point.
From then, HST became a leading source of MW satellite PMs, from the Magellanic
Clouds(Kallivayalil et al. 2013) to further afield satellites like Leo I (Sohn et al. 2013).

This remained the case for just over a decade until the introduction of the Gaia
Data Release 2 (DR2) (Gaia Collaboration et al. 2018b). The Gaia Space Telescope
(Gaia Collaboration et al. 2016a,b) was designed as a follow up telescope to the
original European astrometry satellite, Hipparcos. Gaia aimed to measure parallaxes
for all relatively bright stars within the nearest 10 kpc of the Sun and PMs for a huge
volume of stars around the MW. And it delivered with DR2. The published catalog
contained PMs for more than one billion stars, and immediately enabling a range of
astrometry experiments. This extended to the MW satellites, where the new DR2
catalog was cross-matched with lists of known spectroscopic members of the satellites
to measure the systemic PM for the system (Fritz et al. 2017b). In total, with DR2
almost 40 PMs were measured for the MW satellite system and opened a new window

into understanding these dwarf galaxies.

1.2 The Magellanic Clouds

This astrometric revolution extended to two of the largest MW satellites: the Large
and Small Magellanic Clouds (LMC and SMC, respectively). Observable from the
southern hemisphere, the Clouds are close enough and bright enough to be visible

with the naked eye on a dark night (Figure 1.2 shows a picture of them alongside the
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MW). It should be acknowledged that long before the Clouds gained their current
moniker, they were well known and involved in stories of countless cultures across the
southern hemisphere of the world. To the Sotho, a Bantu ethnic group of Southern
Africa, view the dwarf galaxies as being the tracks of celestial beasts (from African
ethnoastronomy, Astronomical Society of Southern Africa). For the Adelaide people,
an Australian indigenous group, the Clouds were referred to as “Ngakallamurro,”
translated as “paroquet-ashes,” which told the story of a group of birds lured into
the sky by a constellation, only to instead be roasted (from Australian Indigenous
Astronomy). If a group of people in the Southern hemisphere had stories about the
sky above them, then the Clouds were surely featured somewhere.

From the viewpoint of Western astronomy, the Clouds offer an intriguing labora-
tory for testing our ideas and understanding of galaxy formation, as they represent
the closest example we have of an active galaxy merger. For a significant period
of time in studying the Clouds, the common paradigm was the Clouds had been in
orbit around the MW for an extended period of time, which led to the formation
of the Magellanic Stream, a trail of neutral hydrogen gas stretching nearly all the
way around the MW. However, from the first HST PM measurement of the Clouds
(Kallivayalil et al. 2006b), this understanding began to change with the measured
PMs placing the the Clouds on first in-fall into the MW (Besla et al. 2007), creating
new challenges in explaining the structure we observe. Since then, new observations
of the Clouds have revealed more about them.

For the LMC, it has proven a more straightforward system to understand kine-
matically. Given its appearance as a slightly irregular disk with a bright bar and
previous RV studies (e.g., van der Marel et al. 2002), rotation had been measured

but the exact geometry remained degenerate given only one direction of the velocity



Fig. 1.2.— The Large Magellanic Cloud can be seen to the upper right of the Milky

Way, and the Small Magellanic Cloud can be seen on the far right side of the image.
Credit:ESO/H. Stockebrand
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was known. Using an expanded number of HST fields, full rotation geometry was
revealed, including identifying the kinematic center from the rotation, which coin-
cided with the known H I center (Kallivayalil et al. 2013; van der Marel & Kallivayalil
2014). Later work has reinforced this idea of relatively well-behaved kinematics in
the interior of the LMC, however evidence for a more dramatic interaction with the
SMC can be found further out in the LMC (e.g., Choi et al. 2018b,a; Nidever et al.
2018; Mackey et al. 2018).

Perhaps the most exciting LMC result came shortly after the DR2 publication.
One consequence of ACDM is that because of the hierarchical nature of the dark
matter halos (that there should be halos inside of halos inside of halos), we should
expect to observe satellite galaxies that possess their own satellites. As the largest
MW satellite, with the recent explosion in known UFDs in the vicinity of the LMC,
and that it appears to be on its first in-fall into the MW, the LMC was a natural
candidate for being able to definitively satellites that originally belonged to it (Sales
et al. 2011, 2017). Using numerical simulations of MW and LMC-like analogues
interacting along with the new Gaia PMs, Kallivayalil et al. (2018) analyzed the
angular momentum and locations of the UFDs, finding that four of them (Horologium
I, Carina II, Carina III, and Hydrus I) were consistent with originally belonging to the
LMC. This represents the first kinematically-driven detection of satellites of satellites,

reinforcing a core concept of the ACDM paradigm.

1.3 The Small Magellanic Cloud

The smaller of the two Clouds, the SMC has an argument to be perhaps the most
kinematically complex MW satellite. There is no lack of evidence to support the

idea that the two galaxies have undergone at least one major interaction and are
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likely continuing to undergo tidal interactions. Perhaps the most dramatic piece of
evidence for this is the trail of stars and gas that appears to connect the two galaxies:
the Magellanic Bridge. Studies have found evidence for both young stars, presumably
formed in situ (Harris 2007), and intermediate-age stars in the Bridge (e.g., Bagheri
et al. 2013; Nidever et al. 2013). Even old stellar populations have been detected in
the vicinity of, but not aligned with, the gaseous Bridge (e.g., Belokurov & Koposov
2016; Deason et al. 2016), adding support to the idea that the SMC is being tidally
stripped by the LMC.

HST PMs of the LMC and SMC supported this scenario, finding that the Clouds
have recently collided (roughly ~ 150 Myr ago) with a separation between the centers
of only ~ 7.5 kpc (Zivick et al. 2018). With the extent of the LMC radius known to be
upwards of 15 kpe, this would place the center of the SMC passing directly through
LMC disk. New studies utilizing Gaia DR2 data have found similarly turbulent
kinematics for the SMC, with an ongoing discussion in the literature surrounding the
existence or non-existence of rotation in the SMC.

Depending on the tracer used (e.g., gas, old stars, young stars) and the size of the
window around the SMC being considered, the inferred rotation varied wildly. Older
stellar tracers, using only RVs before Gaia PMs were available, found some amount
of rotation in the SMC (Dobbie et al. 2014), though more recent efforts combining
RVs and PMs have proved inconclusive (De Leo et al. 2020). Even for the RV studies
of the neutral H I gas, which was originally believed to have coherent rotation in the
SMC (Stanimirovié¢ et al. 2004), more recent work, using young stars to attempt to
trace the gas, suggests that the kinematics are more complex than could be inferred
from just the RV field (Murray et al. 2019).

Despite this complexity, or rather because of this complexity, the SMC serves as
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an ideal testbed for developing a new 3D kinematic model for understanding MW
satellites. With its size and brightness, it provides an unparalleled rich data set that
can be used to explore how the underlying velocity components (systemic motion,
random dispersion, rotation, and tidal expansion) are projected from physical space
into our observed space. With the size and resolution, the SMC even offers the oppor-
tunity to investigate population-dependent kinematics to provide insight on how to
approach identifying and properly separating the potentially contaminating popula-
tions. This model in turn, combined with improvements in future Gaia data releases,
could be applied to other bright MW satellites. Sound physical understanding of the
kinematics of these satellites would in turn unlock new insights into a range of topics
from galaxy formation and evolution to providing new constraints on cosmological

questions.
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Chapter 2

The Proper Motion Field of the Small
Magellanic Cloud: Kinematic

Evidence for its Tidal Disruption

The following text originally appeared in The Astrophysical Journal, Volume 864,
Issue 1, and has been lightly edited for this format.

Summary

We present a new measurement of the systemic proper motion of the Small Mag-
ellanic Cloud (SMC), based on an expanded set of 30 fields containing background
quasars and spanning a ~3 year baseline, using the Hubble Space Telescope Wide
Field Camera 3 (HST WFC3). Combining this data with our previous 5 HST fields,
and an additional 8 measurements from the Gaia-Tycho Astrometric Solution Cat-
alog, brings us to a total of 43 SMC fields. We measure a systemic motion of uy
= —0.82 £ 0.02 (random) + 0.10 (systematic) mas yr~' and ux = —1.21 + 0.01
(random) + 0.03 (systematic) mas yr~'. After subtraction of the systemic motion,

we find little evidence for rotation, but find an ordered mean motion radially away
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from the SMC in the outer regions of the galaxy, indicating that the SMC is in the
process of tidal disruption. We model the past interactions of the Clouds with each
other based on the measured present-day relative velocity between them of 103 + 26
km s~!. We find that in 97% of our considered cases, the Clouds experienced a direct

collision 147 + 33 Myr ago, with a mean impact parameter of 7.5 + 2.5 kpc.

2.1 Introduction

Our understanding of the Small and Large Magellanic Clouds (SMC and LMC) has
evolved greatly in the age of space-based proper motion (PM) measurements. The
HST PM measurements by Kallivayalil et al. (2006b) were used to demonstrate that
the Clouds had not orbited the Milky Way (MW) multiple times as expected but
instead were likely on their first infall into the MW (Besla et al. 2007). With the
supporting results from Piatek et al. (2008), this view of the Clouds became the new
paradigm and has driven our understanding of their evolution.

Since then, the evolution of the LMC has proved more tractable to understanding.
Using a longer baseline and the then new Wide Field Camera 3 (WFC3), Kallivayalil
et al. (2013, hereafter NK13) significantly improved the PM errors for 26 LMC fields.
Using the decreased uncertainties, van der Marel & Kallivayalil (2014) were able to
make a direct measurement of the PM rotation curve of the LMC in the plane of the
sky. A follow-up examination of the center of mass (COM) PM of the LMC and its
rotation curve using PMs from the Tycho- Gaia Astrometric Solution (TGAS) Catalog
(Lindegren et al. 2016), which combines Gaia Data Release 1 (Gaia Collaboration
et al. 2016a,b) with the Hipparcos Tycho-2 Catalogue (Hgg et al. 2000), supported
this finding (van der Marel & Sahlmann 2016; hereafter vdMS16), suggesting that

the inner region of the LMC is a relatively well-behaved system. Further out the
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picture becomes more complicated with increasing evidence for more complicated
substructures in the periphery of the LMC (Nidever et al. 2018; Choi et al. 2018b;
Choi et al. 2018a; Mackey et al. 2018).

The structure and dynamics of the SMC has not proved to be as easy to under-
stand. NK13 had results for only 5 fields, enough to attempt a measurement of the
COM PM, but not enough to describe the internal kinematics. vdMS16 analyzed
PMs for eight individual stars in the SMC from the TGAS Catalog (Lindegren et al.
2016), but the resulting residual motions were not indicative of any coherent motion.
A third COM PM was measured by Cioni et al. (2016) as a by-product of their work
on 47 Tuc did not provide any additional insight into the internal workings of the
SMC.

Line of sight (LOS) motion studies have attempted to fill this gap. Stanimirovi¢
et al. (2004) found a rotation signature in the H I gas in the SMC with the line
of nodes, defined as the line joining the points of maximum and minimum relative
velocity, parallel to the visible major axis of the SMC and a dynamical center located
in the northeastern section of the SMC. A study of the red giants in the SMC by Harris
& Zaritsky (2006) suggested that the older population was dynamically separate from
the neutral gas, having a very weak rotation signature and a much more significant
velocity dispersion, suggesting a spheroidal rather than disk structure for the SMC.
However, Dobbie et al. (2014) conducted a broader investigation of the red giant
population, extending beyond the central area considered by Harris & Zaritsky (2006),
and found instead a rotation signature of 20-40 km s~! kpc™!, although their line of
nodes did not agree with that found by Stanimirovi¢ et al. (2004). To complicate the
picture further, Evans & Howarth (2008) found a similar rotation curve to Dobbie

et al. (2014) but in the young, massive star population (O, B, and A stars). A slight
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velocity gradient was also found for the OB stars by Lamb et al. (2016). While one
could argue that the red giant population could be dynamically decoupled from the
underlying neutral gas, one would not expect the same to have happened for the young
stars. Dobbie et al. (2014) proposed an inclined disk to help explain the differences,
but further kinematic evidence is needed to fully evaluate this possibility.

Because of the interest in the nature of the past mutual interactions of the Clouds,
many photometric studies have searched for tidal debris at large radii from the Clouds,
or evidence for SMC stars in the stream of H I gas linking the LMC and SMC, referred
to as the Magellanic Bridge. There is evidence for both young stars, presumably
formed in situ (Harris 2007), and intermediate-age stars in the Bridge (Nidever et al.
2013; Bagheri et al. 2013; Skowron et al. 2014; Noél et al. 2015). Even old stellar
populations have been detected in the vicinity of, but not aligned with, the gaseous
Bridge (Belokurov & Koposov 2016; Deason et al. 2016; Belokurov et al. 2017; Carrera
et al. 2017), adding support to the idea that the SMC is being tidally stripped by the
LMC.

Dias et al. (2016) studied the ages of star clusters throughout the SMC, finding
clear age and metallicity gradients consistent with tidal interactions between the
LMC and SMC. These results are supported by numerical models of the Magellanic
system which predict that the SMC should be constantly churning and only at large
radii would there potentially be a coherent rotation signature (Besla et al. 2012). A
comprehensive study of the classical Cepheids in the SMC (Ripepi et al. 2017) found
a complex geometric structure, with the near side forming a rough spheroidal shape
before gradually shifting into a more linear shape, adding more detail to the SMC
but presenting yet another potentially conflicting stellar structure.

In order to address the still sparse PM-coverage of the SMC, we obtained two
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epochs of HST data with WFC3/UVIS for 30 fields in the SMC, focusing on obtaining
data in the outer regions. Combined with the data already available from NK13 and
vdMS16 for the interior of the SMC, this provides a broader kinematic view of the
SMC. In this paper, we present the results from this combined dataset, and their
implications for the orbital history of the SMC.

The paper is organized as follows. In Section 2.2 we discuss the quality of the
data, our process for creating an astrometric reference frame, and how we quantify
the uncertainties in the PMs for each field. We use these motions in Section 2.3, in
conjunction with a dynamical model similar to the one in van der Marel et al. (2002),
to analyze the measured PMs under various model assumptions. This produces a set
of best fit parameters, including measurements of the overall COM PM for the SMC
and a measurement of the rotational velocity. In Section 2.4, we subtract the best-fit
COM motion to study the internal motions of the SMC, both for all stars and by
stellar type. We use the newly determined COM PM to constrain the SMC’s past
orbit, and examine its interactions with the LMC and MW in Section 2.5. Finally,
we discuss the overall ramifications of the new SMC data for our understanding of
the Magellanic system and where future studies will allow for further improvements

in Section 2.6.

2.2 Data & Analysis

2.2.1 Description of Observations

Koztowski et al. (2013) spectroscopically confirmed the presence of nearly 200 QSOs
behind the SMC. From this set of QSOs, we selected 30 of the brightest QSOs (17.7

< V < 20.1 mag) to provide an inertial reference frame across the two epochs of
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observations. The QSOs were also selected to provide roughly uniform coverage of
the SMC, over an approximately 16 square degree patch of sky (see Figure 2.1). Such
a uniform sampling was required to better sample the kinematic behavior of the SMC.
Koztowski et al. (2013) were unable to observe their candidates in the NW corner of
the SMC, leaving us with no spectroscopically confirmed QSOs to target, limiting our
target fields to the central body and the southern and eastern periphery.

Both epochs of data were collected with the HST WFC3/UVIS, with the first
epoch beginning observations in 2013 and the second epoch beginning in 2016, to
provide a roughly 3 year baseline for each field (see Table 2.1). In the first epoch,
4 observations were collected with the F606W filter using a custom DITHER-BOX
pattern to provide for optimal sampling of the point-spread function (PSF). The
exposure times for each field ranged in length from 2 minutes to 6 minutes to achieve
a signal-to-noise of >200 for the QSOs. Two additional short-exposure observations
were obtained with the F814W filter to make color-magnitude diagrams (CMDs), to
separate SMC and field stars, and to assist in identifying the QSO (see Section 2.2.2).
For the second epoch, 6 dithered observations were collected with the F606W filter,
and no observations were made with F814W filter as the astrometric transformations
were only to be made with the F606W data. The orientation of the instrument
was required to be the same for both observations of each field in order to minimize

systematic errors.

2.2.2 Analysis of WFC3/UVIS Observations

For our analysis, we used the bias-subtracted, dark-subtracted, flat-fielded, and CTE-
corrected images (_flc.fits) provided by the Space Telescope Science Institute (STScI)

data reduction pipeline. The individual dithered images provide better astrometry
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Fig. 2.1.— B-band image covering 4° x 6° from the Digital Sky Survey of the SMC
(with 47 Tuc to the right) where north is up and east is to the left in the image. The
LMC, northeast of the SMC, is located off the panel to the upper left. The green
circles indicate the locations of our new reference QSOs from Kozlowski et al. (2013).
The cyan squares show the quasars used in NK13 and Kallivayalil et al. (2006b), and
the magenta diamonds indicate the positions of the stars used in vdMS16.
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than the standard MultiDrizzle data product (_drc.fits), as noted in Anderson & King
(2004). However, unlike the drizzled images, these data are not corrected for geometric
distortion. To address this, we apply the known geometric distortion solution for
WEFC3/UVIS (Bellini et al. 2011) to the positions of the sources rather than correcting
the images. These positions were measured using an empirically built PSF library
for WFC3/UVIS, constructed similarly to the process described in Anderson & King
(2006).

Once a list of sources was created from each individual image the pixel positions
were converted into the WCS frame using the information contained within the flc
headers. The 30 brightest objects were selected from each list and matched using the
WCS solution from the headers with a healthy tolerance of twenty arcseconds. This
tolerance was chosen after a series of manual trials. We then used the brightest six
matched objects as the initial constraints to linearly transform all sources into the
reference frame of the first epoch.

Within a given field, the number of common sources varied from roughly 100 in the
sparse fields towards the outer edges of the SMC to more than 1000 in the fields closer
towards the visible body of the SMC. For the final transformations and iterations, we
required that every source was detected in all ten dithered images, four from the first
epoch and six from the second epoch, to simplify the uncertainty estimate.

The positional errors of the matched stars increase slowly as a function of magni-
tude, beginning at F606W ~ 20. For the iterative linear transformations a minimum
error of 0.005 pixels was added to all sources brighter than 20 mag, measured from the
median scatter for all sources with 18 < F606W < 20, in order to avoid overweighting
the transformation. The median scatter is roughly consistent across all fields (as seen

in Figure 2.2).
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Fig. 2.2.— Median standard deviation of the source positions for all fields used in the
analysis. The green points represent the median of all stellar sources in a field. The
crosses represent measurements for the first epoch of observations and the diamonds
represent the second epoch.
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Fig. 2.3.— Example of all sources in the vicinity of the known position of the quasar.
Black points represent all sources in the field, green diamonds represent the sources
within 7 arcseconds of the known QSO position, and the red square represents the
QSO. (Top) Color Magnitude Diagram for the field. (Bottom) Proper motion divided
by the scatter in position in the pixel frame, described further in Section 2.2.3.
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The next step is to identify the QSO. Using the known location of the QSO, we se-
lect all candidate objects within several arcseconds. From there, using a combination
of the photometric and kinematic properties of the objects, we are able to identify the
QSO, as demonstrated in Figure 2.3. Note that in our analysis, the SMC stars have
zero average motion by construction, so the reflex motion of the QSO with respect to
the stars is our measured signal, as can be seen with the red point in Figure 2.3. For
Fields 7 and 10 we were unable to measure the motion of the QSOs. For Field 7, a
foreground star overlapped the QSO, and for Field 10, the host galaxy was resolved,
both situations causing a large scatter in position. In the second case, the host galaxy
of the QSO was resolved and the uncertainty from fitting the galaxy with a Sersic

profile and point source was larger than the expected proper motion signal.

2.2.3 Two Epoch Results

Once the initial transformation using the first six common sources was performed,
each iteration thereafter applied stricter constraints on which sources were to be con-
sidered SMC sources. For each source, all dither positions in a given epoch were
averaged together with the standard deviation of the positions used as the estimate
for the positional uncertainty. The averaged positions between the epochs were sub-
tracted from each other, with this difference then divided by the total error of the
source (the standard deviation from each epoch added in quadrature) to create the
0PM for the source, a measure of the statistical significance of the motion. Using
these two measurements, thresholds were iteratively decreased, beginning with a one
pixel tolerance and a dPM of 50 and ending with requiring all used sources to move
less than 0.1 pixels and have a 6PM less than 5, over an average of five steps.

