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ABSTRACT OF THESIS

MILKY WAY MORPHOLOGY PROBED BY 6D ASTROMETRIC DATA FROM
THE GAIA SPACE TELESCOPE

At varying height above and below the plane of the Milky Way, I have used astro-
metric methods to classify stars of different galactic components of the Milky Way —
the thin disk, thick disk, and stellar halo. This work complements prior study of Milky
Way sub—structure — notably involving number density and/or pairwise correlations —
which demonstrate non—steady state effects in the galaxy, such as axial /north-south
symmetry breaking [1,2] or more complex phenomena like the Gaia snail [3]. This
has motivated my exploration of stellar population changes with height about the
Milky Way mid—plane, and the study of symmetry in such changes above and below
the galactic mid—plane.

Drawing from the second data release (DR2) of the Gaia space telescope, I have
chosen a stellar sample with notably small parallax error and a 6D astrometric phase
space, totaling 707,772 stars. Prior work in Hinkel 2020 [4] was used as a reference
for optimal sampling parameters. Selection cuts have been taken to avoid saturation
from the Magellanic Clouds and the mid—plane of the Milky Way, in addition to con-
trolling for Gaia’s astrometric uncertainties and sampling biases. After a conversion
of astrometric to galactocentric coordinates, I have employed a statistical method to
distinguish the populations of stars by their likelihood of belonging to the Milky Way’s
thin/thick disk and stellar halo components, using stellar kinematic data. Kinematic
criteria for galactic populations were chosen to avoid galactic component contamina-
tion, where stars are attributed to the incorrect galactic components due to phase
space overlap of the different components — a common issue in population separation
routines. To assess confidence in this statistical method, I used the bootstrapping
method to construct error estimates within sub-slices in galactocentric z. My meth-
ods have yielded a notable, novel result: at low galactic z, the population fraction
variation is asymmetric North and South of the galactic mid-—plane.

KEYWORDS: Gaia, Astrometry, Kinematic Probability, Population Separation
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Chapter 1 Introduction

Great data influxes from astronomical surveys have enabled study of astrophysical
phenomena in rich detail — notably in observations of the Milky Way. Starting in
the early 1990s, the European Space Agency’s Hipparcos satellite was the first space—
based mission to record astrometric data of stars — their position, distance, motion,
colors, and brightness. To distance accuracies of 20%, Hipparcos measured ~2.5
million objects within 200 pc of Earth [11]. Moreover, several other ground-based
surveys, such as the Sloan Digital Sky Survey, Pan-STARRS, etc. have catalogued
billions of stars over the past two decades [12,[13]. The Gaia space telescope, launched
in 2013, has yielded high—precision astrometric data for over a billion objects, far out-
classing Hipparcos [14,[15]. A major factor that sets Gaia apart from Hipparcos is the
measurement of radial velocities (starting from Gaia’s second data release), allowing
Gaia a full 6D phase space view of its stars, making a full kinematic analysis possible.
In April 2018, the Gaia space telescope released preliminary data from its second data
collection, containing a total ~1.7 billion sources. Gaia DR2 yields ample statistics
that enable rigorous study of the astrometry of Milky Way stars.

There have been noteworthy developments in the recent study of fine structure
in the Milky Way. Most promising have been studies of Milky Way configuration
space — using probes of stellar number density (see Widrow 2012 et al., Yanny &
Gardner 2013, Ferguson et al. 2017 [2,8,/16]), pairwise stellar correlations (Hinkel
et al. 2021 [17]), stellar kinematics (Williams et al. 2013 [18]), etc. Such work has,
for instance, revealed asymmetries in the stellar number counts across the Galactic
midplane, as well as nontrivial wave structure in the Milky Way disk [2]. My cur-
rent focus is to complement the established configuration space point of view with
an analysis of the Milky Way’s stellar phase space. Of primary interest are stars

of nontrivial velocities in the stellar halo, which may reflect dynamic effects of dark



matter in our galaxy. This thesis is a proof—of—principle demonstration of separating
the Milky Way components using a kinematic analysis — for a stellar sample with
carefully chosen astrometric parameters — and then studying the component mem-
bership variation with height about the Galactic mid—plane.