The final motion for the field is the difference of the average positions of the QSO
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Fig. 2.4.— Positions in the master reference frame of the QSO from each individual
dither (black triangles) for Field 1 with the average for each epoch marked by green
circle. The "motion" is the inverse of the average motion of the stars, as we measure
the QSO position relative to the stellar frame.
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in the two epochs with the scatter from the individual images providing an estimate
of the uncertainties. Figure 2.4 shows an example for the quasar in Field 1. This
difference is then divided by the baseline for the observations of the field, converted
to milliarcseconds (mas), and decomposed into the WCS frame using the Position
Angle for the observation and then inverted to provide the motion of the stars, rather
than the reflex motion of the QSO. We defined a local reference frame of uy and
puy to account for the impact of declination (0) on the apparent motion in right
ascension («), with py = —(da/dt)cos(d) and px = do/dt. The resulting PMs for
all successfully measured fields, as well as prior PM measurements for the SMC, are
shown in Figure 2.5.

For the final error estimate in each field, we begin with the error in the pixel
frame, which has two components. The first component is the standard deviation of
the QSO positions, with the error for each epoch added in quadrature, dPMqgso. The
second component is the scatter in the difference in position between epochs for all
stars used in the transformation, o(pysy. By construction, this value should be zero
as the stars are aligned to themselves, so the deviation from zero acts as an estimate
for the accuracy of the transformation. These two components were added together
in quadrature and then converted to uy and py, including a covariance term for the
errors to account for the rotation relative to the pixel frame.

Figure 2.6 demonstrates that the transformations worked as intended. The stellar
motions cluster around zero (with the median stellar error displayed below the cluster
for reference), and the motions derived from the QSOs clearly separate from the

motions of the SMC member stars in each field relative to one another.



Table 2.1: New SMC Observations and Results.
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New SMC Proper Motions

ID R.A. Decl. A time N PM of Field as Observed

pw PN Opw  OpN

h m s Deg * 7 (yr) (mas yr—1)

SZ1 0 37 47 —73 22 29.6 2.968 710 —-0.669 —1.339 0.064 0.067
SZ2 0 38 575 —74 10 0.9 2.966 364 —0436  —1.211 0.068 0.067
SZ3 0 39 478 —74 34 44.8 2.993 134 —0.576  —1.471 0.042 0.042
SZ4 0 39 576 —-73 6 3.6 2.966 978  —0.711  —1.246 0.097 0.102
SZ5 0 42 59.0 —74 2 446 2.966 541  —0.568  —1.265 0.100 0.093
SZ6 0 44 40.3 —-73 21 51.8 2962 1095 —0.676 —1.319 0.066 0.055
SZ8 0 45 16.8 —74 42 31.1 2.937 245  —0.657 —1.265 0.049 0.053
SZ9 0 54 23.0 —-73 31 0.2 2974 1475 —-0.760 —1.161 0.074 0.083
SZ11 1 0 57 =71 57 234 2970 740  —0.770  —1.278 0.070 0.068
SZ12 1 0 183 —74 3 228 2.999 339 —0.869  —1.127 0.048 0.090
SZ13 1 1 47 —73 41 59.9 2.957 563  —0.742 —1.306 0.082 0.076
SZ14 1 2 449 —-72 15 219 2.986 842  —0.863 —1.244 0.034 0.073
SZ15 1 5 225 —71 56 49.9 2.989 512 —0.996  —1.197 0.058 0.067
SZ16 1 7 15,6 —74 10 453 2.956 157 —0.892 —1.266 0.062 0.063
SZ17 1 7 21.6 —72 48 456 2.988 845  —0.830 —1.144 0.040 0.032
SZ18 1 8 254 —73 43 17.3 3.004 400  —0.757  —1.339 0.064 0.060
SZ19 1 8 348 —71 19 155 2.995 232 —-0.801 —1.208 0.073 0.092
S7Z20 1 11 3.0 —72 20 36.2 2.995 400  —0.901  —1.387 0.056 0.051
SZ21 1 14 453 —71 53 40.8 2.989 152 —0.927  —1.239 0.068 0.077
SZ22 1 15 187 —73 23 54.6 2.995 237 —0.840 —1.145 0.058 0.054
SZ23 1 15 341 —-72 50 49.3 2.952 186  —1.000 —1.185 0.071 0.076
S7Z24 1 17 1.0 —-71 28 359 3.012 105 —0.995 —1.264 0.077 0.080
SZ25 1 18 545 —74 5 448 2.991 75 —0.917  —1.145 0.057 0.066
SZ26 1 20 524 —-72 3 133 2976 110 —0.902  —1.255 0.056 0.054
SZ27 1 20 56.1 —73 34 53.5 2.987 107 —1.098 —1.196 0.064 0.049
S7Z28 1 21 84 —73 7 13.1 2935 89  —0.994 —1.103 0.103 0.093
S7Z29 1 24 58 —72 39 46.9 2.962 95  —0.869 —1.153 0.110 0.099
SZ30 1 26 2.7 —73 56 3.8 2.979 72 —1.118 —1.307 0.100 0.106

Note. — The identifier used for each data point (the fields or Gaia star ID), and R.A./Decl.
of reference source (Columns 1, 2, and 3). Column 4 lists the time baseline, in years, between the
epochs used to calculate the PM. Column 5 lists the number of stars used in the final transformations
after all cuts and iterations have been applied. Columns 6-9 list the observed PMs and errors.
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2.3 Proper Motion Results

2.3.1 Model Design & Analysis

Including the PM measurements from NK13 and vdMS16 with our new sample, we
have a total of 41 data points for describing the motion of the SMC. This affords us
the opportunity to consider the complicating factor of motions internal to the SMC
when attempting to determine the COM motion. As can be seen from Figure 2.7,
residual motions are present and significant.

We fix the radial velocity of the SMC at vgs = 145.6 + 0.6 km s~! (Harris &
Zaritsky 2006) and the distance modulus at m — M = 18.99 &£ 0.1 (Cioni et al. 2000).
We additionally consider the impact of viewing perspective (projection effects of the
3D COM motion) in the same manner as van der Marel et al. (2002). While the SMC
only subtends ~5 degrees on the sky, this effect can contribute up to <0.16 mas yr—!,
a non-negligible fraction of the measured PMs.

For the SMC center, we test two different positions: the H I kinematical center at
(e, 6) = (16.25°, -72.42°) (Stanimirovi¢ et al. 2004) and the center determined by the
structure of the Cepheid population of the SMC at (a,d) = (12.54°, -73.11°) (Ripepi
et al. 2017). With the growing body of work suggesting a disconnect between the
stellar motions and the underlying H T gas, we felt it prudent to examine the new
stellar geometric center in addition to the more traditional H I dynamical center. The
locations of both of these centers are shown in Figure 2.8. For the centers, we use a
fixed uncertainty of 0°.2 for the position.

As discussed in Section 2.1, multiple LOS studies have found evidence for rotation
in the SMC. To address this possibility, we test for two different rotation scenarios

in our model. For one, we constrain the rotation velocity, V,ot = 04 40 km s71,



Table 2.2: Previous SMC Observations and Results.
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New SMC Proper Motions

ID R.A. Decl. A time N PM of Field as Observed

Hw PN Opw  dun

h m s Deg ° 7 (yr) (mas yr—T1)
Kallivayalil et al. (2013) Proper Motions
S1 0 51 170 —-72 16 51.3 1.9 42 —0.682 —1.288 0.100 0.100
S2 0 55 347 —-72 28 339 7.6 25 —0.722 —1.214 0.032 0.024
S3 1 2 145 -73 16 26.6 7.7 36 —0.679 —0.974 0.026 0.028
S4 0 36 39.7 —72 27 42.0 2.8 10 —0.460 —1.114 0.109 0.109
S5 1 2 347 -T2 54 238 6.8 30 —0.806 —1.199 0.017 0.038
van der Marel & Sahlmann (2016) Proper Motions

3934 0 50 31.6 —73 28 426 - 1 —0.541 —1.304 0.177 0.177
3945 0 50 384 —73 28 18.1 - 1 —0.668 —1.160 0.154 0.148
4004 0 51 24.6 —72 22 584 - 1 —0.670 —1.165 0.148 0.143
4126 0 52 51.2 —-73 6 53.6 - 1 —0.667 —1.291 0.132 0.116
4153 0 53 49 —-72 38 0.2 - 1 —0.821 —1.231 0.131 0.130
4768 1 1 17.0 =72 17 31.2 - 1 —1.144 —1.239 0.151 0.143
5267 1 7 182 —72 28 3.7 - 1 —0.849 —1.262 0.152 0.144
5714 1 13 30,5 —-73 20 10.3 - 1 —0.992 —1.182 0.091 0.082

Note. — Same as Table 2.1.
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measurements by NK13 (cyan) and vdMS16 (magenta).
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and for the second option, we allow V., to be a free parameter. For both, we treat
the rotation as rising out to a radius of 0.6 kpc and then constant after that. As a
fifth case, we also test for allowing both V., and the center position to be free fit
parameters. However, we find that the data are unable to provide a useful constraint
on the center position, converging to a center close to the H I center but with an
uncertainty of 4 degrees.

Most of the LOS studies focused on the innermost two degrees of the SMC, an
area that we do not sample well. Instead, most of our statistical leverage comes from
the outer regions of the SMC. As we are limited in our sampling density, we opt to
keep the inclination of the model near 0°. In total, we have four cases to test, two
choices of the SMC center and two options for its internal rotation about each center.

For the COM PM itself, we leave it as a free parameter, optimized by minimizing
the model’s x? with respect to the data. The fit statistic is the same as used by van

der Marel & Kallivayalil (2014),

M

XIQ:’M = Z[(H’W,Obs,i - IMW,mod,i)/A,UW,Obs,i]2 ( )
i=1 2.1

+[(MN,obs,i - ,uN,mod,i)/A,uN,obs,i]Qa

The resulting parameters for the minimized y? model are used to create mock data,
using a Monte Carlo approach. As in NK13, these mock data are used to estimate
the uncertainties in the best-fit parameters for the model. Each set of mock data
are given uncertainties, drawn from the the observational uncertainties but scaled by

a factor of (X2, /Naof)'/?

to compensate for any underestimate of the uncertainties,
where Naot = Naata — Nparam + Nfixed, and X2, is the minimum fit statistic for the

model. We generate and fit multiple sets of mock data, and then we use the dispersion
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in the parameters found as an estimate of the random uncertainty.

2.3.2 Center of Mass Results

The final best fit parameters for each of the four models are listed in Table 2.3. We
see that the choice of the dynamical center does have an effect on the estimated COM
PMs, differing by ~30 in uw and by ~20 in py. To reflect this uncertainty in the
COM motion, we add a systematic error term to our final PM measurement, which
we define as the difference between the best fit PM values for the V., free cases (see

1 and for puy is 0.03 mas yr—1.

the discussion below). For uy, this is 0.1 mas yr~
Additionally, the choice of the center seems to affect the likelihood of a detection of
a rotation signature when V,y is allowed to be free. The H I center converges on
Vit = 1244 km s™! (random error only), while the geometrically-determined center
is consistent with no rotation, V,o; = 044 km s™! (random error only). When we
consider the impact of the systematic error term, both rotation signatures become
statistically consistent with no rotation. While the model using the H I center and
allowing V.o to be free does formally produce the best fit, the differences are not
significant (see Table 2.3). This underscores the difficulty of using a simple model to
describe the potentially complex nature of the SMC internal kinematics.

We choose the V., free, H I center model for our final estimate and comparison
with previous studies (seen in Table 2.4) because it formally has the smallest x2, /Nqot
and most previous works have adopted the H I dynamical center!. All four of our
new COM motion estimates are statistically consistent with the prior values found

for the SMC given the uncertainties. These is a slight offset between our work and

vdMS16 as compared to NK13 and Cioni et al. (2016). In the latter two studies, the

"'We do examine the impact of this choice of dynamical center on our subsequent orbital modeling.
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majority of the measurements come from the western half of the SMC, while the first
two have more uniform coverage of the whole SMC. This underscores the complex
nature of the SMC and the care that must be taken to avoid contamination of the
global PM estimate by local motions. As a consistency check, we also consider the
28 new HST fields by themselves. For the two choices of SMC center, and a fixed
versus free rotation signal, we find results that agree within the random errors of the
full sample. This is perhaps not surprising given that these 28 fields account for the
majority of the 41 total measurements considered here.

For the TGAS PM errors, a systematic effect that is not explicitly included is
possible spatial correlations in the PM errors (Lindegren et al. 2016). The effect
of such correlations would be to underestimate the random error in the weighted
average PM of the sample. However, the agreement between the TGAS and HST
results shows that any residual systematic errors must be below the random errors.
Similarly for the HST data, the main possible residual systematic errors are from the
geometric distortion solution and charge transfer efficiency effects. Both are expected
from Bellini et al. (2011) and Anderson (2014) to be below our random errors. The
main systematic uncertainty, which is larger than our random errors, comes from not

being able to establish a dynamical center for the SMC from our data alone.

2.4 Internal Kinematics

2.4.1 Full Star Sample

We can now subtract the global COM PM, including the perspective motion, to find
the internal motions of the SMC. The result is shown in Figure 2.7. In addition to

the calculated vectors, the observational error is also shown so that the significance
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of a particular vector can be evaluated.

At first glance, there does not appear to be any coherent rotational structure to
the residual vectors. As an alternative visualization, we decompose each field into
its radial and tangential components, firesrad a0d firestan Tespectively, as a function
of distance from the center, and calculate the error-weighted mean and the error for
the weighted mean, shown in Figure 2.9. In calculating the error-weighted mean, we
exclude any fields not consistent with zero to within twice the observational error.
For the radial component, we find for the H I center fiyesraqa = 0.027 £ 0.010 mas
yr~! and for the Ripepi et al. (2017) center jiyesraqa = 0.015 &+ 0.010 mas yr—!. For
both centers, a radial motion greater than zero is preferred, consistent with a tidally
disrupting system. For the tangential component, we find for the H I center fiyes tan
= 0.008 £ 0.010 mas yr—! and for the Ripepi et al. (2017) center fiyestan = 0.001 =+
0.010 mas yr—!. If a rotation signal were present, the fields would be offset from zero,
but both means are consistent with zero.

In the southwest and southeastern regions, large and statistically significant resid-
uals can be seen. For the southeastern region, this coincides with the direction towards
the Magellanic Bridge (shown in Figure 2.8), peaking around 80 km s~'. This is the
first measured stellar motion away from the SMC and towards the Bridge. In the
southwestern region, the strong coherent motions appear to be coincident with the
“Western Halo,” identified by Dias et al. (2016). The other potential dynamic signa-
ture, the “Counter-Bridge” (e.g., Besla 2011), which is predicted in the northeastern
section of the SMC, does not appear as a prominent feature in our data. Either
the way, the general finding of ordered mean motion radially away from the SMC in
the outer regions of the galaxy, provides kinematic evidence that the SMC is in the

process of tidal disruption.



35

Fig. 2.7— The residual motion vectors calculated after subtracting our adopted
COM motion determined in this study. Similar to Figure 2.1 the green, cyan, and
magenta measurements are this study, NK13, and vdMS16, respectively. The boxes
indicate the uncertainty in the motion for that field where a vector that exceeds its
box corresponds to a residual vector of greater than one o. A reference vector of 100
km s~! is shown at the bottom right, and the two centers used for the models are
shown as well with the H I derived center marked by the dashed orange circle and the
Ripepi et al. (2017) center marked by the dashed red circle. For orientation, north is
up and east is to the right.
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Fig. 2.8.— The locations of the two centers tested: the H I derived center (dashed
orange circle) and the Ripepi et al. (2017) center (dashed red circle). Three areas
with potential kinematic signatures are also marked. The regions considered to be the
Counter-Bridge and Western Halo are marked by the cyan ellipses, and the direction
towards the Magellanic Bridge is marked by the cyan vector. For orientation, north
is up and east is to the right.
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Fig. 2.9.— Amplitudes for the radial (top) and tangential (bottom) components of the
residual motions for the H I center, V,, free model, as a function of distance from the
center. For calculating the error-weighted mean, we exclude any fields not consistent
with zero to within twice the observational error. The resulting error-weighted mean
is indicated by the red line and the error of the weighted mean is shaded above and
below the line.
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The combination of the amplitude of these residual vectors and their spatial co-
herence suggest the possibility of some of these fields being unbound from the SMC.
To provide a physical sense for what might be unbound, we estimate the escape speed.
We relate the escape speed v, to the circular velocity v. under the simple assumption

of a Kepler potential, for which

%g:GTM,&:G—M, (2.2)
so that v, =v/2v.. For v, we use results from van der Marel & Franx (1993) to relate
it to the LOS velocity dispersion oppg. If we assume an isotropic velocity distribution
and a density profile of r =3, from Eq. (B6b) in van der Marel & Franx (1993) we find
oros =+/7/16 v.. Combining these two relations together, we get v, = 3.19 op0s.
Using the measurement from Dobbie et al. (2014) for opo5 ~ 26 km s™!, we find a
final v, ~ 83 km s~!. We note that this is a lower limit, since realistic potentials
are more extended than a Kepler potential, but it provides a useful intuition for the
state of the SMC. Several of our fields have a total residual motion consistent with
this estimate of the escape velocity. This provides kinematical evidence that the stars
there could be unbound. This is consistent with the fact that other material from
the SMC that is now at larger radii than the radii where we are probing, must have
become unbound to form the Magellanic Stream and Magellanic Bridge.

We wanted to examine the impact on the COM PM from narrowing our choice
of fields included. For stars in equilibrium around the COM, one expects to measure
a radial PM residual of zero, calculated as in Figure 2.9. So we discard all fields for
which the residual is not consistent with zero to within twice the observational error.
This excludes five fields, 2 from our new sample, 1 from vdMS16, and 2 from NK13.

After fitting our model to this restricted subsample, the resulting COM PMs do not
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significantly vary from the original values for their respective centers. The choice of

center has a bigger effect on our data than this difference in field selection.

2.4.2 Red vs Blue Stellar Motion

With multiple LOS studies in potential tension over the behavior of different stellar
populations in the SMC, as discussed in Section 2.1, we wanted to explore our data’s
ability to constrain this problem.

We selected samples of red and blue stars, separated by a color of (F606W —
F814W) = 0.45 and with F606W < 21 mag, as shown in Figure 2.10. This cleanly
delineates the two populations, and we will refer to these as the red and blue pop-
ulations. For a proper motion to be calculated, we also require that the field has a
minimum of ten stars in each subsample.

For each population of stars, we repeated the process of iteratively transforming
the source positions into a master frame, as described in Section 2.2.3. Due to the
smaller number of fields with enough stars, we calculated a simple weighted average
for the systemic motion of the fields and use that, along with the contributions from
SMC geometry (viewing perspective) calculated from the model, to create residual
motions as a function of color. For the red population, the resulting systemic motion
is gy = —0.72 &£ 0.06 mas yr~! and uy = —1.23 £ 0.08 mas yr—!, while the blue
population was found to have an average motion of py = —0.81 4= 0.06 mas yr~! and
Uy = —1.24 4+ 0.08 mas yr—!. These estimates are statistically consistent but the
differences may be real. The fields with a large enough number of red stars tend to
lie towards the southwestern portion of the SMC, while the fields that have enough
blue stars lie towards the eastern side of the SMC. More western fields will bias the

average motion towards a greater western motion (a smaller py) while more fields
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near the Bridge will bias it in the opposite direction.

Indeed, when we examine fields that have both red and blue stars we see that
for many of the fields there are no significant differences between the motions of the
populations (see Figure 2.11). Only for the highest field numbers, corresponding to
fields on the outer edges of the SMC, do we note a significant difference. Unfortu-
nately, those fields are also among the sparsest, often falling on the threshold of the
ten required stars. While the ability of WFC3/UVIS to detect enough stars to be
able to distinguish between different stellar populations in the SMC is exciting, these
results suggest it will require much better coverage of the entire SMC, rather than
the pencil beam investigation undertaken here, to discern a difference between the

populations, if one exists.

2.5 Orbit Implications

The past orbits of the LMC-SMC system about the Milky Way have been explored
in many previous works. These have tended to concentrate on the more massive
member of the pair, for instance, evaluating whether the LMC is on a first passage
(Besla et al. 2007; NK13), exploring whether the presence of the LMC influences
the dynamics of other MW satellites or even the MW-LMC barycenter or MW disk
(Vera-Ciro et al. 2013; Gomez et al. 2015; Patel et al. 2017; Laporte et al. 2017,
2018), and exploring substructure that might have come in with the LMC ( Sales
et al. 2011; Yozin & Bekki 2015; Jethwa et al. 2016; Sales et al. 2017; Fritz et al.
2017a,b). However, the relationship of the Clouds to each other, specifically how long
they have been a binary, and how closely they may have interacted in the past, is still
relatively unexplored and unconstrained (e.g., Besla et al. 2012; Diaz & Bekki 2012).

Our new data afford us a much better constraint on the past interactions between
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Fig. 2.10.— The composite CMD for all new SMC fields. The dividing lines
for the red and blue subpopulations, examined in Figure 2.11, are marked at

(F606W—F814W)=0.45 and F606W <21 mag.
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the Clouds themselves. In particular, the impact parameter and timing of the last
encounter between the Clouds is critical to our understanding of the formation of the
Magellanic Bridge and the internal structure of both galaxies (e.g., Bekki & Chiba
2007, Yoshizawa & Noguchi 2003, Gardiner & Noguchi 1996, Besla et al. 2016, Diaz
& Bekki 2012, Pardy et al. 2018, Guglielmo et al. 2014, Ruzicka et al. 2010), and this

is where we focus our modeling efforts.

2.5.1 Methodology

Our orbital modeling procedure is basically identical to that in NK13, and we refer
the interested reader to that work for the particulars. The MW is modeled is an
axisymmetric three-component potential with a Navarro-Frenk-White (NFW) halo
(Navarro et al. 1996, 1997), Miyamoto-Nagai disk (Miyamoto & Nagai 1975) and
a Hernquist bulge (Hernquist 1990). The NFW halo is adiabatically contracted to
account for the presence of the disk (Gnedin et al. 2004), and the NFW density profile
is also truncated at the virial radius. We explore two such MW models that span the
mass range of recent studies: a light model with a total virial mass of 1 x 10'2M,
and a heavy model with a mass of 2 x 10?M, (e.g., Bland-Hawthorn & Gerhard
2016). As we saw in NK13, a high-mass MW tends to disrupt the LMC-SMC binary
in the past, while it is easier for them to have been bound for longer in a low-mass
MW model.

Our LMC model is slightly different than used in NK13, but still spans a low
and high-mass range. It is less likely that the LMC and SMC have been a long-lived
binary if the LMC mass is low, and much more likely if the LMC mass is high. Our
low-mass LMC model of 3.7 x 10'° M, comes from requiring the rotation curve to be

flat at a value of 91.7 km s™! (van der Marel & Kallivayalil 2014) out to 20 kpc. To
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make sure that the adopted mass profile matches the dynamical mass of 1.3 x 10'° M,
at 9 kpc (van der Marel et al. 2009), the LMC is modeled as a Plummer potential
with a softening length of 9 kpc. Our high-mass LMC of 1.8 x 10 M, is motivated
by the minimum LMC mass that allows the LMC and SMC to have been a long-lived
binary even in the presence of a massive MW (NK13) and cosmological expectations
(Moster et al. 2013). Here, the LMC is also modeled as a Plummer potential with a
softening parameter of 20 kpc. As in NK13 the SMC mass is assumed to have been
tidally-truncated by the LMC at early times, and its mass is kept fixed at 3 x 10° M,
(Stanimirovié et al. 2004).

We draw 10,000 random values for the LMC and SMC PMs (NK 13 and this work,
respectively), distances (Freedman et al. 2001, Cioni et al. 2000), and line-of-sight
velocities (van der Marel et al. 2002; Harris & Zaritsky 2006). The Galactocentric
distances and velocities are calculated using the same conventions as in NK13. Since
the LMC PM is the same as in that work, we also use the same Solar parameters for
consistency (McMillan 2011). These values are broadly consistent with other studies
such as that of Bovy et al. (2012). This Monte Carlo method allows us to properly
take into account any covariances in the uncertainties of the measured parameters of
the Clouds and the Sun. The resulting mean values for the present-day Galactocentric
velocity and relative velocity are shown in Table 2.5. We then follow the orbits of the
LMC and SMC backwards in time for the four combinations of LMC and MW mass

models.
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2.5.2 Impact parameter and timing of the last SMC-LMC en-

counter

We are interested to see if we can constrain the likelihood of a past collision between
the Clouds. We therefore keep track of the minimum separation achieved between the
Clouds in the past, and the time of that “encounter.” As expected, the extremes of
the possible distributions in this encounter come from a low-mass LMC with a high-
mass MW, and a high-mass LMC with a low-mass MW. We therefore only show the
outcomes for these two mass combinations in Figure 2.12. We find that the choice of
SMC center makes no discernible difference — the minimum separations and encounter
times agree to within the errors — and so we show the results for the H I center only.

In Figure 2.12, we show the LMC-SMC separation at the last close encounter (in
kpc), versus the time of the last encounter (Myr in the past), color-coded by the
present-day relative velocity between the Clouds (km s™!). For both mass combina-
tions, there is a strong trend with relative velocity, with the highest relative velocities
resulting in the most recent and closest encounters. The fact that the highest relative
velocities result in the most recent past encounters makes more obvious sense, but the
reason that they also result in the closest encounters between the Clouds is because
the highest relative velocities correspond to the largest angles between the LMC and
SMC velocity vectors today.

The majority of cases (97%) result in a past encounter in which the centers of
the Clouds come closer to each other than 20 kpc, which is the currently observed
northern extent of the LMC disk (Mackey et al. 2016). This result is robust to choices
in MW and LMC mass. Specifically, the minimum separation between the centers
of mass of the two Clouds has a mean value of 7.5 4+ 2.5 kpc about 147 + 33 Myr
ago in the case of the heavy LMC and light MW model, and 9.7 4+ 4.5 kpc about
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Fig. 2.12.— The LMC-SMC separation at their last encounter as a function of the
time of the last encounter, color-coded by the present-day relative velocities between
the LMC and SMC (in km s™!). The panel on the left shows results for integrations
assuming a MW virial mass of 10'? My and an LMC halo mass of 1.8x10' My, on
the lower (larger) end of MW (LMC) mass possibilities in the literature. The panel
on the right is for a heavier MW virial mass of 2x10'? Mg, and a lighter LMC halo
mass of 3.7x10'® Mg, on the larger(lower) end of possible MW(LMC) masses. The
red star indicates the mean value in each case. Impact parameters higher than 20 kpc
are found to be highly unlikely. Impact parameters as small as 2.5 kpc and as recent
as 100 Myr are possible, but a bulls-eye hit (0 kpc impact parameter) is unlikely.
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163 £ 36 Myr ago in the case of the light LMC and heavy MW model. In both of the
considered mass cases, the smallest separation achieved is ~2 kpc, indicating that the
Clouds could have experienced a direct collision, but a bulls-eye hit (0 kpc impact
parameter) is unlikely. Also, only 3% of cases have minimum separations larger than
20 kpc, for all mass combinations considered.

It seems extremely likely that the Clouds have hit each other (since the LMC’s disk
radius is 18.5 kpc Mackey et al. 2016). The fact that the SMC is in reality an extended
body, and here we plot only the separation of the center of masses, strengthens this
argument further. This result is consistent with the model of Besla et al. (2012),
specifically their Model 2, in which the LMC and SMC pair have experienced a recent
direct collision roughly 100 Myr ago which also produces the off-center stellar bar and
one-armed spiral of the LMC (see also Pardy et al. 2016; Bekki & Chiba 2007).

In previous work the timing of the last encounter has been estimated at < 300 Myr
based on the age of stellar populations in the bridge (Harris & Zaritsky 2006). The
previous PMs (Kallivayalil et al. 2006b) were consistent with a timing of ~ 150 Myr
ago (see Ruzicka et al. 2010), but now the error bars on this PM estimate are lower,
supporting a very recent encounter. Interestingly, if you make the simple assumption
that the radial expansion velocity is comparable to the tangential signal (~80 km
s71), in the 150 Myr since the SMC would have expanded roughly 12 kpc. With the
deep line-of-sight extension in the eastern region of ~23 kpc (Nidever et al. 2013)
and assuming an intrinsic size for the SMC of ~10 kpc (found in the western region
by Mackey et al. 2018), this leaves an unaccounted for expansion of ~ 13 kpc which
roughly coincides with our preferred timing and expansion velocity. Note that this
encounter is still before the pericentric approach of the LMC to the MW (which

happened ~ 50 Myr ago). Also previous works typically take the impact parameter
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to be around 10 kpc or larger (Ruzicka et al. 2010; Diaz & Bekki 2012). Now we have
both refined the impact parameter to be smaller as well as ruled out larger impact

parameters, supporting a collision model.

2.6 Discussion & Conclusions

We have analyzed two epochs of PM data for 30 new fields in the SMC with HST
WFC3/UVIS. We combine these data with previous HST PM results from NK13 and
Gaia PM results from vdMS16 to create the largest PM data set yet for the SMC.
Here we summarize our results, the new implications for the SMC’s history with the

LMC, and future directions for the work.

2.6.1 Conclusions for PMs

With the ~3 year baseline, our analysis gives results that have a range of errors
comparable to the errors from NK13. In fields with a large number of stars in the
final transformation, we find errors of order ~0.03 mas yr—!, similar to those for the
~7 year baseline measurements from NK13. Where our fields become sparser, our
errors increase towards a maximum comparable to the errors from NK13, ~0.1 mas
yr~!, that also had relatively sparse star fields and a shorter baseline.

We have successful measurements for 28 of the 30 fields (as explained in Section
2.2), and we combine this data set with the PMs from NK13 and vdMS16 to improve
our sampling of the SMC and more tightly constrain the estimate for the SMC COM
PM. We fit this data set to a model for the SMC similar to the one laid out in van
der Marel et al. (2002), leaving only the PM of the SMC and a possible rotational
velocity as free parameters. We find that our dataset by itself does not allow us to

independently determine the dynamical center of the SMC to better precision than
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previous works. Instead, we adopt two different centers, the dynamical H I center and
the geometric center determined in Ripepi et al. (2017). We find that the choice of
center has an impact on the estimate of the COM motion, reflected in our systematic
error. We find no compelling evidence for internal rotation, with a maximum rotation
signal Vot = 12+ 4 km s=! when the H I center is used.The resulting COM PMs
roughly agree with all previously published values, though our random errors are
several times smaller than the previous most precise measurement. This is primarily
due to the increase in the size of the data set fit to the model. Soon after submission
of this work, Niederhofer et al. (2018) presented VMC-based PMs for a 3 x 3 degree
region of the SMC. We do not attempt a detailed comparison here but their COM
PM is marginally consistent with ours given the errors, however, they do not detect
an outward residual motion towards the Bridge.

The small per-field errors allow us to probe the internal motions of the SMC,
a galaxy whose internal structure is still quite unconstrained. We decompose the
residual motion of each field (after subtraction of the COM motion) into a radial and a
tangential component. We search for signs of rotation that would manifest as a signal
in the tangential component as a function of distance from the SMC center. We see
no clear trend in the tangential component.We instead find evidence for large residual
motions towards the east and west of the galaxy. The eastern residual motions, on
the order of ~80 km s, point in the direction of the Magellanic Bridge. We estimate
the escape speed from the SMC (see Section 2.4.1) and examine the impact of limiting
the fields used in the COM PM calculation. We find that the removal of potentially
unbound fields has little impact on the COM PM values. The areas of large residual
motions also help explain the small differences in previous COM PM measurements,

as both NK13 and Cioni et al. (2016) largely sampled the central and western regions
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of the SMC, which would not contain the significant residual motions seen in the
eastern fields.

This underscores the necessity of sampling a broad area of the SMC in determining
a COM motion while also raising new questions about how to best build a model to
fit the SMC moving forward. Previous LOS attempts to study SMC structure (e.g.,
Dobbie et al. 2014; Evans & Howarth 2008) focused on the inner few degrees, where
they did find a potential rotation signal. Our data set does not significantly probe
the interior of the SMC, so we are unable to provide any further comparisons with
these works. Finally, we also test whether different stellar populations in the SMC
have measurable differences in their PMs. We employ the simple CMD cut shown in
Figure 2.10 to select a ‘blue’ and a ‘red’ stellar population, and re-derive the PMs for
each field using these subsamples of stars. We do not find any statistically-significant

differences between the measured PMs for these two populations.

2.6.2 Conclusions for Implied Orbit

Using the measured PMs, we find new Galactocentric velocities for the SMC and
examine the consequences for its recent interaction history with the LMC. Our im-
proved coverage of the SMC significantly improves our overall accuracy of the relative
velocity between the two Clouds.

Using this new relative velocity and two different mass cases for both the LMC
and MW, we find a strong case for close interaction between the Clouds in the recent
past (their centers of mass come within ~20 kpc for 97% of all cases examined). The
mean COM distance is consistent within the errors across the two mass combinations
that we consider, one with a heavy LMC and light MW (7.54+2.5 kpc 147433 Myr
ago), and a light LMC and a heavy MW (9.7+4.5 kpc 163+36 Myr ago), strongly
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supporting the idea of a direct collision between the Clouds. These impact parameters
and encounter times depend little on our model for the internal PMs of the SMC This
lends support to the model of Besla et al. (2012), where the Clouds have recently had
a very close interaction, and where the LMC is thus primarily responsible (as opposed
to the MW) for the morphology of the SMC, the Magellanic Stream and Bridge. This

direct collision also has consequences for the morphology of the LMC.

2.6.3 Future Work

We have presented an expanded picture of the PMs in the SMC, revealing its com-
plicated dynamical nature. An immediate consequence of this is the necessity for a
higher degree of spatial resolution. Improved resolution would help to disentangle
where the ordered motion radially away from the SMC begins and where there may
be more coherent stellar rotation, if it exists in the SMC. Studies have shown an in-
creasingly elongated picture of the SMC (e.g., Ripepi et al. 2017), so the combination
of a higher PM spatial resolution with LOS studies could help create a data set that
would have the power required to clearly identify the dynamical center of the SMC.
The upcoming Gaia Data Release 2 will provide the next opportunity.

We have better constrained the interaction history of the LMC and SMC. In future
work, we will use this assumption to estimate the mass of the LMC enclosed within
the SMC orbit. The mass of the LMC has been of considerable interest, first because
it further constrains whether the Clouds are on their first or second passage about
the MW, but it is also needed to ascertain the LMC’s effect on the dynamics of the
MW and its satellite population (e.g., Gomez et al. 2015; Penarrubia et al. 2016), and
to better constrain how much debris came in with the LMC itself (e.g., Sales et al.

2017).
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The direct collision between the Clouds that we discover here should also inform
studies of star formation in the Clouds. We are able to determine a rough timescale
for this encounter, and therefore correlations can be made between the past orbits of
the Clouds and their star and cluster formation history. Already there is evidence
that the locations and age gradients in the SMC star cluster population (Dias et al.
2016) coincide well with the locations of our measured radial motions outwards in the
outer regions, prima facie evidence that the ongoing interaction between the Clouds
is inducing cluster formation. Future work combining these two datasets, the cluster
population and SMC internal dynamics, provides a new opportunity to study the
nature of star formation in an environment different than the posterchild Antennae

galaxies.
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Table 2.3: SMC Best-Fit Parameters.

(1) Center HI HI R17 R17

(2) Vot Constrained Free Constrained Free

(3) L mas yr-' —0.80 £ 0.11 —0.83 £ 0.02 —0.74 £ 0.03 —0.73 & 0.02
(4) N mas yr ' —1.21 £0.04 —1.21 £0.01 —1.25+0.13 —1.24 +0.02
(5) ot mas yr? 1.45 £+ 0.12 1.47 4+ 0.02 1.45 + 0.13 1.45 + 0.03
(6) Vot km s~! — —11.6 = 4.0 — —0.3+£35
(7) (%) Naot) 2 2.32 2.29 2.32 2.37
Note. — Line 1 indicates the center used in the model as described in Section 2.3.1, and line

2 indicates whether V.., was left free or constrained to 0 & 40 km s~!. Lines 3-6 are the best fit
values for pw, pun, fiot, and Ve, respectively, for the four models. The units for each parameter
are listed in the adjacent column. Line 7 is the statistic used to assess the quality of fit of the model
to the data, described in Section 2.3.1. R17 refers to the estimate of the center of the SMC from
Ripepi et al. (2017).

@ Refers to Ripepi et al. (2017)

Table 2.4: SMC Center of Mass Proper Motions.
Work Data W LN
(mas yr~!)  (mas yr—1)
This Paper HST+Gaia —0.83+£0.02 —1.2140.01

vdMS16 Gaia —0.87£0.07 —1.2340.05
Cioni et al. (2016) VMC —0.81+£0.07 —1.1640.07
NK13 HST —0.77£0.06 —1.124+0.06
Vieira et al. (2010) SPM* —0.98+0.30 —1.1040.29
Note. — Column 1 indicates the source of the measurement and Column 2 the type of data used

to determine the result.
@ Yale/San Juan Southern Proper Motion program
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Table 2.5: Galactocentric Velocities

Galaxy PM Vx Vy vy Vot VUrad Vtan
(km s71) (kms™)  (kms™') (kms™') (kms™') (kms7!)

SMC This Work 18+6 —-179£16 174 +13 250+20 —-10+1 250 £ 20
LMC Three-epoch NK13 =57+ 13 —226£15 221 +19 321 424 647 31424
SMC-LMC 75 £ 17 47 £22 —47+23 103£26 92+29 43 +£11

Note. — The three lines list the SMC velocity, the LMC velocity, and the relative velocity between
the SMC and LMC, as measured in this work. Column 1 lists the galaxy name. Column 2 lists the
assumed PM value, where the SMC value is this work’s value for the COM PM estimate assuming
the H I center and fitting for V.., and the LMC value is taken from NK13. To correct for the
solar reflex motion, we use the improved McMillan (2011) value of Vo = 239 + 5 km s~! and
the improved Schonrich et al. (2010) solar peculiar velocity. Columns 3-5 list the Galactocentric
velocity coordinates (vx, vy, vz). Columns 6-8 list the total length of the velocity vector, the radial
component, and the transverse component, respectively. Uncertainties were calculated in a Monte
Carlo fashion that propagates all relevant uncertainties in the position and velocity of both the
Clouds and the Sun. Distance uncertainties are based on Am — M = 0.1. Velocity uncertainties in
the Galactocentric frame are highly correlated, because uncertainties in the LOS direction than in
the transverse direction.
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Chapter 3

The Proper Motion Field Along the
Magellanic Bridge: a New Probe of
the LM C-SMC Interaction

The following text originally appeared in The Astrophysical Journal, Volume 874,
Issue 1, and has been lightly edited for this format.

Summary

We present the first detailed kinematic analysis of the proper motions (PMs) of
stars in the Magellanic Bridge, from both the Gaia Data Release 2 catalog and from
Hubble Space Telescope Advanced Camera for Surveys data. For the Gaia data, we
identify and select two populations of stars in the Bridge region, young main sequence
(MS) and red giant stars. The spatial locations of the stars are compared against the
known H I gas structure, finding a correlation between the MS stars and the H I gas.
In the HST fields our signal comes mainly from an older MS and turn-off population,
and the proper motion baselines range between ~ 4 and 13 years. The PMs of these

different populations are found to be consistent with each other, as well as across the
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two telescopes. When the absolute motion of the Small Magellanic Cloud is subtracted
out, the residual Bridge motions display a general pattern of pointing away from the
Small Magellanic Cloud towards the Large Magellanic Cloud. We compare in detail
the kinematics of the stellar samples against numerical simulations of the interactions
between the Small and Large Magellanic Clouds, and find general agreement between
the kinematics of the observed populations and a simulation in which the Clouds have

undergone a recent direct collision.

3.1 Introduction

Stretched between the Small and Large Magellanic Clouds (SMC, LMC respectively)
lies the Magellanic Bridge, originally identified as an overdensity of H I gas by Hind-
man et al. (1963). Given the proximity of the two dwarfs, tidal interactions between
them were a clear potential explanation, and in time, models of the Magellanic system
demonstrated this generally accepted paradigm (e.g., Besla et al. 2012; Diaz & Bekki
2012). Measurements of the relative motions of the SMC and LMC suggest that their
most recent interaction likely occurred ~ 150 Myr ago, with an impact parameter of
< 10 kpc (Zivick et al. 2018). This implies that the Magellanic Bridge was formed
via both hydrodynamic and tidal interactions (Besla et al. 2012).

One additional prediction of the models is the presence of both in situ star forma-
tion as well as older, tidally stripped stars. Even before the formal predictions, a pop-
ulation of young stars associated with the Bridge was observed by Irwin et al. (1985),
with a follow-up study by Demers & Battinelli (1998), that would be consistent with
in situ star formation. Harris (2007) further examined this young population, hoping
to use the star formation history to constrain the interactions between the Clouds.

The existence of young stellar objects in the region (e.g., Sewilo et al. 2013) and the
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strong correlation between young stars and the H I overdensities (e.g., Skowron et al.
2014) helped confirm the in situ formation scenario.

Only recently has there been evidence for the presence of older SMC stars in the
Bridge. Using a combination of the WISE and 2MASS surveys, Bagheri et al. (2013)
identified red giant branch (RGB) stars scattered around the Bridge region (later
confirmed by Noél et al. (2013)). Spectroscopic follow up of targets in the region by
Carrera et al. (2017) found the stars to be older than 1 Gyr and with metallicities
consistent with having formed in the outer regions of the SMC. The stripping of the
SMC was also observed by Belokurov et al. (2017) in Gaia DR1 data where they
found two spatially distinct structures, separated by multiple degrees, made up of
young main sequence stars and RR Lyrae stars.