Chapter 2 details the motivation for and content of my selected stellar sample,
along with methodology within the Gaia database for drawing astrometric data sat-
isfying the criteria of interest. Moreover, several selections — such as galactic R and
¢ cuts — are implemented in Python for the drawn sample. Chapter 3 studies the
post—processed sample from a kinematic viewpoint. Using only kinematics, two main
techniques for separating Milky Way component populations are investigated: (1) a
velocity cutoff method suggested by Toomre (cited in Sandage, Fouts et al. 1987 |19
as a private communication with Toomre), and (2) a probability—based method, first
implemented by Bensby [20], that classifies stars more flexibly and reliably than
the cutoff method, the details and significance of which I will delineate in chapter
3. For the second “kinematic probability” method, whereby classification is based
on inequality criteria, I develop an error estimate through bootstrapping — where
synthetic data sets are generated from the original set by re-sampling, allowing for
repetition [21]. Lastly, chapter 4 is a holistic interpretation of my cumulative results

and their place within the greater structure of the Milky Way.



Chapter 2 Data Selection and Processing

We make use of the online Gaia database to access astrometric data from the Eu-
ropean Space Agency’s Gaia satellite telescope [22]. To conduct an analysis with
minimal statistical errors in astrometric quantities of interest, with mitigation of sys-
tematic biases in sampling and completeness, the particular selections/criteria must
be implemented in the Gaia database to yield our stellar sample. The exact criteria

imposed are detailed later in the chapter.

2.1 Gaia Queries with ADQL

ADQL (Astronomical Data Query Language) is a modification of the SQL language
intended for astronomical datasets. Within the context of the Gaia database, the
AQDL syntax returns indexed columns of the variables you have chosen, in addition
to allowing conditional statements on those variables to perform simple selections.
Drawing data — or “querying” — from Gaia can be done online with the Gaia archive

[22.23).

2.2 Stellar Sample

Prior work has been done in deducing selection criteria for a Gaia DR2 query, so
as to simultaneously minimize parallax errors and sampling biases, such as Gaia’s
scanning pattern of the sky (Hinkel 2021 [17]). The current work imposes some
differences, however. For our kinematic study, stars of nontrivial radial velocity are
selected. Hinkel 2021 works in the G-band magnitude range 14 < G < 18 [17], within
which the Gaia DR2 catalogue is nearly complete (see the Gaia collaboration’s DR2
release paper [15]). But because fainter stars consistently lack radial velocity data,
astrometric data is sparse in Gaia for magnitudes above G ~ 13 (Fig. 1 in Gaia’s

DR2 paper shows the distribution of objects with respect to G—band [15]). Thus, the



G-band selection is expanded to 10 < G < 18 to allow for brighter stars and better
statistics. There is a slight loss in completeness by including 10 < G < 12, since Gaia
DR2 has an incomplete source list for bright stars, but this bias primarily becomes
significant around G < 7 [15], so that we can neglect it in our case. This yields an

“essentially” complete and sizable sample.

2.2.1 Selection Cuts and Error Considerations

Gaia scans across the sky nonuniformly due to the orbit and rotational behavior
of the satellite itself, and certain regions of the sky are sampled more than others.
Because relative parallax error o, /w has dependence on the number of observations

for a given star, the relative parallax error is biased with the position in the sky.

Gaia field transits {ICRS) for 5 years
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Figure 2.1: Gaia Scanning Law — In the (solarcentric) ICRS coordinate system [6],
the number of field transits binned to a given pixel of the sky varies nonuniformly
along right ascension (z—axis) and declination (y—axis). This references the first 5
years of Gaia data. See also the scanning law movie by Berry Holl



As determined by Hinkel 2021 [17], the following selections were made to achieve
relatively low parallax error with minimal sampling bias: (1) avoiding the Galactic
mid—plane in b by choosing |b| > 30° (2) G-band magnitude, 10 < G < 18 mag (3)
BP-RP color, 0.5 < Ggp — Grp < 2.5 mag (4) positive parallax, @w > 0 (5) galactic
R, 7 < R <9 kpc (6) Galactic ¢, 174 < ¢ < 186° (7) galactic z, 0.2 < |z| < 3.0 kpc
(8) in—plane distance, dcosb < 1.2 kpc (9) LMC/SMC excision (also referred to as
“box cuts”) — remove data with (30 < |b] < 39°)A((271 < £ < 287°)V (73 < £ < 89°))
(LMC), and (41 < |b] < 48°) A ((299 < £ < 307°) V (53 < ¢ < 61°)) (SMC)

Note: To prevent sample bias across the Galactic anticenter and across the Galac-
tic mid—plane, due to the LMC/SMC cuts, the data windows to excise have reflection
symmetry across the anticenter and mid—plane.