These structures and their kinematic properties play an important role in un-
derstanding the interaction history between the Clouds. Different factors governing
this interaction history have been explored in the literature, including varying the
masses of the dwarfs, the impact parameters of the interaction, duration of the in-
teraction time, and other factors (e.g., Besla et al. 2012; Diaz & Bekki 2012), each
one providing a set of predictions. Understanding the 3D structure of the Bridge can
help to constrain these formation scenarios (e.g., Belokurov et al. 2017), and detailed
kinematic information will aid in further improving those constraints. Recent efforts
have found a trend of stars moving from the SMC to the LMC in the plane of the
sky (e.g., Schmidt et al. 2018) and outward motions on the eastern edge of the SMC
distinct from the dwarf’s motion (Oey et al. 2018), supporting the idea that material
has been stripped from the SMC, but no detailed kinematic analysis of the Bridge
has yet been published.

In this paper, we present the first detailed analysis of the proper-motion (PM) field
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of stars in the Magellanic Bridge, and directly compare these PMs to predictions from
simulations of the interaction history of the Clouds. We use the recently published
Gaia Data Release 2 catalog (Gaia Collaboration et al. 2016¢; Gaia Collaboration
et al. 2018b) in combination with HST data to examine the kinematic structure in
the Bridge. We examine both young and old stellar populations in the Bridge region.
We treat each population separately and consider for the young stars the H I gas
structure for potential correlations. For the comparisons with theory, we use the
models presented in Besla et al. (2012).

The paper is organized as follows. In Section 3.2 we discuss the selection criteria
applied to the Gaia data as well as the analysis and calculation of the PMs from the
HST data. This data is transformed into a model-ready comparison frame, described
at the beginning of Section 3.3. From there we examine the spatial and kinematic
differences between the young and old populations and the young stellar population’s
spatial correlation with the H I gas. We close Section 3.3 by making direct com-
parisons with simulations of the past interactions of the Clouds. Finally, in Section
3.4 we summarize our findings and their implications for our understanding of the

Magellanic system.

3.2 Data Selection

3.2.1 Gata DR2 Data

From the Gaia database, we select all stars within the vicinity of the Clouds (the
exact area is shown in Figure 3.1) using pygacs!. We begin with a simple parallax

cut of w < 0.2 mas in order to remove foreground MW stars. Next we apply the

'https://github. com/Johannes-Sahlmann/pygacs
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following cut to the renormalized unit weight error (RUWE) as described in the Gaia
technical note GAIA-C3-TN-LU-LL-124-01:

X?/(N —5)

1.4 1
wco) 0 (3.1)

which uses the following Gaia properties:

N = astrometric_n_good_obs_al,
X2 = astrometric_chi2_al,

ug = Normalization factor (G, C), (3.2)
G = phot_g_mean_mag,

C = bp_rp.

We additionally apply a cut for the color excess of the stars, as described in Gaia
Collaboration et al. (2018a) by Equation C.2. As we are concerned with the better
astrometrically behaved stars, primarily the bright stars, and to provide another check
to avoid MW contamination, we select stars brighter than G < 17, leading to the final
source densities in Figure 3.1.

From this initial catalog we select a smaller area for closer examination, stretching
from the eastern edge of the SMC to the western edge of the LMC. These boundaries
are marked in red in Figure 3.1. From this region, we apply two more criteria in
the location of the stars in the color-magnitude diagram (CMD) and their PMs. For
the CMD, first we de-redden our sample of Gaia stars, using Gaia Collaboration
et al. (2018b) and Schlegel et al. (1998). Using the de-reddened CMD, we select
main sequence (MS) and red giant (RG) stars as indicated in Figure 3.2. We provide

for reference three PARSEC isochrones (Marigo et al. 2017), the two in blue at 10



60

and 30 Myr and the one in red at 800 Myr. We note that we are not attempting a
rigorous fit to the stellar populations, but instead we use these to highlight the likely
populations belonging to the Clouds. The two young isochrones do appear to trace
distinct MS populations, especially above G < 15. An examination of the spatial and
kinematic properties of the two populations revealed no apparent difference, so for the
comparison to both the older population and numerical modeling, all MS stars will be
categorized together. For the PM selection (see Figure 3.3), we select all stars in and
around the two dense regions, with each region belonging to one of the Clouds, with
the systemic motions marked in light green. With this cut in PM, we allow for stars
originating from the LMC to be included in the sample. Given the large overdensity
in Figure 3.3, it is likely that many of the stars, especially those spatially overlapping
with the LMC, are of LMC-origins. However, due to the uncertainty in assigning a
definite membership to any given star, we keep this broader PM selection to provide
as much relevant information regarding the Bridge as possible. Our final sample only
includes stars that pass both of these cuts.

A subsample of roughly 3,000 MS stars and 20,000 RG stars pass our astrometric
and CMD-based cuts. Examining the physical location of the stars in this sample, we
see that the selected MS stars trace the expected Bridge structure while the RG stars
primarily trace the broader SMC and LMC structure, although some RG stars are
scattered throughout the Bridge area (Figure 3.4). For easier viewing, the RG popu-
lation has been randomly subsampled to the same number as MS stars. Our selected
area does include part of the region identified as possessing LMC substructure in the
RG population in Gaia DR2 data by Belokurov & Erkal (2019). This substructure,
roughly located in the bottom left of our Figure 3.4, can be slightly seen, but we

ascribe most of the difference to our brighter magnitude cut of G < 17 removing
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much of the signal in addition to the subsampling done for display purposes. From
here, we begin to examine the kinematic properties of the stars as they relate to the

larger Magellanic system.

3.2.2 HST Data

In addition to the Gaia PMs, we measured PMs of stars in the Magellanic Bridge
using HST data. We searched the HST archive for existing deep imaging located
along the Magellanic Bridge and found three fields. The characteristics of these fields
are summarized in Table TBD The first-epoch data for the three fields were obtained
for HST programs to study the cosmic shear or Lyman-break galaxies at high redshift.
The second-epoch data were obtained through our HST program GO-13834 (PI: van
der Marel) to measure PMs. We used the same observational setup (i.e. telescope
pointing, orientation, detector, and filters) as the first-epoch observations. For the
astrometric analysis we used the F775W filter data, and to construct CMDs of our
target fields that may help in identifying stars along the Magellanic bridge against
Galactic foreground contamination, we obtained F606W exposures during our second-
epoch observations.

We measured the PMs of stars in our target fields using the same technique as

used in Sohn et al. (2015, 2016). Readers interested in the details of the PM mea-

Table 3.1: HST Target Fields and Observations

R.A. Decl. Epoch 1 Epoch 2 (Prog. ID 13834)
Target Fields  (J2000) (J2000) Prog. ID  Epoch Exp. Time (s)* Epoch  Exp. Time (s)*
HST-BG1 02:04:11.2 —76:16:11.5 12286 2011.49 2132 2015.43 9126
HST-BG2 02:30:41.6 —73:53:43.3 9488  2003.20 2400 2015.21 8757
HST-BG3 04:21:05.0 —74:02:26.9 9488  2002.72 1800 2015.68 9246

%Total exposure time of the F775W observations used for astrometric analysis.
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surement process are referred to those papers. In short, we created high-resolution
stacked images by combining our second-epoch data, identified stars and background
galaxies from these stacks, constructed templates for stars and galaxies, determined
template-based positions of stars and galaxies on images in each epoch, and measured
displacements in positions of stars with respect to the background galaxies between
the two epochs. We also measured photometry for each star in our target fields in the
F606W and F775W bands. To do this, we used AstroDrizzle (Gonzaga & et al. 2012)
to combine images for each field per filter and measured the flux within aperture
radius of 0.1 mas (i.e., 4 ACS/WFC pixels) from the center of each stars. Aperture
corrections were carried out to infinity following the method by Sirianni et al. (2005).
The photometry was then calibrated to the ACS/WFC VEGAMAG system using the
time-dependent zero points provided by the STScl webpage.

Figure 3.5 illustrates the selection of Magellanic Bridge stars in our HST fields.
The top panels show the CMDs, while the lower panels show the PM diagrams of all
stars detected in the images. Selection of Magellanic Bridge stars in the target fields
is straightforward since the PM diagrams exhibit conspicuous clumps as expected
for groups of stars co-moving in the same direction. We first identified these clumps
and selected candidate members of the Magellanic Bridge based on their distance
from the average (uw, pn) of the clumps. For this we define a local reference frame
for pw and px with uw = —(da/dt) cos(d) and puy = dd/dt. We then inspected
the CMDs to verify that the majority of stars in the clump are consistent with an
LMC- or SMC-like stellar population. The overlaid isochrones in the top panels of
Figure 3.5 were adopted from the Dartmouth Stellar Evolution Database (DSED,
Dotter et al. 2008), and represent such a population. Our goal here is not to carry

out a detailed stellar population study for each field but to use the CMDs to select
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highly probable members of the Magellanic Bridge. With this in mind, we allowed a
fairly wide range in color relative to the isochrones when selecting members, and only
filtered out stars noticeably segregated in the CMD. Most of the non-members are
far redder than the selected Magellanic Bridge candidates, and are most likely giant
stars in the MW halo that happen to lie in the same region occupied by the Bridge
stars in the PM diagram. We would add that all of the isochrone ages displayed
represent populations formed before the most recent interaction between the SMC
and LMC. The average PMs of selected stars in each field were then calculated by
taking the error-weighted mean, and the uncertainties of the averages were computed
by propagating the individual PM uncertainties. We have also added the uncertainties
originating from setting up the stationary reference frame using galaxy positions in
quadrature, which typically dominates the final PM uncertainties. Results are shown
in Table 3.2. We note that our results are insensitive to the CMD selection of Bridge
stars. For example, we repeated our selection using a much more conservative criteria
(i.e., only allowing stars consistent with the isochrones in Figure 3.5 within their color
errors), and the resulting average PMs are all consistent with those in Table 3.2 within
their 1o uncertainty. We have also verified that there are no correlations between the
locations in the CMDs and the PM diagrams for the selected Bridge stars.

In addition to the three fields measured using the background galaxies, five addi-
tional fields were observed with the intent to use background quasars to measure the
PMs (e.g., as in Kallivayalil et al. 2013). The first epoch was observed in late 2014
as part of the original program and a new second epoch was observed in late 2017
as part of our HST program GO-14775 (PI: van der Marel). However, the sample
of spectroscopically-confirmed QSOs available at the time were very bright compared

to the average Bridge star, and even though we designed our HST observations with
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short and long exposures in order to try to mitigate this, due to the tension between
avoiding saturating the bright quasar while still observing a sufficiently large number
of stars in the fields, we were unable to successfully measure high-quality PMs for
these five fields. The resultant errors were roughly on the order of 1 mas yr~!, and

are not competitive with the dataset compiled above.

3.3 Data Analysis & Model Comparisons

3.3.1 Data Analysis

For our analysis, we need the motions of the stars relative to the Clouds, not just
their absolute motions. However, as our sample stretches across tens of degrees on
the night sky, simply subtracting the systemic motion of the SMC (chosen as the
zero-point for the system) is incorrect as the projection of the systemic motion onto
the plane of the sky will shift dramatically. To address this we correct for the viewing
perspective at each star, as outlined in van der Marel et al. (2002), in addition to
subtracting the systemic SMC motion (uw = —0.82 mas yr~' and py = —1.21 mas
yr~1, Zivick et al. 2018; consistent with the PM found by Gaia Collaboration et al.

2018c). With all of the individual motions shifted into this standard frame, we then

Table 3.2: Proper Motion Average and Dispersion for the Magellanic Bridge Stars in
the HST Fields

Hw HUN
Field mas yr! mas yr—! NY
HST-BG1 —1.638+0.052 —1.4214+0.052 259
HST-BG2 —1.503+£0.020 —0.799 +£0.020 177
HST-BG3 —1.960+£0.013 —0.326 +0.013 912

Note. — a. Number of Magellanic Bridge stars included in the PM calculations.
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transform the positions and PM vectors into a Cartesian frame, as defined in Gaia
Collaboration et al. (2018c¢), to allow for consistent calculations of motion along the
Bridge. We define the z-axis as the line connecting the kinematic centers of the
SMC ((«, 6) (J2000) = (16.25°,—72.42°)) and LMC (78.76°, —69.19°) with positive
in the direction of the SMC. The arrangement of our sources in this reference frame
can be seen in Figure 3.4. We use this reference frame in all later analyses and
comparisons to models and refer to proper motions calculated in this way as "relative
proper motions” in the figures. This same process of viewing-perspective correction
and transformation is applied to the PMs of the three HST fields as well in addition
to the systemic motion of the LMC at its kinematic center.

In Figure 3.6 we plot the resulting median residual PM vectors relative to the SMC
center of mass (COM) PM, separated in 0.5° x 0.5° degree bins across our selected
region, with the two stellar populations indicated by our color convention. To help
ensure that the displayed vectors are representative of the behavior at that location,
only bins where there are five or more stars present are displayed. We see that
the different stellar populations do not display significant differences in the vectors
across the Bridge. However, we do see that when the absolute motion of the Small
Magellanic Cloud is subtracted out, the residual Bridge motions display a general
pattern of pointing away from the SMC towards the LMC. We display the measured
motions for the HST fields as well, which show a general agreement in the direction
of motion, albeit different in the magnitude of the motion.

For the analysis, we keep all units in observed quantities, as converting to physical

units, such as km s!

, would require assumptions about the 3D structure of the Bridge.
We found from our analysis that the Gaia parallaxes, while efficient at removing

foreground stars, are not good enough to afford improved insights into the distances
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along the Bridge (median parallax errors of ~ 0.05 mas for stars brighter than G < 17,
where expected parallax at 50 kpc is ~ 0.02 mas). The resulting relative motions for
the different stellar populations are shown in Figures 3.7 and 3.8, and are discussed
below.

Given the large number of stars in our samples, for display-purposes we group the
data every 0.2 degrees. Within each group, we calculate the error-weighted average
PM and the standard error of the weighted average. This error calculation only cap-
tures the random error of the measurements, not the spatially correlated systematic
errors in the Gaia DR2 catalog, which Lindegren et al. (2018) finds to between ~ 0.07
mas yr~! for sources averaged over less than a degree and ~ 0.03 mas yr—! for sources
averaged over ~ 10 degrees or more. These average PMs are marked in Figures 3.7
and 3.8 by the color points with the raw data plotted as the gray points in the back-
ground. We note that for each bin the errors are displayed but that for many of the
bins the resulting standard error is smaller than the points. The ‘raw’ data display
roughly similar spreads in PM. Potential differences could readily be attributed to
the difference in the spatial distribution of the two populations, with the MS stars
relatively tightly clustered together while the RG stars are spread out over nearly ten
degrees.

We additionally display a range of possible LMC-bound motions, drawn from
the rotating disk model of the LMC from van der Marel & Kallivayalil (2014), as a
light green region. The HST motions are shown as red squares in each Figure with
their calculated errors, which illustrate the motion of older MS and turn-off stars.
Reassuringly, we see that for both the MS stars and RG stars the HST motions agree
quite well with the Gaia data. We note that the errors displayed are scaled the same

for both HST and Gaia so the comparable precision of the HST fields is real, despite
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the far fewer number of stars that have been averaged in each field. This illustrates
that HST remains unique for small-field astrometric studies at faint magnitudes and

large distances.

3.3.2 H 1 and Stellar Comparisons

As discussed briefly in Section 3.2.1, while two distinct MS branches are discernible
in Figure 3.2, the kinematic and spatial properties of the two branches are not signifi-
cantly different. As such we choose to consider all MS stars together. For these young
stars, we test for potential correlations with the H T gas distribution in the Bridge.
For this comparison, we use the H I data from Putman et al. (2003), and in Figure
3.9 plot the gas intensity in addition to the locations of the MS stars. The correlation
between the H I and the stars is immediately clear from the Figure, a trend that has
been demonstrated in previous studies (Skowron et al. 2014, e.g.,). We can see a large
overlap of young stars with the dense arm of H I gas stretching out towards the LMC.
We also note that slightly further out, at ~ 8 degrees, we observe a slight overdensity
of young stars that falls between two peaks in the H I gas. Given the tight spatial
correlation between the gas and the stars, we can infer that the behavior of these
stars should indeed be similarly correlated with the kinematics of the underlying gas.

Given the preferred age of tens of Myr for the MS stars and this tight correlation,
we can interpret the two different populations as pre- and post-interaction with the
LMC, as the RG stars are on the order of 1 Gyr old and the collision timeframe has
been constrained to be roughly 100 Myr ago (Zivick et al. 2018). With this framework
in mind, we look at the differences in behavior between the MS and RG stars, focusing
on the weighted average PMs of each to compare the populations (shown against each

other in Figure 3.10).
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In the z-direction, there appears to be a slight offset between the old and young
populations with the MS stars having systematically larger negative PMs than the
RG stars. Using the difference of the averages divided by the errors summed in
quadrature as a statistic of significance, we find almost every bin before 7 degrees
to be significant at the 30 level or greater. Even when accounting for the potential
systematic error introduced by the spatial correlations (assumed to be ~ 0.04 mas yr—*
given the intermediate spatial scales listed earlier), many of the individual bins still
remain significant at the 3o level. Past 7 degrees the stellar sparsity makes statistical
comparisons difficult, so we refrain from over-analyzing the trends. Interestingly in
the y-direction we observe no such significance. Indeed across most of the Bridge,
even in the sparse regions, the MS and RG populations appear to generally agree with
each other. However, this is not an entirely unexpected result given the comparisons
of the two Models, discussed further below. We do note the apparent structure in
i, for the RG stars with a cluster of points above 0.0 mas yr—!, stretching from ~
6 degrees to 10 degrees. However, further examination of these stars does not reveal
any significant spatial correlations or correlations in p,. One potential explanation
would be that this is a detection of the RG tidal features of the SMC and LMC found
in Belokurov et al. (2017).

We also compare the location of the LMC-disk PMs to the data. In both the
x- and y-directions we see the RG data matching well with the predicted PMs of
the disk, though we note that this only holds true for near the LMC. Within ~ 10
degrees of the SMC, one observes a clear shift in the behavior of the stars. For the
MS stars, the agreement is not as clear. The PMs in the z-direction appear to have a
rough agreement, but there is a noticeable offset in the y-direction. We posit that the

MS stars measured here originated from H I gas not initially belonging to the LMC
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as an explanation for this disparity, but given the sparsity of the data, refrain from

attempting further analysis.

3.3.3 Model Comparisons

To understand the implications for the Magellanic system, we compare our data
against simulations of the interactions between the Clouds from Besla et al. (2012).
Two models are explored, one in which the SMC and LMC interact tidally but remain
relatively well-separated from each other (~ 20 kpc separation), referred to as Model
1, and one in which the SMC and LMC collide (~ 2 kpc separation), referred to as
Model 2. In Model 1, the Bridge forms out of gas and stars tidally stripped from
the SMC by the LMC. However, in Model 2 the SMC gas undergoes ram pressure
stripping after encountering the LMC gas as it passes through the LMC’s disk. This
hydrodynamic interaction enhances the density of the stripped gas and forces the
corresponding stars that form in-situ to trace the SMC’s motion back towards the
LMC. From the presence of in situ star formation known already in the Bridge (e.g.,
Harris 2007), we have reason to prefer the latter scenario, but our data allow us
to further constrain the interaction history. For more details on the computational
aspects of the simulations, please refer to Besla et al. (2012).

The results from the simulations, similarly transformed and binned as our data,
are displayed against the average PMs of the data in Figure 3.10 (Model 1 in purple,
Model 2 in lime-green). We convert the physical units of the simulation (kpec, km
s71) to observed quantities (degrees, mas yr—!) to reduce the number of assumptions
required for manipulating the data. For this conversion, we adjust the center of
mass (COM) position of the modeled SMC to match the observed COM location of

the SMC. Note that the Bridge in Model 2 does not extend as far as in Model 1
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(the area marked by the dashed black lines in Figure 3.4 denote the area covered by
Model 2, whereas Model 1 covers the entire area of the figure), limiting our ability
to fully compare to our data. Nonetheless, the models do clearly predict distinct
and different PM signals. Additionally, when we test limiting the spatial selection
of our data for comparison to Model 2, we do not find any noticeable shifts in the
average PMs for either the MS or RG populations. As a result, we choose to present
kinematic information for all stars in the Bridge area. The two models diverge in
the z-direction providing a clear test for comparison. The predicted motions in the
y-direction are not as starkly different near the beginning of the Bridge, but we note
that the continuation of Model 1 beyond ~ 6 degrees from the SMC does provide
some additional discriminatory power.

Before comparing the observed data to the simulated data, we note that the
exact magnitudes of the motions are not a point of emphasis. Given the number of
parameters involved in setting up the simulation, and with total LMC & SMC masses
being crucial unknowns in this, we do not expect that our data will perfectly replicate
the predictions of the models. Instead we focus on comparisons of the trends in the
data and the models to help provide a physical intuition for interpreting the data.
That being said, perhaps surprisingly, we do find that the magnitudes of the PMs of
the predicted and observed data along the Bridge do live in the same ballpark.