More complicated selections such as the LMC/SMC cuts are difficult to implement
with ADQL syntax and increase query time significantly, so that a few selections are

done post—query in Python.

Below is the Gaia query used for this sample:

SELECT 1/gaia_source.parallax AS d, gaia_source.l, gaia_source.b,
gaia_source.ra, gala_source.dec, gaia_source.ra_error,
gaia_source.dec_error, gaia_source.parallax_error,
gala_source.pmra_error, gaia_source.pmdec_error,
gaia_source.radial_velocity_error, gaia_source.phot_g _mean_mag as G,
gaia_source.radial_velocity, gaia_source.pmra, gaia_source.pmdec,
gaia_source.teff_val, gaia_source.lum_val, gaia_source.bp_rp,
gaia_source.phot_g_mean_mag+5*loglO(gaia_source.parallax)-10 as mg
FROM gaiadr2.gaia_source WHERE (gaia_source.radial_velocity IS NOT
NULL AND ABS(gaia_source.b) > 30 AND gaia_source.phot_g_mean_mag > 10
AND gaia_source.phot_g_mean_mag < 18 AND gaia_source.bp_rp < 2.5 AND
gaia_source.bp_rp > 0.5 AND ABS((1/gaia_source.parallax)*
SIN(RADIANS(gaia_source.b))) < 3.0 AND ABS((1/gaia_source.parallax)
SIN(RADIANS(gaia_source.b))) > 0.2 AND (1/gaia_source.parallax)*
COS(RADIANS(gaia_source.b)) < 1.2 AND gaia_source.parallax > O AND
gaia_source.astrometric_params_solved = 31)



This yielded a total of 754,138 stars.

Next, the cuts on R and ¢ have been implemented, as well as the box cuts, in a
Python script. After these selections, our final sample numbers 695,345 stars.

Gaia also reports errors for each of its astrometric quantities. Averaged over our

entire sample, we find these quantities to have errors

Tor = 1.918 x 107! rad = 0.0396 mas
G5 = 1.736 x 107 rad = 0.0358 mas
G = 1.211 x 107" rad/s = 0.0788 mas/yr
7. = 1.102 x 1077 rad/s = 0.0717 mas/yr
Ty, = 1.934 km/s

To = 0.0494 kpc™! & 7,4 = 0.0233 kpc

and an average relative parallax error of

0w/ = 0.0298,

an improvement to Hinkel 2021 [17], which quotes an average relative parallax error
of 0.086.
Across the full Gaia catalogue for DR2, the recorded typical errors for these

parameters are of the same order of magnitude for our G-band of interest [24,25|.

2.2.2 Color-Magnitude Distribution over G-Band & Giant Sub—sample

Using the selections from Hinkel 2021 [17], now allowing for nontrivial radial veloc-
ities and focusing on the 14 < G < 18 range, our stellar sample contained only 489
stars. As mentioned previously, radial velocity data for fainter stars is scarce in Gaia,
and expanding the G-band to 10 < G < 18 can be done without worry for systematic
biases. After our selection cuts, we get 695,345 stars.

Here we explore the stellar sample to study the distribution in the main se-



quence and giant populations. This has little bearing on the kinematic analysis
to be conducted later, but it is valuable information nonetheless. To look at the
main sequence/giant proportions in the sample, we construct a color-magnitude
diagram (absolute magnitude “Mg” vs BP-RP color “Gpp — Ggrp”) [26]. Mg is
found from the mean G-band magnitude (in mag) and the parallax (in mas) as
Mg = G+5logyg(w)—10, and the Ggp—Ggp color is the difference between the mean
magnitudes obtained by integrating over the blue (330680 nm) and red (630-1050
nm) passbands, respectively [15,/26]. One can use more advanced photometric tech-
niques, for example, to distinguish giants and main sequence stars rigorously [27],
but to a very rough estimate, giant stars occupy the low Mg, high Ggp — Ggrp re-
gion of a color-magnitude diagram [28]. In Fig. 2.2, artificial criteria for giants that
6(Gpp—Grp) —2.5 > Mg and Mg < 5 mag are applied for convenience and to make
calculations simple. The first condition cuts through the horizontal branch and splits
the sample in two, then the second condition sharpens the scope to low M. Again,
this is not a rigorous assessment, but a basic estimate of the proportion of giants in