In comparing the data to Model 1 in Figure 3.10, we see a distinct disagreement
between data and model in the z-direction. From the closest point in to the SMC,
the values begin to diverge. In the y-direction, the difference is not as dramatic close
to the SMC, but as the simulation data approaches the LMC, the predicted motion
continues to increase in a positive direction while our observed data trends in the

opposite direction, ending with a difference of almost 1 mas yr~!'. For Model 2, the
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predicted motions along the z-direction agree well with the observed data, although
we are limited in the extent of our comparison beyond ~ 6° from the SMC center.
However, this limitation itself provides a potential test as the shorter Bridge forms as
a result of the direct collision and the resulting gas interactions between the SMC and
LMC. Interestingly, we observe a distinct decline in the number of MS stars beginning
around a similar distance into the Bridge as in Model 2. In the y-direction, we see
a similar difference in the magnitudes of the motions as with Model 1, although not
at as significant a level of disagreement, and the trend directions of both models and
data roughly agree within 6° of the SMC.

In both models, the SMC is initially modeled as a rotating disk in a prograde
orbit about the LMC, which enables the formation of the Magellanic Stream via tidal
stripping. In Model 1, the lack of a direct collision means that the SMC disk retains
ordered rotation. As a result, the tidally stripped material that forms the bridge
contains residual signatures of the disk rotation, resulting in the positive motion
along both the x and y direction in Figure 9. In contrast, in Model 2, the SMC disk
is destroyed in the collision (Besla 2011; Besla et al. in prep). As such, both stripped
stars and gas track the motion of the SMC back towards the LMC, without any
rotation. Given the known structure of the H I gas, and now the observed motions of
stars moving away from the SMC, we find strong evidence for the scenario of a recent

direct collision.

3.4 Discussion & Conclusions

We present the first detailed analysis of the PM kinematics of the stellar component of
the Magellanic Bridge using a combination of Gaia and HST data. In the Gaia data

we examine two different stellar populations, the MS and RG stars. In both cases,
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we use Gaia parallaxes, photometry, and kinematics to help discriminate between
foreground stars and SMC/LMC stars. The Gaia-selected data span the entire length
of the Bridge between the two Clouds. We point to the observable split between
two main sequence populations to illustrate our ability to select a "clean” sample of
Magellanic stars.

Milky Way contamination is less of a concern with the HST data. There we mea-
sure PMs in three Bridge fields, two relatively close to the SMC and one relatively
close to the LMC. The PMs are measured with respect to background galaxies and
over baselines of ~ 4 — 13 years. We pick up a much fainter, and relatively old
population of MS and turn-off stars with HST compared to Gaia as would be ex-
pected. One of the HST field locations overlaps with the Gaia data, while the other
two probe independent directions along the Bridge. The overlapping field gives us
an opportunity for a direct comparison between Gaia PMs and HST-measured PMs,
albeit targeting different stellar populations, and these two independently-measured
PM sets are found to be consistent with each other.

The different stellar populations probed by our datasets, in turn, give us an op-
portunity to investigate population-based structure and kinematics. The young MS
stars display a strong spatial correlation with the underlying H I gas, unlike the RG
stars that trace a broader dispersed structure around both the SMC and LMC. How-
ever, for the kinematics, both the RG and the MS stars exhibit similar behavior in
increasing magnitude of their motion towards the LMC. The other component of their
motion in the plane of the sky remains roughly consistent with the systemic motion
of the SMC, only decreasing near the LMC.

We compare the PM kinematics along the Bridge to predictions from two numer-

ical simulations of the interaction-history of the Clouds from Besla et al. (2012). The
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two different numerical simulations examined both consider the Bridge to be caused
by tidal disturbance of the SMC by the LMC on a recent (~ 100 Myr) past encounter,
but in Model 1, the Clouds remain relatively well-separated, with perhaps a grazing
past encounter with an impact parameter of ~ 20 kpc, while in Model 2, the SMC
goes directly through the LMC, with an impact parameter for the encounter of ~ 2
kpc (for reference, the LMC’s disk radius is 18.5 kpc Mackey et al. (2016)). As such,
Model 2 also allows for a hydrodynamic interaction between the SMC and LMC gas
disks and ultimately destroys any signature of rotation in the SMC main body (Besla
2011). These two models predict different kinematic signatures in the z-direction,
defined as the axis that lies along the line that connects the centers of the LMC and
SMC (see Figure 3.4), and when compared against the observational data, we find
strong agreement with the direct collision model (Model 2). Combined with previous
studies on the interaction parameters of the Clouds (e.g., Besla et al. 2012; Zivick
et al. 2018), the growing body of evidence heavily favors such a direct collision (e.g.,
Oey et al. 2018), with an impact parameter of a few kpc.

Future work in this area will consist of continuing to draw in other types of data
sets (e.g., star formation histories, metallicities) to build a more holistic view of the
history of the Clouds. This includes deeper examinations of the gas content of the
Clouds where recent work has helped constrain the histories both using H I data
(McClure-Griffiths et al. 2018) and molecular gas (Fukui et al. 2018). Future data
releases from Gaia will also continue to improve in data quality, but specifically,
improvements in the parallaxes will allow us to include distances along the Bridge
both as a constraint in the interaction history and more broadly to better separate out
Magellanic debris (Bridge(s), Stream(s)) from Milky Way pollutants. Better distances

for the Magellanic RGs will also aid a more rigorous investigation of population-based
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kinematic differences in the Bridge.

Additionally, analysis of the PM kinematics of the stellar populations of the SMC
main body from Gaia along the lines of the analysis present here, will allow us to
better constrain its geometry. At present, there is little evidence for internal rotation
in the SMC, and strong evidence that the main body is being tidally disrupted, based
largely on HST data (Zivick et al. 2018). The addition of radial velocities will also
add one more piece to the puzzle of the Magellanic Clouds, which are looking more
and more like a local analog of the Antennae galaxies. As shown by Figure 3.9,
perhaps the most striking aspect of the data set presented here is the strong spatial
correlation between H I gas in the Bridge and very young stars. Clearly the Clouds
are an ideal laboratory to study star formation in a low metallicity regime.

On the numerical side, upcoming work will explore the impact of the LMC—SMC
collision on the structure of the SMC main body (Besla et al. in prep). Future
studies including a more realistic treatment of star formation are needed to better
understand the consequences of the recent violent interaction history to the star

formation histories of the Clouds.
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Fig. 3.1.— Gaia source density count around the Magellanic System with cuts made
as described in 3.2.1 for astrometric quality. The green crosses mark the locations
of the assumed centers of the LMC and SMC, and the red box indicates the area
examined further for Bridge dynamics. (0,0) is defined as the kinematic center of the
SMC.
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Fig. 3.2.— Color-Magnitude Diagram of the selected Bridge region. All stars in the
region are marked in gray. The blue colored points indicate the stars selected by our
mask as main sequence stars, and the orange-red colored points indicate the red giant
mask. From left to right the PARSEC isochrones are 10 Myr (solid blue line), 30 Myr
(dashed dark blue line), and 800 Myr (solid red line), all more metal-rich than [M/H]
> —0.65.
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Fig. 3.3.— Proper motion diagram for the selected Bridge stars. All stars present in
the region are marked in gray. The blue lines indicate the PM region identified as
belonging to the Magellanic system. The light green square indicates the PM of the
SMC and the light green star indicates the PM of the LMC.
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Fig. 3.4.— Bridge region with the main sequence (MS) population marked in blue and
the red giant population (RG) marked in orange-red. The frame has been rotated such
that the z-axis now lies along the line between the assumed centers for the LMC and
SMC, where (0,0) is the center of the SMC. The area comparable to Model 2 (discussed
in 3.3.3) has been outlined in black for easier comparison, and the locations of the
HST fields are marked with brown stars. The RG population has been randomly
subsampled down to the level of the MS stars to allow for easier comparison of the
spatial correlations.
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Fig. 3.5.— Color-magnitude (top) and proper motion diagrams (bottom) for the
three HST fields. Stars selected as belonging to the Magellanic Bridge are plotted in
red while non-members are plotted in gray. In the top panels, we overplot isochrones
with metallicities [Fe/H| = —1.0 and ages 0.25, 1, 3, 5, and 10 Gyr to represent stellar
populations expected in these regions. Distances of 62, 62, and 50 kpc were adopted
respectively for BG1, BG2, and BG3. We applied reddening to the isochrones based
on the F(B — V) values estimated from interpolating the reddening maps of Schlegel
et al. (1998), and the total absorption values were adopted from Table 6 of Schlafly
& Finkbeiner (2011).



80

h

= %S ¥ ¥ ¥ v ¥

| 8
Y

“.‘ﬁ\\.\?\r»
, L S U SNEA SR

Distance from SMC Center (degrees)
o
L3

16 14 12 10 8 6 4 2
Distance from SMC Center (degrees)

Fig. 3.6.— Vector field of the residual PMs of the stellar populations in the Bridge
relative to the SMC COM PM. The RG stars are displayed in orange-red, and the MS
stars in blue. The HST fields are marked in brown. The locations of each population
are displayed in the background for reference. The median vectors are created from
0.5° x 0.5° bins and are only calculated if five or more stars are present. A reference
vector of 1 mas yr~! is provided at the top of the figure in black. The largest Gaia
vector has a length of 1.01 mas yr—.
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Fig. 3.7.— (Left) Relative proper motions of the stars in the Bridge along the x-axis
as a function of angular distance from the center of the SMC. All MS stars selected
as part of the Bridge are displayed in gray. To understand the typical motion as a
function of distance across the Bridge, the data are binned every 0.2 degrees, and
the resulting error-weighted average PM in each bin is displayed in blue along with
the standard error for weighted averages. The systematic errors of the Gaia DR2
catalog are not displayed. The motions of the HST fields are marked in brown and
the LMC-disk PMs by the light green region on the lefthand side of the plot. The
vertical dashed line indicates the limit of comparison to Model 2, and the horizontal
dashed line at 0 mas yr~! is a guide for the eye. (Right) Same as for the left plot but
for the motion along the y-axis.
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Fig. 3.8.— (Left) Relative proper motions of the older stars in the Bridge along the
z-axis as a function of angular distance from the center of the SMC. All RG stars
selected as part of the Bridge are displayed in gray. To understand the typical motion
as a function of distance across the Bridge, the data are binned every 0.2 degrees,
and the resulting error-weighted average PM in each bin is displayed in orange-red
along with the standard error for weighted averages. The systematic errors of the
Gaia DR2 catalog are not displayed. The motions of the HST fields are marked in
brown and the LMC-disk PMs by the light green region on the lefthand side of the
plot. The vertical dashed line indicates the limit of comparison to the models, and
the horizontal dashed line is at 0 mas yr~! as a guide for the eye. (Right) Same as
for the left plot but for the motion along the y-axis.
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Fig. 3.9.— (Top) H I gas intensity map from Putman et al. (2003) with lines of
constant RA and Dec provided for reference. The LMC is the large structure in the
middle left of the panel and the SMC is located below and to the right of the LMC
with the Bridge stretching between them. (Bottom) The H I map transformed into
our working frame with the location of the selected MS stars overplotted in blue.



84

:‘ —Model 1 : —Model 1
1 Model 2 1 Model 2
05| : 05| Pt
5 : 5 | » + :“
1 Mcialie o8 P0NS0n o
P A S L N S — —_ | ~ ool- ______|.+_ﬁ_??_:_‘ =
\; 0.0 #. + -4 : < ‘;, 0.0 ¥¢ +I+. ++T+ +* *Ig \
g : * g . !
£ R E @t o !
£ 050 o l++ "'’ + £ -05 . '
" o ++‘++’% 1 ¢ i
o # } : "
-1.0 + ) , -0} ,
-15 : -15 :

. . . . . .
12 10 8 6 4 2 0
Distance from SMC Center (degrees)

. L L . . L L
12 10 8 6 4 2 0 14

Distance from SMC Center (degrees)

16

Fig. 3.10.— (Left) Error-weighted average relative PMs along the Bridge in the x-axis
direction, calculated as described in Section 3.3.1 for the RG (orange-red) and MS
(blue) stars. The motions of the HST fields are marked by the brown squares and
the LMC-disk PMs by the light green region on the lefthand side of the plot. The
predicted motions from the two models are plotted here as well (purple for Model 1,
lime-green for Model 2). The average error for the models is on the order of ~ 0.1
mas yr—!. Model 2 allows for a direct collision between the SMC and LMC while
Model 1 assumes they do not. At the start of the Bridge (~ 2 degrees from the
SMC) Models 1 and 2 begin diverging, with Model 2 motions having a similar trend
as both the observed RG and MS star motions. (Right) Same as the left plot but for
motion along the y-axis. Near the start of the Bridge, Models 1 and 2 do not provide
significant discriminating power. However, as Model 1 continues for the length of the
Bridge, we observe a clear divergence from the data for both the RG and MS stars
on approach to the LMC-side of the Bridge.
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Chapter 4

Deciphering the Kinematic Structure

of the Small Magellanic Cloud

through its Red Giant Population

The following text is in preparation for an upcoming manuscript and has been lightly
edited for this format.

Summary

We present a new kinematic model for the Small Magellanic Cloud (SMC), using
data from the Gaia Data Release 2 catalog. We identify a sample of astrometrically
well-behaved red giant (RG) stars belonging to the SMC and cross-match with pub-
licly available radial velocity catalogs for SMC RGs. We create a mock spatial model
of the SMC using the observed RG spatial structure and a distance distribution de-
rived from the RR Lyrae population. We examine the kinematic effects of changing
the assumed dynamical center, the systemic proper motion (PM), the addition of a
rotating disk, and for the first time in SMC observational modeling, the effects of

tidal expansion due to the LMC. We then compare this mock 3D kinematic cata-
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log to the observed PMs and radial velocities of the SMC RG population. We find
a combination of rotation and tidal expansion is required to explain the kinematic
signatures. Our best-fit model presents a clear divergence from previously inferred
rotational geometries, including the SMC HI gas model and the red giant (RG) radial
velocites (RVs) model. This extends to both the inferred kinematic center, which
is closer to the center measured from RR Lyrae, and the systemic PM of the RG
population, which appears significantly more westward than the PM measured using
a mix of old and young tracers. Taken together this suggests the need to treat the

SMC as a series of different populations with distinct kinematics.

4.1 Introduction

More than a decade ago, our paradigm for the Magellanic Clouds shifted with the
measurement of proper motions for the Large and Small Magellanic Clouds (LMC
and SMC, respectively). Proper motion (PM) measurements of the Clouds made
using the Hubble Space Telescope (HST) (Kallivayalil et al. 2006a,b) in conjunction
with orbital integrations of their interactions with the Milky Way (MW) revealed a
strong preference for the first infall scenario (Besla et al. 2007), supported by follow-
up analysis shortly thereafter (Piatek et al. 2008). Since then, both the systemic
properties and internal dynamics of the LMC have been well-studied (e.g., Olsen et al.
2011; Kallivayalil et al. 2013; van der Marel & Kallivayalil 2014; Platais et al. 2015).
However, its smaller companion, the SMC, has proven significantly more challenging
to fully characterize, in large part due to its complicated interaction history with the
LMC.

In particular, the question of rotation in the SMC has remained frustratingly

inconclusive. Stanimirovi¢ et al. (2004) produced one of the first detections of a
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gradient in the radial velocities (RVs) of the HI in the SMC, finding that the gradient

! inclined out of the

was well fit by a rotating disk, up to a velocity of 60 km s~
plane of the sky. An examination of RVs of the red giant (RG) population of the
SMC by Harris & Zaritsky (2006) did not reproduce this, instead finding inconclusive
evidence for rotation in the SMC. Interestingly, a RV study of the OBA stars in the
SMC (Evans & Howarth 2008) did find evidence for rotation in the stars (~ 26 km
s7! deg™!), albeit with a different inclination angle and line-of-nodes position angle
(LON PA) than those found for the HI, creating a complicated picture of rotation in
the SMC.

Two more recent studies have reinforced this disagreement between the type of
tracer and the resulting inferred rotation. Dobbie et al. (2014) (hereafter D14) con-
ducted a spatially broader study of the RG stars than Harris & Zaritsky (2006). With
the larger sample, they found a measurable gradient in the RVs, inferring an observed
rotation curve between 20-40 km s™!, potentially larger than their measurement of
the internal dispersion of the SMC (~ 26 km s™!), and an inclination and LON PA
consistent with that of Evans & Howarth (2008). While it may seem unusual, the
detection of a rotational signal in the SMC at larger radii but not smaller radii is
consistent with results of SMC simulations (Besla et al. 2012).

For HI, Di Teodoro et al. (2019) (hereafter DT19) provided the highest resolution
measurements of the gas in the SMC to date. Using the new measurements, they
found a plane of rotation consistent with that originally inferred by Stanimirovié
et al. (2004), with improved errors and constraints on the uncertainty in the model
fit. Intriguingly, a slight preference for this rotational geometry was also found in a
more recent analysis of OB stars by Lamb et al. (2016), at odds with other stellar

measurements. However, for all of these works, a key uncertainty lies in only measur-
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ing motion in one direction, leaving open the possibility for PM measurements (that
complete the 3D velocity vector) to potentially begin to resolve these tensions.

The first PM insights about the internal kinematics of the SMC began with Kalli-
vayalil et al. (2006b), where they measured PMs for five different fields in the inner
regions of the SMC with HST, enabling a measurement of the center-of-mass motion,
but not strong constraints on the internal velocity field. Kallivayalil et al. (2013)
improved the precision for these five fields, but the spatial distribution of the fields
prevented further analysis into the question of rotation. van der Marel & Sahlmann
(2016) used PMs from the Tycho-Gaia Astrometric Solution Catalog (Lindegren et al.
2016), a combination of Gaia Data Release 1 (Gaia Collaboration et al. 2016a,b) and
the Hipparcos Tycho-2 Catalog (Hog et al. 2000), to add another eight PM data points
to constrain the velocity field of the SMC. Their resulting analysis found inconclusive
evidence for rotation, limited in part by the relatively small number of data points.

Zivick et al. (2018) attempted to expand this data set, using HST to measure
PMs for another 28 fields, sampling a broader region around the SMC, but kept their
analysis for rotation restricted to the plane of the sky as well. While the measurement
of a rotation signal proved inconclusive, the analysis did reveal coherent motions in
the southeastern portion of the SMC moving radially outwards, in the direction of
the Magellanic Bridge and LMC, potentially indicative of tidal expansion. Finally,
the release of Gaia Data Release 2 (DR2) (Gaia Collaboration et al. 2018b) vastly
expanded the catalog of PMs for the SMC, opening up for the first time the ability for
the PM data to constrain the inclination and LON PA of the rotation model in the
SMC. The initial analysis of the SMC (Gaia Collaboration et al. 2018¢) found a weak
rotation signal throughout the SMC with a LON PA different from that measured

from the RG stars in D14 and the HI in DT19. De Leo et al. (2020) presented the latest
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attempt to understand the SMC internal kinematics by combining an expanded RV
RG catalog with Gaia PMs. They found evidence for significant tidal fragmentation
in the distribution of the stars but no sign of a coherent rotation curve.

Given the unusual nature of the SMC and its interaction history with the LMC,
constraining the presence of rotation within the SMC may provide us a window into
its previous form. The presence of coherent rotation in the outskirts of the SMC would
be a marked contrast to the primarily dispersion-supported interior, suggesting that
we are witnessing the transition of the SMC from a dwarf irregular galaxy to a dwarf
spheroidal galaxy (Besla et al. 2012). Improving the constraints on the magnitude and
direction of rotation could additionally aid in informing the set of initial conditions
used in simulating the interactions between the LMC and SMC, in turn improving
our understanding of their joint history with the MW as well.

In simulations we have perfect knowledge of the 6D phase space information of
the motions and locations of particles, but creating a comparable observational data
set is challenging. Gaia DR2, however, now provides us an opportunity to synthesize
all the observational efforts aimed at understanding SMC structure and to begin to
piece together a more holistic picture of the SMC. Here, we use a forward modeling
approach, creating a mock SMC data set that we transform into observational kine-
matic space, with a view to match the Gaiadata. In addition to the tens of thousands
of PMs in the Gaia DR2 Catalog, we cross-match with past RV studies, which are
admittedly more sparse than the Gaia PMs, but bring us closer to producing a truly
3D observational data set for the stars. We compare this unique data set to our mock
SMC to disentangle the complicated internal kinematics of the SMC.

In Section 4.2, we describe our selection of Gaia DR2 data, both for astrometric

quality and SMC membership, as well as cross-matching with existing RV catalogs.
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Section 4.3 first details the creation of our spatial model of the SMC and the kinematic
model applied to create a catalog of mock data. We then discuss our methodology for
a quantitative comparison to the data. In Section 4.4 we analyze previous literature
results by generating a mock dataset using their inferred kinematic properties and
comparing to the data. We also present our best-fit kinematic model from the explored
parameter space. Finally, in Section 4.5 we summarize our efforts in modeling the
SMC and forecast ahead to future work for further improving our understanding of

the SMC internal kinematics.

4.2 Data Selection

4.2.1 Gaia DR2 Selection

For our analysis, we select all stars from the Gaia DR2 catalog within roughly 5
degrees from the optical center of the SMC using pygacs!. We then apply a series of
initial cuts to jointly select both astrometrically well-behaved stars and stars likely
to belong to the SMC. To remove MW foreground stars, we require all stars in our
sample to have a parallax < 0.2 mas and a proper motion within 3 mas yr=! of the
SMC systemic motion (uy = —0.82 4+ 0.1 mas yr~! and puy = —1.21 £ 0.03 mas
yr~! from Zivick et al. (2018)).