our sample.
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Figure 2.2: Color-magnitude diagram (CMD) for the full 10 < G < 18 sample. A
cutoff has been set so that above both light blue lines, stars are considered giants,
and otherwise, are considered main sequence. This yields 203,629 (29.3%) giants and
491,716 (70.7%) main sequence stars. Compared to Yanny & Gardner 2013 which
observes only 0.04% giant stars [8], giants are much more appreciable in our sample
because we have included more bright-end-magnitude stars (10 < G < 18).

This analysis is repeated in 1 magnitude slices of G to see how the counts change.

The results are as follows:

Table 2.1: Giant/Main Sequence Proportions for 1 magnitude slices in G—band.

Notice the statistics drop sharply after G ~ 14, 15.

G-Band 10-11 11-12 12 -13 13—-14 14— 15
Main Sequence | 31215(36.8%) | 136465(66.8%) | 294502(80.1%) | 29075(75.6%) | 451(93.6%)
Giant 53545(63.2%) | 67713(33.2%) | 72949(19.9%) | 9391(24.4%) 31(6.4%)

G-Band 15—-16 | 16 =17 | 17—-18

Main Sequence 6 1 0

Giant 0 0 0




2.3 Stellar Density Variation

First, we take a histogram of the stellar number counts along z, divided among 600
bins. From the raw number counts, we divide each bin by the selection function (see

Yanny & Gardner 2013 [8])

V) = 50 - 102 (o~ 5y ) (2.1

sin?b;  sin? by

to obtain the number density of stars within each bin (n(z) = N(z)/V(z)). Note that
9 is the width per bin (kpc) and z is the midpoint of a given bin (kpc) [§]. For our

geometry, [y =0, lp =27, by = §, by = 5, and 0 = 6668 Efncs = 0.01 kpc/bin.

We use scipy’s curve fit method to fit the density data to the functional forms

+B
Asech? [ £ 2.2
(C) (22)

o, (v + B o [T+ B
A{sech ( 50 >+Dsech (—QE )} (2.3)

The first ordinary sech? form (2.2) was derived in Spitzer 1942 [29], wherein an isother-
mal, axisymmetric thin disk is determined to have a sech? distribution in number
density over galactic z, as the solution to the collisionless Boltzmann equation and

the Poisson equation [30].

However, we model the Milky Way with two distinct disk components — the thin
and thick disk — and fit the number density to a sum of sech? curves. There has,
however, been recent debate about whether the thick disk is physically distinct from
the thin disk or whether they form a continuum. Despite this, stars near the Sun
show two distinct elemental abundance trends [5]. The second functional form (2.3)
is the two—component model used in Widrow et al. 2012 [2].

For each bin of number density, we take Poisson errors from the square root of

the number density. In scipy, the curve fit method optimizes the free parameters



(using the “Trust Region Reflective” algorithm [31]) to minimize the x? parameter

<X2 =3 (y data*ﬁt(’:iata’*p()p t)>2> where *popt are the fit parameters, “xdata’ is our

independent variable z, and 0% = n(z) is the stellar number density — our “ydata” in

this case. For details, see the scipy documentation of the curve fit method [32].
Fitting the selected stellar number density to the two functional forms, the result-