Next we apply the following cut to the renormalized unit weight error (RUWE)
as described in the Gaia technical note GAIA-C3-TN-LU-LL-124-01:

X*/(N —5)

14 4.1
wc.o) (4.1)

https://github.com/Johannes-Sahlmann/pygacs
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Fig. 4.1.— Gaia DR2 sources after initial astrometric cuts have been applied to the
data, displayed in a Cartesian coordinate system as outlined in Gaia Collaboration
et al. (2018c). The zero point is set to the best-fit center for the RG population (the
red “x”), described in Section 4.2. The inferred kinematic center from H I gas is marked
by the blue star, and the geometric center derived from the RR Lyrae population is
marked by the green square. The SMC Wing can be seen on the eastern (left) side
of the SMC, heading towards the Magellanic Bridge and the LMC. We also note the

empty patch on the right side of the figure as the location of 47 Tuc, which has been
removed from our sample by our astrometric criteria.
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which uses the following Gaia properties:

N = astrometric_n_good_obs_al,
X2 = astrometric_chi2_al,

uo = Normalization factor (G,C), (4.2)
G = phot_g_mean_mag,

C = bp_rp.

. We additionally apply a cut for the color excess of the stars, as described in Gaia
Collaboration et al. (2018a) Equation C.2. As we are concerned primarily with the
bright, astrometrically well-behaved stars, and to provide another check to avoid
MW contamination, we select stars brighter than G < 18, leading to the final source
densities in Figure 4.1. We note the conspicuous absence of 47 Tuc on the right side of
Figure 4.1 as an example of the power of Gaia DR2 to remove potential contamination
from spatially coincident sources.

With this initial astrometric selection we move to further isolate the SMC stars.
Examining the color-magnitude diagram (CMD) in Figure 4.2, we identify two clear
SMC stellar tracks in our sample: the main sequence (MS, marked in blue) and the
red giants (RG, red). The SMC red clump is also observable near the bottom of the
CMD, but due to worsening astrometric performance at G > 18, we do not examine
it further in this work. We also present all sources with a cross-matched RV (see
Section 4.2.2 for more details) in green.

We do note the presence of a likely third stellar sequence, a group of red super-
giants (RSG) located just blueward of the RG branch, that contains a number of the
RV-measurements. However, rudimentary isochrone fits to the RSG sequence find a

good agreement to an age ~ 150 Myr. As this age is consistent with the most recent
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time of peak interaction between the LMC and SMC (Martinez-Delgado et al. 2019;
Joshi & Panchal 2019), which may introduce complex kinematic signatures into the
data, we choose to leave a more thorough study of this intermediate age population
to a future effort.

We next consider the spatial structure of these populations in the top panel of
Figure 4.7. The MS and RG populations show a marked difference in their structure.
The MS stars occupy an irregular distribution, roughly tracing the main optical body
of the SMC with minimal presence in the SMC halo, and with numerous smaller
clumps embedded within the larger structure. The RG population, however, appears
to be approximately azimuthally isotropic, with only a radial dependence for its
spatial density. This difference extends into the PM space as well (bottom panel
of Figure 4.7), where the center of the RG PM distribution, fit with a Gaussian, is
markedly offset from the bulk of the MS PMs. The distribution of the PMs also
appears different, with the RGs having a smoother distribution while the MS have
clear asymmetries towards the left side of the figure. Given the smoother distribution
of the RGs in both spatial and kinematic dimensions and the wealth of literature on
the structure of older stars in the SMC (e.g., Subramanian & Subramaniam 2012;
Jacyszyn-Dobrzeniecka et al. 2017), we hereafter consider only the RGs as the focus

of our analysis.

4.2.2 Radial Velocity Cross-Matching

To attempt to provide full 3D velocity information for our selected stars, we looked
to cross-match our catalog with existing RV catalogs. For this we use two publicly
available catalogs: the prior work by D14 and RVs from the Apache Point Observatory
Galactic Evolution Experiment 2 (APOGEE-2) (Majewski et al. 2017; Wilson et al.
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Fig. 4.2.— Color-Magnitude Diagram of all sources present in Figure 4.1. Two
separate stellar sequences have been marked: the main sequence (MS) stars in blue
on the left side and the red giants (RG) on the right side. The top of the red clump can
be observed near (1.0, 18.0), but due to worsening astrometric performance near G
~ 18, we have chosen not to examine it further. All sources that have been matched
to an existing RV measurement (described in Section 4.2.2) are marked in green,
which can be seen to mostly sample the RGs but do extend to the sequence blueward
of the RGs, likely a red supergiant population in the SMC.
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Fig. 4.3.— All SMC main sequence (MS, blue) and red giant (RG, red) stars from
Figure 4.2 in the same field of view and Cartesian coordinate system as Figure 4.1.
The MS stars have a clear spatial structure to them, tracing the optical main body
of the SMC and stretching into the Wing, while the RGs have a significantly more
well-behaved structure, appearing to be roughly azimuthally isotropic with a radial
dependence for the density.
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Fig. 4.4.— Distribution of the PMs of the RG and MS samples. The PM center of the
RGs, measured with a simple Gaussian fit, is marked by the black “X”. The RG PM
is clearly offset from where one would place the MS center, though the asymmetric
extension of the MS PMs towards the left side of the figure would make it difficult to
accurately assess the systemic MS PM.
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2019), part of the Sloan Digital Sky Survey IV (Blanton et al. 2017) Data Release
16 (Ahumada et al. 2019). Between the two catalogs, excluding any sources that
may have been double counted, we find over 4,000 sources common to our DR2 RG
selection. The locations of these common sources can be seen in Figure 4.5.

For our analysis, we choose to consider both the DR2-only catalog of roughly
100,000 sources for examining the proper motion structure of the SMC and the DR2-
RV list that allows us to fully probe the kinematic space. As we do not know individual
distances to stars, we choose to leave our PM measurements in mas yr—!, but we note
for a physical interpretation of the PMs that at a distance of 60 kpc, a PM of 0.1 mas

yr~! corresponds to ~ 30 km s7.

4.3 Data Analysis

4.3.1 Observational Data

Before any analysis can begin of the internal kinematics of the SMC RGs, we must
first deal with correcting for viewing perspective effects, which cause the 3D motion
of the SMC to project differently as we change our line of sight. However, this
correction requires assumptions regarding the location (in distance and on the sky)
and magnitude of the 3D motion. As Gaia affords us the opportunity to only examine
a single stellar population instead of multiple populations combined, we choose to
use the data to derive the systemic properties to be used for correcting the individual
stellar motions.

For this, we fit two 2D Gaussians to the spatial and PM distributions of the RGs,
finding a center of ((«, 0) (J2000) = (13.04°,—73.10°)) and a systemic RG PM of

((ftas pts) = (0.67 mas yr=', —1.20 mas yr~'). These centers are marked in Figures
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Fig. 4.5.— Spatial locations of all RG stars (same Cartesian frame as in Figure 4.1)
selected for analysis. The stars possessing a measured RV are marked in green. The

resulting distribution of RV stars does favor the interior of the SMC but coverage is
available for much of the RG distribution.
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4.1 and 4.3 and the systemic PM is marked in Figure 4.4. The center generally agrees
well with previous analyses of the RG structure in the SMC (Jacyszyn-Dobrzeniecka
et al. 2017, e.g.,), and the PM value is in line with other Gaia-based measurements
of the RG systemic motion (De Leo et al. 2020, e.g.,). For a distance, we use the
estimates from Jacyszyn-Dobrzeniecka et al. (2017) for a distance modulus of (m—M)
= 18.91.

With these three values in hand, we subtract the systemic PM and perspective
correction from each individual PM. For analysis, we convert the PMs into a Cartesian
frame as outlined in Gaia Collaboration et al. (2018c¢). For display, the 100,000 stars
are binned every 0.2 degrees and the average PM is calculated. The resulting averaged
relative SMC RG PMs are displayed in Figure 4.6.

As other prior analyses have noted, there is a clear outward motion, particularly on
the eastern side of the SMC towards the direction of the Magellanic Bridge. However,
apparent rotation can be seen in the center of the SMC with the averaged residual
vectors displaying a distinct counter-clockwise pattern in the inner 2 degrees of the
SMC.

The idea of tidal expansion has often been invoked in trying to understand the
residual PMs in the outer part of the SMC. To place this idea into context, we calcu-
late the relative velocity between the LMC and SMC. We use the new systemic motion
for the RG population and take care to perform this subtraction in 3D Galactocen-
tric coordinate space before transforming the relative velocity back into observable
quantities (where we find the relative velocity in our Cartesian frame to be (p., fy,
v,) = (0.43 mas yr~!, -0.21 mas yr—!, -32.8 km s7!)). The PM components of this
relative velocity, which we will refer to as upmc_smc, are displayed as the dark red

vector at (0,0) in Figure 4.6.
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Immediately we see that the direction of upyvc_smc agrees well with the general
direction of the residual PMs in addition to the minor axis of the SMC. Combined
with the hint of coherent rotation in the interior of the SMC, we propose that the
internal velocity field of the SMC can be roughly modeled by two mechanisms: a
cylindrical rotation and a linearly increasing tidal component. To fully understand
this parameter space, we move to attempting to build a 3D model of the SMC, as

desribed in the following Section.

4.3.2 Mock Data Creation

To create the mock SMC data set, we make the assumption that the RG population
can be approximately modeled using a simple Gaussian distribution for each spatial
dimension. For the dimensions in the plane of the sky, we use the values from the
earlier 2D Gaussian fit to the RG Gaia data. We find a standard deviation of approx-
imately 1.3 kpc for the longer axis and 1.0 kpc for the shorter axis with a rotation of
~ 55 degrees. For the line-of-sight (LOS) depth, we refer to Jacyszyn-Dobrzeniecka
et al. (2017) for their measurements of the RR Lyrae distances and axial ratios in the
SMC. Additionally, as has been shown, the range of LOS distances varies in the SMC
as a function of spatial position. To account for this, we adopt a simple prescription in
assigning the Gaussian mean for the distance distribution, which is able to reproduce
the observed tilt in the SMC (with the southeastern corner being the closest to the
observer and the northwestern corner being the furthest).

We then apply a random subsampling to the central region of our model to reflect
the loss in astrometrically well-behaved stars observed in the RG Gaia data. At
this point we note that in the Gaia data there appears to be two different stellar

components: a dense core, relatively well-fit by a 2D Gaussian, and an offset halo of
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Fig. 4.6.— The average residual PM vectors of the SMC RGs as a function of location
in the SMC. The gray points mark all RG stars used in the averaging. The solid
black lines indicate the original Cartesian coordinate system, and the dashed black
line marks the rotated frame where the z-axis lies along the major axis of the SMC
RG distribution. The dark red vector marks the relative velocity, as projected on the
sky, between the LMC systemic motion and the SMC systemic motion, pupyc_smc-
Clear outward motion can be seen on the eastern side of the SMC, consistent with the
direction of pupymc_smc, while coherent rotation appears to be located in the center of

the SMC.
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stars (offset as it appears to extend significantly further to the northeast). As this
may represent a separate component of the SMC with unique kinematic properties,
we choose to only model the dense core of the SMC, resulting in the model seen in
Figure 4.7. We also observe that our modeling does not quite capture the apparent
boxy-ness of the observed data. However, as we are focused on developing a simple
physical intuition for SMC kinematics, we believe the model to be appropriate for
our purposes.

With a 3D spatial model complete, we turn to assigning velocities to each of
our mock stars. For this, we adopt the formalism outlined in van der Marel et al.
(2002) (hereafter vdMO02) to describe observations of a rotating solid body whose cen-
ter of mass (COM) has some non-zero 3D motion. For more description, we refer
the reader to that work. Here we will provide an outline of the key concepts used
in creating the kinematic model, including the mechanisms described earlier. The

kinematics for each star in our model can be described with the following:

(%1 (%1 1 U1 (%1
Vo | = | V2 T | v2 + | vg + | vy ) (4- 3)
U3 U3 Vs U3 U3

CM int pn tidal

where the different velocity components are: vcy, the center-of-mass motion of the
SMC; vpn, the precession and nutation of the velocity plane of the SMC; viy, the
internal rotation and dispersion of the SMC; and v;q.1, the tidal expansion due to the
interactions with the LMC.

For the initial (z,y,z) frame, we orient it such that (0,0,0) is located at the
dynamical center of the SMC, with positive the z-axis pointing in the direction of the

observer, the positive z-axis towards the west, and the positive y-axis pointing north.
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Fig. 4.7— (Top) All RG stars in our selected sample plotted using our Cartesian
frame. The small, tightly clumped dark areas in the plot are believed to be globular
clusters or other stellar associations belonging to the SMC. (Bottom) All model
stars, scaled to qualitatively match the observational data, plotted in our Cartesian
frame. The central underdensity present in the data has been artificially created in
the model in an effort to reflect observations.
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We first assign (z,y, z) coordinates for each star in our SMC model then use these
coordinates to calculate angular coordinates in the frame of the observer (distance,
p, @), following Eq. 2 from vdMO02. These coordinates inform the decomposition of
the different velocity Cartesian components into the (v1,vq, v3) frame (hereafter the
v; frame).

To calculate vcyy, the model is created with an initial kinematic center (ayg, dg, Do)
and associated motion (iq, s, Vsys). Using these quantities, the transverse velocity
(v¢) and direction of the transverse velocity (©;, measured east over north) are cal-
culated. Combined with the star’s angular coordinates, we use Eq. 13 from vdMO02
to calculate the velocities for each star given its angular position on the sky.

For vy, we assume a linearly increasing rotation curve, with a maximum velocity
of Vi at a scale radius of Ry, after which the rotation flattens out, as described in

Equation 4.4.

Vo R <Ry
V(R = (4.4)
Vo R'=R

For simplicity, we assume cylindrical rotation, where R’ is only dependent on the '
and 3 coordinates of the star in the rotating frame, denoted by ’. For the plane of
rotation, we define an inclination 7 and a LON PA 0 to describe the orientation of the
plane with respect to the internal spatial frame of the galaxy. We then convert the
internal Cartesian vectors to the v; frame using Eq. 21 from vdM02. Once in the v;
frame, we add a velocity “kick” to each component, randomly drawn from a normal
distribution using 26 km s (from D14) as a standard deviation.

As a brief aside related to the internal motions, we note that we are aiming to

only model the observable motions of the SMC. As such, we are not considering
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asymmetric drift when reporting our final rotation curves. For the SMC, the known

! would require significant corrections in

dispersion in the RG population of > 20 km s~
order to model the rotation curve predicted by the underlying gravitational potential.
However, the observational impact of asymmetric drift on older stellar populations,
the flattening of the rotation curve beyond a certain scale radius due to random kicks
and perturbations experienced by individual stars, mirrors the model we apply for
rotation. As such, our modeled rotation can be understood as the curve measured for
non-drift-corrected motion, just as one would measure in the raw Gaia data as well.

For vy, knowledge of the time dependency of df/dt and di/dt is required. For
the SMC, there are no known constraints for df/dt, so we choose to not include it
in the modeling. Attempts have been made at constraining di/dt in the SMC (e.g.,
Di Teodoro et al. 2019; Dobbie et al. 2014), but the parameter space is still fairly
unconstrained. Additionally, for an object the size of the SMC, contributions from

L'in the radial

even a fairly large di/dt would only account for up to a few km s~
velocity component, significantly smaller than our uncertainties from other factors.
As such we choose to not include vy, in our final calculation.

For wvy;4a1, given the complex gravitational interactions between the SMC and LMC,
we do not attempt a rigorous numerical analysis. Instead, we use the expectation
that tidal expansion should occur along the direction of relative motion between the
two bodies to create a prescription for the individual stars, as seen in numerical
simulations of dispersion-supported systems on plunging orbits into larger hosts (e.g.,
Penarrubia et al. 2009). Contrary to more conventional expectations of tidal behavior,
no contraction in the satellite’s stellar population appears. Instead stars are evacuated

out of the satellite across all locations, rather than only through the Lagrange points

as observed in tidally disrupted globular clusters in the MW. As described earlier
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in Section 4.3.1, we calculate the relative velocity, v, between the LMC and SMC to
determine the direction of the tidal component, which for simplifying purposes we will
assume to be fixed for every star. For the magnitude of the motion for an individual
star, we use the distance from the SMC center along the axis of relative motion, d;, in

conjunction with a scaling ratio between of 10 and 30 km s=! kpc™!

, Uy (the possible
range based on the relative motions in the Magellanic Bridge in Zivick et al. 2019),

giving the final tidal contribution for each star, displayed below in Equation 4.5.

Vyidal = di = Vg * 7— (4.5)

With all of the components combined together in the v; frame, we then convert
these physical velocities (km s™1) into observed motions (mas yr—? for j, and js) using
Eq. 9 from vdM02. We add a random kick, selected from a Gaussian distribution with
standard deviation of 0.15 mas yr—!, calculated using the RG PM errors in Section
4.2, to the measured p, and g, to reflect the uncertainties in the Gaia DR2 catalog.
This results in a final catalog for our model of stars, with each one possessing (RA,
Dec, fia, s, ULos) comparable to the data.

For the RV catalog, as the selection was not spatially random in D14, we choose
to adopt the same spatial sampling. In the plane of the sky, for each RV star, we
select the closest neighbor from our model to create our RV subcatalog, consisting in

total of ~4,200 stars.

4.3.3 Comparison Quantification

To quantify our data, we require that our model be able to reproduce both the
magnitude of the residual motions and the location of the residual motions. To

that end, we construct a set of spatial vs kinematic comparisons for all possible
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permutations of observable quantities (e.g., p, vs z, g, vs x), leaving us with six
different comparisons to consider (as in observable space we are not able to access
PMs/RVs as a function of LOS distance).

For a choice of the z/y frame, we adopt the SMC’s shape as a natural frame,
assigning the z-axis to align with the major axis and the y-axis to align with the
minor axis of the SMC RG distribution (as seen by the dashed black lines in Figure
4.6). After rotating the positions and PMs of the RGs into this new frame, we bin the
PMs along the spatial axis, using the Freedman-Draconis Rule to set the bin width
(Freedman & Diaconis 1981) to avoid over-fitting the data. We set the bin widths
using the observational data but limit the comparison between model and data to
only bins containing model data.

The residual PMs in each bin are then averaged with a standard deviation cal-
culated. For each proposed kinematic model, a 2 is calculated for each of the four
spatial-kinematic permutations, factoring in both the standard deviation of the data
and the mock model. Bins with fewer than 5 stars are excluded from this calculation
to avoid unintentionally biasing the comparisons towards sparsely sampled outer re-
gions of the SMC model. To compare model to model, the four separate y? values
are summed to produce a single statistic that is then minimized.

We attempted this process for the RV sample, but we found between the smaller
sample size (4,200 RV stars vs 100,000+ PM-only stars) and uneven spatial sampling
that the calculated x? values for the RV sample were insufficient to properly constrain
the model-to-data comparisons. We did use the expected RVs as a qualitative check
with the PM-only best-fits, but for final determination of the best-fit model, the

PM-only x? was used.
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Fig. 4.8.— Residual PMs plotted against spatial position in the SMC geometric
major/minor axis frame. The gray points are all of the RG stars in the same. The
stars are binned accordingly to the spatial sampling, which is about 0.08 degrees
in X and 0.06 degrees in Y. A simple average is taken for each bin, marked by the
orange-red point, and the standard deviation of the bin is shown as the error bar.
(Left) Residual PM in Y (which points roughly along the axis of relative LMC-SMC
motion) as a function of position in X (which spans the major axis of the SMC, with
the positive X direction north of the Magellanic Bridge). (Right) Residual PM in Y

as a function of position in Y.
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4.4 Model-to-Data Comparison Results

4.4.1 Best-fit Results

In exploring the parameter space, given the imperfect 3D SMC model and the new
forward-modeling approach to understanding the internal kinematics, we choose to
focus our analysis on five key parameters of the model: inclination angle i, the position
angle of the Line of Nodes (LON) O, the rotation velocity Vj, the scale radius Ry,
and the tidal expansion scale factor V4. For our initial analysis in attempting to
build our physical intuition for the SMC kinematics, we simply test the parameter
space in discrete steps for each of the parameters.

For the remainder of the parameters, we choose to keep the distance Dy, the
proper motion (uw, pn), center (ap, dp), and the systemic velocity Vi, fixed to
the values used in the original RG analysis. For the distance and systemic velocity,
both have already been better established for the RG population in prior studies
(Jacyszyn-Dobrzeniecka et al. 2017; Dobbie et al. 2014, e.g.,). For the center and
systemic PM, as we have already measured them based on the data, we choose not
to test them to avoid introducing unexpected biases in our y? calculation. Finally, as
described earlier, given the large degree of uncertainty and relatively small effect of
the precession/nutation, di/dt, we do not include it.