ing fit distributions are given in Fig. 2.3.
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Figure 2.3: Distribution of stellar number density as a function of galactic z, looking
just at the inner |z| < 1 kpc for visual clarity. However, the fits are calculated for the
full |z] < 3 kpc range. The blue points (with error bars) are the stellar densities, the
black curve is the single sech? fit, while the red curve is the two—component sech? fit.
Despite appearances, the fits are very poor, taking reduced x? values of 2 = 1113.43
(single sech?) and x? = 438.95 (two-component), for 599 degrees of freedom. This
is primarily due to the Poisson errors of the points being much smaller than the
residuals from the fit lines. It seems that the artificial blending of the thin and thick
disk components in the double sech? fit form does not fully capture the morphology
of our stellar sample. As observed by Widrow et al. 2012 and Yanny & Gardner
2013 [2/[8], the residuals about the fits have wave-like structure as the points oscillate
above and below the fit curves (see also Fig. 2.4).
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For the single sech? fit form (2.2), the calculated fit parameters and their standard
errors are: A = 6.243 x 10542.079 x 103 stars/kpc?®, B = 1.060 x 1072 41.470 x 1075
kpe, and C' = 2.051 x 1071 4+2.337 x 10~° kpc. For the double sech? fit form (2.3), the
calculated fit parameters and their standard errors are: A = 7.260 x 10° 4 3.888 x 103
stars/kpc3, B = 9.658 x 1073 4 1.410 x 1075 kpc, C' = 9.415 x 1072 4+ 2.883 x 107
kpe, D = 1.677x10724£1.124x 1074, and £ = 2.116 x 1071 4£3.096 x 10~* kpc. Com-
paring the double sech? parameters to those in Yanny & Gardner 2013 and Widrow
2012 |28], there are marked differences largely owed to studying different populations
of stars. The extension of this study’s Gaia sample to lower G band means that we
measure brighter stars that are characteristically closer to us, at lower galactic |z|,
but because of the z—dependence of the selection function, this bias should have little
consequence.

Returning to the stellar number density fits, consider the normalized residuals of
the data from the fits, which we denote A = (data — fit) /fit. Note that the fit values
in the residuals are evaluated at the midpoints of each bin. In Fig. 2.4, we see the

distribution of A over galactic z.

Copyright© Joshua T. Harry, 2022.
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Figure 2.4: Plot of normalized residuals (A = (data — fit) /fit) as a function of galactic
z. For the sake of visualization, the domain in z is limited to |z| < 2 kpc and the
vertical range is narrowed. The blue points are the residuals for the single sech?
fit and the orange points are the residuals for the double sech? fit. In both cases,
the residuals have odd parity at low |z|, consistent with the literature [2]. Beyond
around |z| ~ 0.6 kpc, the single sech? fit becomes ill-behaved as the data increasingly
deviates from the fit. Not shown here, the single sech? fit residuals reach a peak at
|z| ~ 1.5 kpc then decrease and return to the zero line at about |z| ~ 2.3 kpc. The
double sech? fit residuals appear to agree with the residuals found in Widrow et al.
2012 [2|, confirming the wavy north—-south asymmetry in the stellar density.
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Chapter 3 Kinematic Analysis

3.1 Toomre Cutoff Method and Phase Space Behavior

We want to work with galactocentric velocities in the Local Standard of Rest (LSR)
frame, the rest frame of a star circularly orbiting the Milky Way galactic center (GC)
at the position of the Sun. See Appendix A about the relevant coordinate conversions
to this frame. With respect to the LSR frame, the orthogonal velocities in the direc-
tions radial to the GC, collinear with the direction of rotation, and perpendicular to
the galactic midplane are denoted Ursgr, Visr, and Wygg, respectively.

A Toomre energy diagram is a plot of the projected velocity in the Upsr/Wisr

plane, that is, of \/U?gp + Wisp vs Visr [19]. The literature (e.g Buder 2019 [9],
Amarsi 2019 [33], Bensby 2014 [5]) agrees that in the LSR frame, a simple cutoff

of \/Ulgp + Vip + W2gr < 180 km/s is an adequate condition for identifying disk
stars (no distinction between thin/thick disk). However, there are more accurate,
complex methods, like differentiating based on stellar age or by employing more so-
phisticated kinematic techniques. Some such techniques also allow for the distinction

of the thin/thick disk and stellar halo components.