The parameter space step frequency for each parameter is as follows:

e i: every 10 degrees from 0 to 90 degrees (rotation in plane of sky vs edge-on

rotation)

e O: every 10 degrees from 0 to 360 degrees

1

e Vj: every 5 km s~! from 0 to 30 km s~!, which probes the lower to upper range

of previous inferred values for the SMC stellar component
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e Ry: every 0.5 kpc from 0.5 kpc to 2.5 kpce
® Viiga: every 5 km s~ kpe™! from 0 km s=! kpe™! to 25 km s~ kpe ™!

After creating a mock set of data for each permutation of the above parameter
space steps, the summed x? values were compared. Across the best-fitting models,
we find a need for both a non-zero rotation (V4 between 15-25 km s™! with Ry of
around 1 kpc), at a relatively high inclination (i between 60-80 degrees) with a LON
oriented from northeast to southwest (© around 210-270 degrees), and a non-zero
tidal expansion component ( V;;44 near 15 km s™! kpc™!). The specific best fit values
and comparisons to literature values can be found in Table 4.1. Estimates on the
uncertainty in the model fitting can be found in Table 4.2, where the errors have
been estimated using the distribution widths of the 50 best-fitting models. Figure 4.9
shows the residual vector plot of the model with the smallest y? value, which displays
similar key characteristics to the Gaia data: large and roughly linear motion in the
eastern portion of the SMC and a weak signal of rotation within the inner 1 degree
of the spatial distribution.

We can see this in the spatial-kinematic comparisons in Figure 4.11, where our
model is able to capture the behavior across much of the SMC, including unusual
asymmetric behavior in the Y vs V4 space. We do note some deviations from the
observations, in particular in the southwestern region of the SMC (negative X in the
spatial-kinematic plots) where we are unable to fully capture that behavior. This
can be seen in the residual vectors plots as well, where the stars to the southwest of
the SMC display a larger western motion than would be expected from our simple
tidal+4rotation model (the Gaia RG residual PMs and the model residual PMs can
be seen contrasted in Figure 4.12). However, the eastern portion of the SMC appears

to be well-described by our model, including capturing the rotation signal layered on
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top of the large tidal motions as they subtly change the direction of the stars, offset
from relative LMC-SMC vector, as a function of azimuth.

As a final check on our best-fit model, we compare our predicted RVs to the cross-
matched RV catalog. In Figure 4.10, we display all Gaia stars with a residual RV
calculated for them in the top panel and the bin-averaged residual RVs from the best-
fit model. In the RV data, we do not see any obvious patterns that would make for
an easy constraint on the modeled RVs. We also observe that for our best-fit model,
the strongest residual RV signals will appear far to the northeast and southwest
of the SMC, both areas which are noticeably undersampled in the RV data. This
mismatch of predicted high leverage area and observed data, combined with the lack
of distance information for individual RVs that are shown to have a strong dependence
on LOS depth, and it becomes difficult to assign a clear significance to the data-model
comparison. In future spectroscopic surveys, continuing to expand the coverage in

the outer regions of the SMC will be crucial.

4.4.2 Existing Proposed Scenarios

While our tidal+rotation model is well equipped to described the observed PM distri-
butions in the Gaia data, we also create mock sets of data using the inferred models
from D14 and DT19 to help identify the underlying differences.

In the case of D14, we can see that the prescribed rotation would be far too large
a signal in the PMs to be possible. However, we note that their inferred LON (122
degrees) in the rotation is in line with the direction of the relative LMC-SMC velocity,
which has a non-zero component in the LOS velocity. For DT19, we find a similar
axis of rotation, which isn’t necessarily expected for gas vs old stellar kinematics.

However, it appears to be reversed, where the gas on the eastern side of the SMC is
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Fig. 4.9.— Residual PM vectors for the best-fit model to the data (specifics can be
found in Table 4.1), displayed in the same format as Figure 4.6. Unlike the data, the
residual vectors are limited to the area encompassed by a single 2D Gaussian function
that had been fit to the original RG distribution.
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Fig. 4.10.— (Left) Spatial positions of the Gaia sample with cross-matched RVs,
color coded by the residual RV (after removing the SMC systemic RV and correcting
for viewing perspective). The non-RV stars for each respectively stellar population

are marked by the grey points in the background.(Right) Bin-averaged residual RVs
from the best-fit model. .
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Fig. 4.11.— Residual PMs as a function of spatial position for all permutations
of PMx/PMy and X/Y. The light grey points are the mock RG stars from the
kinematic models. The orange-red points are the measured Gaia RG residual PM
averages, and the purple points are the averaged residual PMs for the mock RG stars.
The model presented here is the best-fit model to the data (specific parameters are

listed in Table 4.1).
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moving away from us while the stars appear to be moving towards us, relative to the
SMC bulk motion. The difference is apparent in more recent stellar RV studies as
well (e.g., De Leo et al. 2020), potentially offering new leverage on constraining the

most recent interaction between the LMC and SMC.

4.5 Conclusions and Discussion

With the release of Gaia DR2, the amount of kinematic information available for
Magellanic system exponentially expanded. Beyond PM information, expanded spec-
troscopic surveys of the Magellanic Clouds have added new RV and metallicity infor-
mation, bringing us closer to a more complete understanding. New combinations of
these different parameter spaces will offer the opportunity to constrain the Clouds’
interactions and underlying physical properties. To help set the foundation for these
more complex models and analyses of the SMC, we have presented a novel approach
to disentangling the PMs of the SMC RG population.

Consistent across our models, we find that rotation alone is insufficient to explain
the observed PM behavior in the SMC and that invoking tidal expansion of the stars,
similar to kinematics observed in stellar streams formed from bodies perturbed by
the MW, offers a possible explanation. However, to model this effect, we are required
to work with the velocities in true 3D space as the 3D structure of the SMC will
drastically affect the implied PM distribution due to the tidal expansion. To achieve
this, we combine existing frameworks for transforming 3D velocities for resolved stel-
lar systems into observable quantities and the wealth of distance information from
SMC RR Lyrae studies, updating the vdM02 model to include our new tidal compo-
nent. The result is a model capable of providing a physically intuitive explanation to

the otherwise unusual-appearing PM structure of the SMC, one which needs both a



Table 4.1: Rotation Model Parameters.
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(1) Model Di Teodoro et al. (2019) Dobbie et al. (2014) Best-Fit
(2) Distance Dqy kpe 63 60.3 60.6¢
(3) Proper motion puy mas yr~} -0.77 -0.78  —0.67
(4)  Proper motion py mas yr! —1.12 —1.11  —1.20°
(5)  RA ap (J2000) deg 15.24 16.25  13.04°
(6)  Dec & (J2000) deg —72.27 —72.42 -73.10°
(7)  Systemic Velocity Viys km s ! 148 148 148¢
(8) Inclination angle 4 deg 51 60 70
(9) Position Angle of LON ©¢ deg 66 122 230
(10) Rotation Velocity V km s! 47 20 20
(11) Scale Radius Ry kpe 2.8 8.7 1.0
(12) Precession/Nutation di/dt deg Gyr—! 281 140 0.0
(13) Tidal Scale Viiqal km s~! kpc~ 0.0 0.0 15

Note. — For Di Teodoro et al. (2019) and Dobbie et al. (2014), all listed values are sourced from
the original works.
a. From Jacyszyn-Dobrzeniecka et al. (2017).

b. Measured from the Gaia RG data.
c. From Dobbie et al. (2014).
d. Measured east over north.

Table 4.2: Best-Fit Model Values & Uncertainties.

—~
—_
~—

Model

Best-Fit & Uncertainty

(2) Distance Dy kpc 60.6¢
(3) Proper motion pyy mas yr— —0.67°
(4)  Proper motion py mas yr—! —1.20°
(5) RA ap (J2000) deg 13.04°
(6) Dec 0 (J2000) deg —73.10°
(7)  Systemic Velocity Viys km s~ 148¢
(8) Inclination angle i deg 70 £+ 10
(9) Position Angle of LON ©¢ deg 240 + 30
(10) Rotation Velocity Vj km s~ 19 +£5
(11) Scale Radius Ry kpc 1.0
(12) Precession/Nutation di/dt deg Gyr™! 0.0
(13) Tidal Scale Vi;qa km s~ kpce™! 15+1

Note. — a. From Jacyszyn-Dobrzeniecka et al. (2017).
b. Measured from the Gaia RG data.
c. From Dobbie et al. (2014).

d. Measured east over north.



117

Red Giants Best Fit Model

BELERECRR Gt

=
e 7
9 /// ,:E';’,I,‘ ° ,:2;’
2 ///%’%/}2’:)::1;' L‘.';I}‘A‘\‘ s /(r
N e 2 .
: ///////):’Jﬂ.* =
—4 //f/ ‘:V\/
—6 T T T ; -6 i . . '
X (%) X (%)
Dobbie et al. 2014 Di Teodoro et al. 2019
4_
2_

ANENXT

R N N

BEPAS SRt
[t S RS

R | ; — | . . ¥ (b
°_ 0 3; _ 0 . : o :1?/
~ A > / ’”Uf
L1 NGRS L] s
IR s
N /“j/g??( ™
—4 - —4 1 \/,
_6 T T T T _6 T T T T
4 2 -2 —4 4 2 -2 —4
X(°) X(*)

Fig. 4.12.— Residual PM vector plots for the Gaia RG stars (orange-red, top left),
the best-fit model (top right), the model inferred by D14 (bottom left), and the model
inferred by DT19 (bottom right). The frame and vectors are displayed in the same
manner as Figure 4.6. The Gaiameasured residual PMs have been limited to only
the bins that have measured PMs in the mock SMC data. One can readily observe
the departures from the Gaia data in both the D14 and DT19 models that fail to
capture the behavior on the eastern edge of the SMC, while the tidal+rotation best-fit
model is able to capture both that structure while also managing to describe the finer
interior motions.
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coherent rotation and tidal expansion to fully capture the PM behavior.
Using the data-derived systemic properties, our model finds a formal best-fit for

! a scale radius of 1 kpc, a LON

a kinematic model with a rotation curve of 20 km s~
angle of 230 degrees, an inclination angle of 70 degrees, and a tidal scale factor of 15
km s~! kpc=!. At this magnitude, the rotation is still below the measured RG velocity
dispersion (~ 26 km s™!), leaving this stellar component as a primarily dispersion-
supported system. We do note that our model is still relatively simple and more
sophisticated approaches to exploring the full parameter space will be required in the
future. As the tidal expansion and rotation plane, especially one inclined into the
plane of the sky, offer potential degeneracies without full 3D motions, we look towards
future RV surveys, potentially in upcoming Gaia data releases or other ground-based
efforts, to better constrain our modeling, which may impact the inferred rotation and
tidal expansion magnitudes.

The combination of the existence of coherent stellar rotation and a clear offset
in the systemic RG properties (center, bulk PM) from previously measured stud-
ies with a mixed stellar sample suggests a reassessment of how we understand the
SMC. To this, we propose a new interpretation similar to the Bullet Cluster, where
in the last interaction with the LMC, the SMC gas was slowed and pulled towards
the LMC, while the RG stars passed through collision-free, kinematically separat-
ing from the newly forming stars. Moving forward, we underscore the necessity of
identifying distinct SMC subpopulations and treating their kinematics separately. In
turn, by unlocking the kinematics from each other, we may create a finer leverage
on constraining the LMC-SMC interaction than simply treating all of the stars as
a single body. Future work will be necessary to disentangle the kinematics of these

other stellar populations, folding in new kinematic components capable of addressing
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younger stars forming from turbulent gas.
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Chapter 5

Exploring the Kinematics of the
“Young” Stars of the Small

Magellanic Cloud

The following text is in preparation for an upcoming manuscript and has been lightly
edited for this format.

Summary

We present a new analysis of the kinematics, internal and systemic, of the red
supergiants (RSGs) in the Small Magellanic Cloud. We identify an astrometrically
well-behaved sequence of RSGs, consistent with ages on the order of ~150 Myr, and
cross-match with existing publicly available radial velocity (RV) catalogs to create a
subset of stars with near-3D velocities. To constrain the internal kinematics of the
SMC RSGs, we apply our previously established framework, which had been used
to analyze the SMC RG population. We find an apparent bimodality in the RSG
population kinematics, with one population well-described by RG systemic properties

and the other with a clear offset. Near the inferred RG center, we find evidence for
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coherent rotation in the proper motions (PMs) of the RSG population, while stars
over a degree from the RG center display no apparent signs of rotation. This offset
extends to the RV sample as well, with the southeastern RSGs having a noticeably
larger residual RV than the stars near the RG center. We suggest this may offer
a clear way to assess the fraction of the SMC that stayed gravitationally bound
during its interactions with the LMC, which in turn may help to better constrain our

understanding of the LMC-SMC history.

5.1 Introduction

Located near the Milky Way (MW) are the Large and Small Magellanic Clouds (LMC
and SMC, respectively), a pair of irregular dwarf galaxies. At a distance of 50 and 60
kpc, they represent the closest example of an interacting pair of galaxies, offering an
unparalleled opportunity to study in high resolution this complex process occurring
across the universe. Originally thought to have orbited the MW multiple times,
the first precision proper motion (PM) measurement of the LMC and SMC motions
revealed that they were likely on their first infall into the MW (Kallivayalil et al.
2006b; Besla et al. 2007). This new result upended our previous understanding of the
system and quickly became the new foundational paradigm of the system.

Since then, significant effort has been placed in understanding not just the sys-
temic properties of the two galaxies but the internal kinematics as well. The LMC,
which had been known to display signs of coherent rotation from early radial ve-
locity (RV) studies (van der Marel et al. 2002), proved tractable in understanding
the PM distribution as well. Using HST, van der Marel & Kallivayalil (2014) was
able to demonstrate the clear existence of rotation in the LMC and used the prior RV

measurements to constrain its magnitude of rotation and the corresponding geometry.
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However, the SMC has not as readily revealed its kinematic details. A number
of different RV-based studies attempted to constrain the internal motions, using a
variety of difference tracer populations. Stanimirovi¢ et al. (2004), using H I gas,
found evidence for coherent rotation in the gas and measured a dynamical center
located near the northeast part of the SMC. Dobbie et al. (2014) examined a large
population of red giant (RG) stars in the SMC and detected a possible rotation signal,
albeit at nearly an orthogonal angle to the rotation geometry from the H I. Using
PMs to constrain the rotation has not proven effective either. A combination of HST
observations and SMC stars identified in the Tycho-Gaia Astrometric Solution (Lin-
degren et al. 2016; van der Marel & Sahlmann 2016) was inconclusive in attempting
to measure rotation, though potential signs of outward tidal motion were detected in
the southeast portion of the SMC (Zivick et al. 2018).

With the advent of the Gaia Data Release 2 (Gaia Collaboration et al. 2018b),
suddenly there were tens of thousands of stars in the SMC with well-measured PMs.
Still, initial efforts did not reveal any significant rotation (Gaia Collaboration et al.
2018¢). However, new kinematic modeling techniques have revealed possible signs
of rotation in the old RG population of the SMC. Zivick et al. (in prep.) (hereafter
Z20) demonstrates that if one attempts to account for the impact on the internal
kinematics due to tidal expansion in the SMC, a coherent rotation signal can be seen
extending for multiple degrees from the center of the SMC. Crucially, this relies on an
appropriate assumption of the systemic properties of the SMC RG population, which
appears to be significantly offset in both position and PM from previously derived
properties using either gas or a mix of stellar tracers.

With a framework in place capable of identifying coherent internal kinematics, the

next stellar component of the SMC to examine is the intermediate age stars. Ripepi
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et al. (2017) examined the Classical Cepheid population of the SMC, finding that
there appeared to be a bimodality in the ages of the Cepheids, with an older group
near 220 Myr in age and a younger group closer to 120 Myr. Additionally they identify
an elongation along the line of sight in the Cepheids, stretching from ~55 kpc in the
northeast section of the SMC to greater than 72 kpc in the southwest section of the
SMC. The timing of the stars correlates well with the inferred time of last interaction
between the LMC and SMC, somewhere around 150 Myr ago (Zivick et al. 2018). As
such, this intermediate population of stars may contain unique kinematic signatures
that can place strong constraints on the interaction process.

In this chapter, we present our efforts to understand the kinematic nature of the
RSG population in the SMC. In Section 5.2 we describe our selection of the Gaia DR2
data, using both astrometric quality cuts and SMC membership requirements, and the
process we apply in cross-matching with publicly available RV catalogs. In Section 5.3
we present our efforts in understanding the systemic properties of the RSGs and the
corresponding internal kinematic analysis under select systemic property assumptions.
Additionally, we present the results of the RV catalog and compare/contrast with the
prior RG results from Z20. Finally, we place our results in the broader context of
understanding the SMC, identify new possible constraints on SMC-LMC properties,

and outline future paths forward to improve our analysis.
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5.2 Data Selection

5.2.1 Gaia DR2 Selection

For our analysis, we select all stars from the Gaia DR2 catalog within roughly 5
degrees from the optical center of the SMC using pygacs®. We then apply a series of
initial cuts to jointly select both astrometrically well-behaved stars and stars likely
to belong to the SMC. To remove MW foreground stars, we require all stars in our
sample to have a parallax < 0.2 mas and a proper motion within 3 mas yr=! of the
SMC systemic motion (uy = —0.82 4 0.1 mas yr~* and uy = —1.21 4 0.03 mas
yr~! from Zivick et al. (2018)).

Next we apply the following cut to the renormalized unit weight error (RUWE)
as described in the Gaia technical note GAIA-C3-TN-LU-LL-124-01:

X*/(N —5)

1.4 1
wao) 0 (5:1)

which uses the following Gaia properties:

N = astrometric_n_good_obs_al,
X2 = astrometric_chi2_al,

ug = Normalization factor (G, C), (5.2)
G = phot_g_mean_mag,

C = bp_rp.

. We additionally apply a cut for the color excess of the stars, as described in Gaia

Collaboration et al. (2018a) Equation C.2. As we are concerned with astrometrically

https://github.com/Johannes-Sahlmann/pygacs
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well-behaved stars, primarily the bright stars, and to provide another check to avoid
MW contamination, we select stars brighter than G < 18, leading to the final source
densities in the top left panel of Figure 5.1. We note the conspicuous absence of
47 Tuc in the panel as an example of the power of Gaia DR2 to remove potential
contamination from spatially coincident sources.

With this initial astrometric selection, we move to further isolate the SMC stars.
Examining the color-magnitude diagram (CMD) in Figure 5.2, we identify three clear
SMC stellar tracks in our sample: the main sequence (MS, marked in blue), the
red giants (RG, red), and the sample of interest in this effort, the red supergiants
(RSG, green) whose CMD structure correlates well with ages near 150 Myr, similar
to the Cepheid population in Ripepi et al. (2017). We do note that the SMC red
clump is observable near the bottom of the CMD, but due to worsening astrometric
performance at G > 18, and a desire to focus on more intermediate-age populations,
we do not examine it further in this work. In addition, all sources that have been
successfully cross-matched with publicly available RV catalogs are marked by dark
blue points (this process and catalogs are discussed further in Section 5.2.2). Here we
note that while a majority of the RV-matched sources are primarily the RG population
(of the 100,000+ RGs, ~4,200 have RVs), a sizeable fraction belongs to the RSG
sequence (~9,000 RSGs with just over 600 RVs).

Finally as a reference and to understand how the selections translate between the
different parameter spaces, we display the spatial positions of the three different CMD
sequences in Figure 5.1. The derived H I center (Di Teodoro et al. 2019) is displayed
as a blue square in the panel displaying all stars passing the initial astrometric quality
checks and appears as a black square in the remaining three panels. Similarly, the

derived RG center from Zivick et al. (in prep.) is marked by the red “x” at the (0,0)
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Fig. 5.1.— Gaia DR2 sources after initial astrometric cuts have been applied to the
data, displayed in a Cartesian coordinate system as outlined in Gaia Collaboration
et al. (2018c). For each plot, the zero point is set to the best-fit center for the RG
population found in Z20 (the “x”, red in top left), and the inferred kinematic center
from H I gas is marked by the square (blue in top left). (top left) All stars in the Gaia
sample are displayed. The SMC Wing can be seen on the eastern (left) side of the
SMC, heading towards the Magellanic Bridge and the LMC. We also note the empty
patch on the right side of the figure as the location of 47 Tuc, which has been removed
from our sample by our astrometric criteria. (top right) The red giant population
as identified in Figure 5.2. (bottom left) The red supergiant population. (bottom
right) The main sequence population.
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location in the top left panel and as a black “x” in the remaining three plots. We
can see as we transition from older to younger populations that the preferred center
shifts. Interestingly, the RSG population appears to be plausibly-fit by both centers,
reflecting its intermediate age situated between the RGs and MS and its formation
around the last LMC-SMC interaction. With the basic characteristics of our target
population, the RSGs, established, we can move to begin a more thorough analysis

of their properties.

5.2.2 Radial Velocity Cross-Matching

To attempt to provide full 3D velocity information for our selected stars, we look
to cross-match our catalog with existing RV catalogs. For this we use two publicly
available catalogs: the prior work by D14 and RVs from the Apache Point Observatory
Galactic Evolution Experiment 2 (APOGEE-2) (Majewski et al. 2017; Wilson et al.
2019), part of the Sloan Digital Sky Survey IV (Blanton et al. 2017) Data Release 16
(Ahumada et al. 2019). Between the two catalogs, excluding any sources that may
have been double counted, we find just over 600 sources common to our DR2 RSG
selection, which primarily trace the central distribution of the RSG stars seen in the
lower left panel of Figure 5.1.

As the overall fraction of RSG stars with PMs+RVs is larger than the fraction for
the RGs, we do weigh the RV information more heavily than in prior analyses. While
we do not know the exact distance to each of the stars, making it difficult to translate
the PMs into physical velocities, we note that for the purposes of comparing the PMs
to the RVs at the average SMC distance of 60 kpc, a PM fo 0.1 mas yr~! corresponds

to ~30 km s~ 1.
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Fig. 5.2.— Color-Magnitude Diagram of all sources present in the top left panel of
Figure 5.1. Three separate stellar sequences have been marked: the main sequence
(MS) stars in light blue on the left side, the red supergiants (RSG) in green near the
center, and the red giants (RG) on the right side. All sources that have been matched
to an existing RV measurement (described in Section 5.2.2) are marked in dark blue,
which can be seen to mostly sample the RGs but do extend into the RSGs.
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5.3 Data Analysis

5.3.1 Systemic Properties

To better understand the distribution of the RSGs and suitability of different fitting
techniques to determine systemic properties, we begin by creating simple binned plots
of the RSG positions and PMs (Figures 5.3 and 5.4, respectively). For the positions,
we see there appears to be a clear overdensity located in the southwest area of the
SMC, while the rest of the area appears to be more uniform in density. When the
the H T and RG kinematic centers for previous models of the SMC are overplotted on
the spatial density, we see that the RG center appears to agree well with the largest
spatial overdensity (for exact values for the RG and H I models, refer to Table 5.1).
Similarly, the binned distribution of the RSG PMs has a clear central overdensity with
an asymmetric halo of stars around it. When the systemic PMs are overplotted, once
again we see that the RG center appears to agree well with the central overdensity,
while attempting a 2D Gaussian fit of the data (the green diamond in Figure 5.4)
results in a center, that while representative of the total distribution, does not capture
the center of the overdensity.

As a brief aside on the PMs, as we will be using the framework for analyzing PMs
for an extended body on the sky from van der Marel et al. (2002), to keep consistent
with the notation, from here we will refer to p,cosd and us as g and py respectively.

Beyond utilizing the systemic properties to learn more about the Magellanic sys-
tem, assumptions for the kinematic center and bulk PM are crucial in properly cor-
recting for the viewing perspective. As the SMC is a large, resolved 3D structure
on the night sky, the bulk PM vector that is subtracted from each star to shift to a

relative SMC frame must be modified to account for changes in the decomposition of
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the SMC 3D velocity into observed quantities. Correspondingly, misidentifying either
the kinematic center or systemic PM can lead to misinterpretations of the internal
kinematics. As the RG center and PM both appear to agree with the notable spa-
tial and kinematic overdensities, we choose to use these properties when we move to

examining the internal kinematics of the SMC RSGs.

5.3.2 Internal Kinematics

With the systemic properties determined, we subtract the systemic PM from the
individual stellar motions, correcting for viewing perspective. The resulting relative
PM plot for the RSGs can be seen in the left panel of Figure 5.5. Immediately we
observe, similar to previous studies of SMC Gaia PMs, that there is a large outward
motion towards the southeast, in the direction of the Magellanic Bridge and consistent
with the direction of relative motion between the LMC and SMC. This relative LMC-
SMC motion has been calculated using the assumed RG values as well (as shifts to
the kinematic center/PM could in turn impact the direction and magnitude of the
relative velocity).

However, the inner 1-2 degrees of the SMC reveals an unexpected kinematic be-
havior: apparent rotation in the central 1 degree. In Figure 5.6, this apparent rotation
is clear, though the exact geometry and magnitude of the rotation cannot be immedi-
ately discerned. This rotation quickly disappears as one moves past 0.5 kpc in radius
from the assumed RG center. The northeast section in particular presents an inter-
esting challenge in understanding how the kinematics appear to shift so dramatically
over such a short range.

Given that the motion appears to be consistent with the relative LMC-SMC ve-

locity, attributing the largely linear motion to a tidal expansion-related mechanism
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Fig. 5.3.— Binned spatial distribution of the SMC RSG population. The H T and

RG centers (blue square and red “x”) from Figure 5.1 are displayed for reference along
with the center from a 2D Gaussian fit to the RSG data (green diamond).
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Fig. 5.4.— Binned PM distribution of the SMC RSG population. The systemic PM
for the RGs is marked by the red “x”, the systemic PM assumed for H I models is
marked by the blue square, and the mean location from a 2D Gaussian fit to the RSG
PM data (green diamond).
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would appear reasonable. In Z20, we examined applying this linear expansion to the
RG population, finding that a combination of tidal expansion and rotation was re-
quired to examine the signals in the PM data. The formal best-fit model for the RGs
can be seen in the right panel of Figure 5.5 for reference. In this Figure, much of the
motion on the eastern side of the modeled SMC is attributable to the tidal expansion.
However, for this model, we used a linear tidal expansion, where the magnitude of
the motion increases as a function of distance from the assumed kinematic center of
the SMC. As a result, even out to 2 degrees from the center, the contribution from
the tidal expansion is still relatively minimal.

When we compare this to the residual RSG PMs in the same region though, we
find the RSG residuals to be significantly larger than the RG residuals, beginning
roughly 0.5 degrees from the center. To quantify this behavior, we adopt a similar
spatial-kinematic set of distributions as in Z20, using the RG geometry to assign a
new X/Y frame, as marked by the dashed black line in the left panel of Figure 5.5.
The RSG stars are binned with widths calculated using the Freedom-Draconis Rule
(Freedman & Diaconis 1981), to avoid potentially overfitting the data. The simple
average in each bin is calculated and the associated standard deviation is displayed
as the error bar.

The resulting residual PMs in X and Y as a function of spatial position in X and Y
can be seen in Figure 5.7. Along the Y-axis, the RSGs are relatively tightly clustered,
making it difficult to discern any distinct kinematic subgroups. As expected, as one
moves negative in Y spatially, closer towards the Magellanic Bridge, the residual PM
in Y grows larger and larger.

However, in the X direction, two different kinematic groups appear to exist. One

appears to be located near the center of the SMC, and the second appears to start
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about 0.5 degrees from the center. The outer group also appears to have a flat offset
in PM, as opposed to a smoother transition that would be consistent with a single
kinematic group. This picture is in keeping with the original insight gleaned from
the averaged residual vector plot. However, the staggered appearance of the spatial-
kinematic plots suggests that attempting to fit the entire RSG population as a single

kinematic system would be insufficient to properly constrain the internal kinematics.

5.3.3 Radial Velocity Structure

With the hints of distinct kinematic populations in the SMC RSGs present in the
PMs, we turn to the RVs to further investigate. Similar to the RVs, we subtract the
systemic SMC RG RV (listed in Table 4.1) and correct for viewing perspective effects
to create residual RVs for analysis. The resulting residual RVs are displayed in Figure
5.8, with the spatial location of each star with a matched RV marked and the color
of the star corresponding to the residual RV. Immediately we see that there appears
to be a clearly offset group of RSG stars, by nearly 40-50 km s™! from the systemic
RV, in a direction opposite from the observer.

In contrast, most of the stars located within the inner 0.5 degrees that possess the
apparent rotation seem to have a relatively small residual RV. To the southwest, an
equally discrepant population appears, moving towards the observer at nearly 40-50
km s~!. To the northeast, where the large PM offset originally appeared, the residual
RVs do not appear to have a coherent behavior to them, with many of them lying
near 0 km s

For comparison, the full PM+RV sample from Z20 appears in the right panel of

Figure 5.8. Here, despite including more than five times as many sources, no such

obvious offset in RVs occurs as with the RSGs. In turn this suggests that there may a
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Fig. 5.5.— Averaged residual PM vectors in a Cartesian coordinate system, every 0.2
degrees for easier display of the kinematic behavior. The dark red vector indicates
the direction of relative LMC-SMC motion, assuming the RG systemic PM from
Z20. For both plots, the assumed kinematic center and systemic PM are the same,
and the solid black line provides a guide for the eye for the z- and y-axes. (Left)
RSG Gaia PM vectors are marked in green. The dashed black line indicates the
rotated coordinate system used for the spatial-kinematic quantification, as described
in Section 5.3.2. (Right) Residual PM vectors (in purple) for the best-fit kinematic
model to the SMC RG population from Z20 as a demonstration of the capabilities
and limitations of the current modeling.
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Fig. 5.6.— Averaged residual PM vectors in the same Cartesian frame as displayed in
Figure 5.5. To gain a clearer insight into the central internal kinematic of the SMC
RSGs, the field of view has been shrunk to only encompass the inner 4 degrees. The
relative LMC-SMC vector and dashed black lines are the same as the previous Figure.
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Fig. 5.7— Residual PMs plotted against spatial position in the SMC RG geometric
major/minor axis frame. The gray points are all of the RSG stars in the same. The
stars are binned accordingly to the spatial sampling, which is about 0.13 degrees
in X and 0.07 degrees in Y. A simple average is taken for each bin, marked by the
green point, and the standard deviation of the bin is shown as the error bar. (Top
Left) Residual PM in X (which spans the major axis of the SMC, with the positive
X direction north of the Magellanic Bridge) as a function of position in X. (Top
Right) Residual PM in X as a function of spatial position in Y (which is roughly
along the axis of the relative LMC-SMC motion). (Bottom Left) Residual PM in
Y as a function of spatial position in X. (Bottom Right) Residual PM in Y as a
function of position in Y.
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unique mechanism that has led to these two concentrated outflow points in the RSG
population. However, the exact statistical significance of these small areas remains
uncertain and will require future work, both in observations and modeling, to better

characterize this.

5.4 Implications and Future Work

Here we have demonstrated the potential existence of coherent rotation in the RSG.
This rotation appears when RG systemic properties (the kinematic center, PM, dis-
tance, and RV) are used in calculating the viewing perspective corrections. In order
to quantify the statistical significance of this rotation, more sophisticated techniques
will be required, as each individual kinematic group should require a unique set of
systemic properties for accurate analysis.

This may prove especially important for the SMC RSG population as the kine-
matic evidence suggests that there may be at least two distinct populations. As seen
in the decomposed X/Y frame, there appears to be a fixed offset among groups of
stars with a spatial dependence. Complicating the picture, there appear to be two
coherent streams of residual RVs in the RSG populations, one moving away from the
observer in the eastern part of the SMC and one moving towards the observer in the
southwest portion of the SMC. Intriguingly, or perhaps reassuringly, these two areas
also correspond to the bounds of the line-of-sight depth identified in the Cepheid
populations (Ripepi et al. 2017). Taken together with age and other non-kinematic
information, it may be possible to properly identify multiple distinct populations
(e.g., pre-interaction stream formation/post-interaction formation) using this higher
dimension parameter space.

The existence of the coherent rotation may also shed insight on the larger struc-



140

Red Supergiants

40

20

o
(s/uny) Ay 2AnR[Y

X (%)
Red Giants

T
o qofte ®

60

40

20

(s/uny) AY eAney

Fig. 5.8.— Spatial positions of the Gaia sample with cross-matched RVs, color coded
by the residual RV (after removing the SMC systemic RV and correcting for viewing
perspective). The non-RV stars for each respectively stellar population are marked

by the grey points in the background. (Left) All RSGs with residual RVs. (Right)
All RGs with residual RVs.
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ture and interaction between the LMC and SMC. As the rotation appears to have a
significant magnitude in the plane of the sky with relatively minimal scatter in RV,
we hypothesize that the gas that formed the stars may have remained completely
bound to the SMC throughout the interaction process, setting a hard limit on the
tidal radius for the SMC. With potential improvements to the interaction scenario
from other kinematic populations (e.g., the RGs), this constraint on the tidal radius
may in turn place a new constraint on the mass of the SMC, a difficult challenge
given the complexity of the overall system.

Moving forward, future work to improve this understanding will rely on a few
different areas. Continued RV measurements for the SMC, across all stellar popula-
tions, will allow us to further limit potential degeneracies between different geometric
models. In particular, RVs measured for the already-identified Cepheid population
would place us as close as possible to having true 6D phase space information, a
powerful tool to have in comparing to numerical simulations. With the improvements
in constraining the stellar systemic properties, updated simulations that factor in
these improvements will be crucial for continuing to develop our intuition for this
interaction. And finally, future data releases from the Gaia mission will continue to
shrink the individual errors for stellar PMs, slowly bringing into focus what was once
thought to be an intractable kinematic environment.

This work has made use of data from the European Space Agency (ESA) mission
Gaia (https://www.cosmos.esa.int/gaia), processed by the Gaia Data Processing
and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/
consortium). Funding for the DPAC has been provided by national institutions, in
particular the institutions participating in the Gaia Multilateral Agreement.

Funding for the Sloan Digital Sky Survey IV has been provided by the Alfred P.
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(1) Model Di Teodoro et al. (2019) 220
(2) Distance D, kpc 63 60.6*
(3) Proper motion juy mas yr—* -0.77  —0.67°
(4) Proper motion uy mas yr— -1.12  —1.20°
(5) RA ag (J2000) deg 1524 13.04°
(6) Dec &y (J2000) deg —72.27 —T73.10°
(7) Systemic Velocity Viys km s7* 148 148¢

Note. — For Di Teodoro et al. (2019) and Dobbie et al. (2014), all listed values are sourced from

the original works.

a. From Jacyszyn-Dobrzeniecka et al. (2017).
b. Measured from the Gaia RG data.

c. From Dobbie et al. (2014).
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Chapter 6

Summary

6.1 Satellites in a New Age of Astrometry

The evolution of our understanding of the SMC kinematics mirrors that of Local
Group astrometry. A decade ago, we were limited to intensive observing campaigns
with HST measuring PMs over a relatively small field of view and often averaging
over tens or hundreds of stars. Slowly we expanded the known catalog of PMs for MW
satellites, both measuring multiple points within the SMC and LMC and measuring
new systemic PMs for other MW satellites, including most of the classical satellites
and a few of the fainter dwarfs. The release of Gaia DR2 reset the Local Group
astrometry paradigm with the more than one billion sources with PMs. As a result,
dozens of MW satellites had for the first time a systemic PM measurement. This new
data set opened the door for exciting discoveries, like the first kinematic evidence
for a satellite galaxy, the LMC, possessing satellites of its own, a key prediction of
ACDM.

Similar, it brought the number of SMC PM measurements from ~40 data points

to well over 100,000 unique stellar PMs. Far from simplifying our view of the SMC,
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this SMC catalog revealed the degree of turbulence the dwarf galaxy is undergoing,
with clear outflows of stars away from the SMC. With the massive influx of PMs we
also gained the ability to examine the kinematics of distinct stellar populations, a
previously daunting task. This new separation of the sources has in turn revealed
a dwarf galaxy that appears to noticeably different kinematic populations. Each of
these populations offers a new constraint on the interaction history between the LMC
and SMC, which in turn may provide new insight on the structure of the MW halo
(e.g., MW mass versus LMC mass, number of expected satellites, location of tidal
debris).

As we move forward from this point, the future of astrometry appears bright
and exciting. On the near horizon, the Early Data Release 3 for Gaia (EDR3) will
become available. With just an additional year of data, the expected PM precisions
are projected to decrease by a factor of 2, which will once again increase the number
of stars appropriate for including in astrometric analyses (like the red clump stars
in the SMC). Perhaps more excitingly is the promise of the full release of RVs for
stars (which currently are limited to stars brighter than the Gaia magnitude of about
14-15). With significantly more uniform coverage across the whole of the sky with
3D motions available, we may unlock yet more previously hidden tidal scars and
debris in and around the MW and its satellites. Eventually Data Release 4 will also
be made public, encompassing the full five years of data from the original mission,
and is projected to increase the precision for PMs by nearly a factor of 5, compared
to the current DR2 errors. For many of the classical satellites and even some of
the fainter ones, this degree of precision will truly enable proper internal kinematic
studies, comparable to the large and very bright LMC and SMC. This is to say nothing

of the approved (and anticipated-to-be-approved) mission extensions for Gaia that
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will provide a 10 year baseline, improving PM precisions by a factor of 12. With
such a dramatic improvement, it would be possible to measure internal kinematics
for many of the nearby satellites (within 50-60 kpc) with an error of only a ~few km
s~1, comparable to the typical RV error.

However, while Gaia has excelled and will continue to excel at measuring systemic
properties (and eventually internal kinematics) for MW satellites within 100 kpc, it
is ultimately limited by the size of its mirror. As such, for many of the most recently
discovered dwarf galaxy satellites, often referred to as “ultra-faint dwarfs” (UFDs), it
has not been possible to identify stars in the Gaia catalog belonging to the UFDs. For
this, it will require a new space-based telescope with a significantly larger primary
mirror, capable of accurately observing stars multiple magnitudes fainter than is
possible for Gaia. Fortunately such a telescope is near completion with the James
Webb Space Telescope (JWST). With techniques first pioneered through HST data,
JWST will be capable of measuring PMs for all known satellites in the MW halo, and
potentially even measuring PMs for satellites of our neighbor Andromeda, providing
a crucial second test for building our view of galaxy satellite kinematics.

Finally, in addition to the missions we have in place that will be able to study
the kinematics of the known MW satellites, the community is on the cusp of discov-
ering even more potential MW satellites. For ground-based observatories, the Large
Synoptic Survey Telescope (LSST) is the flagship effort to provide a deep, all-sky
survey of the southern hemisphere. Just as we could not anticipate the discoveries
that would be made with SDSS, LSST will likely feature heavily in serendipitous and
unexpected science in the following decade. For space-based missions, the Wide Field
Infrared Survey Telescope (WFIRST) and Euclid will plan to survey large swathes

of the night sky, offering a similar potential as LSST to find new satellite candidates
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and perhaps other exotic dynamical objects orbiting the MW. The full potential of
modern-era astrometry is only just beginning to be unlocked and all indications point

to a bright future for Local Group kinematics.

6.2 Outstanding ACDM Challenges

While great strides have been made in understanding the dynamics of MW satellites,
significant work remains in the interpretation and application of these dynamics to
constraining the broad cosmological paradigm. Many of the ACDM questions raised in
the Introduction still remain unresolved to varying degrees. For example, in the case
of the “missing satellites” problem, though it appears that the inclusion of baryonic
physics is capable of creating broad agreement between simulations and observations,
the exact agreement remains uncertain. A significant factor in play is the uncertainty
surrounding the MW mass, as the full halo mass remains uncertain at potentially
up to the 50% level (Fritz et al. 2020). As simulations have shown, the range of
masses covered by this uncertainty can produce significant differences in the expected
satellite population, especially at the lower mass end of the scale in the UFD regime.

Ultimately solving the question of the MW mass will require a combination of
multiple factors. Currently the number of dynamic tracers, like the satellite galaxies,
with measured PMs in the outer part of the MW halo is relatively small. Continuing
to measure systemic PMs for the faint satellites, both the known and the potential
waiting-to-be-discovered, will be crucial for better sampling the halo phase space and
better constraining the total mass within their orbits. However, even if a total mass
out to ~ 300 kpc is able to be determined, a second complicating aspect has already
presented itself: the presence of the LMC, which some studies have suggested may be

up to 10% or more of the MW’s mass (Erkal et al. 2020). It will require significantly
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more satellite PMs with higher precision in order to properly disentangle the mass
contributions from these two interacting galaxies (Garavito-Camargo et al. 2019).
Improved understanding of the interaction history of the LMC-SMC, and in turn the
Magellanic Clouds and the MW, will play a vital role in this goal as well.

Beyond the “missing satellites” problem, others remain as well. One problem
that improved modeling of satellite kinematics is well-suited to inform is the “too big
to fail” problem. As previously explained, the inferred halo masses of the classical
MW satellites appear to be too small for the largest halos found in simulations.
Currently we are only able to measure the halo masses for these larger systems,
limiting our ability to compare the full extent of the MW halo mass function to that
of simulated MWs (which the above discussion on MW mass will also ultimately
inform). However, as our ability to measure the internal kinematics of fainter and
fainter MW satellites improves, we will be able to better describe the full halo mass
function, without needing to rely on mass-to-light estimates in a regime that we have
not been able to observationally test. By developing a proper 3D model capable
of capturing different contributions to a satellite’s kinematic structure, we will be
better positioned to properly assess the satellite mass at ever larger radii (thus a
more accurate measurement of the total halo mass, similar to the uncertainties in
measuring the MW halo mass).

We are closer than ever to answering some of the fundamental questions posed in
near-field cosmology, and Local Group astrometry will play a critical role in the final

formulation of those answers.
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