3.2 Kinematic Probability Method

A weakness of the Toomre method is the failure to account for the asymmetric veloc-
ity drift between the thin and thick disks in Vjgg, as the thin and thick disks have
distinct mean velocities along the direction of galactic rotation (see Table 3.1). This
is illustrated in Figure 3.1, where binning over Vigr reveals the convolution of the
galactic components, of which the thin/thick disk signatures are markedly different.
The Toomre method ignores the complexity of the convolved disk and assumes too
simple a model for the Galaxy. It offers a basic proxy for the general population

trends in the sample, but fails to account for the richer detail in the phase space, e.g.
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Figure 3.1: Toomre energy diagram for the stellar sample, plotting
VUZsp +Wigr vs Visgr.  The red line traces the simple disk/halo cutoff,
where \/UZgp + Vir + W2sp = 180 km/s. We have also projected the data by
binning along the axes. Each histogram contains L%J = 3476 bins. In this case,
the cutoff method yields 688609 (99.03%) disk stars and 6736 (0.97%) halo stars.
Our Toomre diagram and histogram distributions are consistent with the results of
Buder 2019 [9], yet offer better statistics and thus higher resolution.

the thin/thick disk, kinematic overlap between the disk and halo, etc.
The more sophisticated kinematic probability method revolves around deconvolu-
tion of the Galactic components into distinct Gaussian velocity features in the LSR

frame. For each component, the corresponding distribution function takes the form

fi= 1 exp (_ (ULSR - Uasym)2 i (VLSR — Vasym)z _ WI%SR)

(27)320p0vow 20% 203, 202,
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where (o, ov,ow) are the velocity dispersions and (Ugsym, Vasym) are the mean ve-
locity values wunique to each component (see Table 3.1). It is assumed that Wygg
averages around zero for each of the galactic components [5].

The probabilities of a given star belonging to particular Galactic components are
found via

b =Xfi

where X; is the observed fraction (in the Solar neighborhood) of the component of
interest. For the thin disk, thick disk, and stellar halo, we denote the 3 probabilities
D, TD, and H respectively.

Prior studies with deconvolution algorithms (see Soubiran 2003 [34] for example)
have deduced the overall population fractions, characteristic dispersions and veloc-
ity asymmetries of the different Galactic components. We use the particular values

summarized in Bensby et al. 2014 [5], which are tabulated below.
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Table 3.1: Dispersion, U,V asymmetry, and overall population fraction values for the
Gaussian velocity signatures of the thin disk, thick disk, and halo. Note that the
population fractions do not sum to 1, because Bensby et al. 2014 accounts for the
proportion of stars in the Hercules stream, which make up the remaining 6% of their
sample [5].

oy (km/s) | oy (km/s) | ow (km/s) | Ussym (km/s) | Vasym (km/s) X
Thin Disk 35 20 16 0 -15 0.85
Thick Disk 67 38 35 0 -46 0.09
Halo 160 90 90 0 -220 0.0015

3.2.1 Theory and Kinematic Criterion

Among kinematics, metallicity, and stellar age techniques for finding thin/thick disk
and halo stars, there is a common issue of “contamination” of one galactic com-
ponent into another, where the components overlap in phase space and stars in one
component can be incorrectly labeled as belonging to another (Carrillo 2019 [35]). To
mitigate component contamination, we define transition regions within which stars
cannot be confidently assigned to a single population within a galactic component.
To decide which population/transition region a star belongs to, we set inequality
conditions on the probability ratios TD/D and TD/H. The choice of cutoff in the
inequalities is subjective — stricter cutoffs can be enforced to be increasingly certain of
the galactic components. For the most part, the inequality cutoffs have been chosen

so that the probability of being in one population distribution is twice as likely as

16



being in another distribution. The criteria chosen are:

TD
TD

(Thin/Thick Transition) : 0.5 < o < 2.0 (3.2)
TD TD
TD TD

(Thick/Halo Transition) : o > 20 & 0.5 < = < 2.0 (3.4)
TD TD

(Stellar Halo) : o > 20 & - < 0.5 (3.5)

Two conditions are enforced for the thick disk, halo, and thick disk/halo transition
regions as an additional measure for contamination from the thin disk. For example,
in identifying thick disk stars, one should check simultaneously that a particular star

is likely not a thin disk star (T"D/D condition) and not a halo star (T'D/H condition).

3.2.2 Memberships in Phase Space

As a quick point of comparison, examining how probability ratios vary within the
phase space of a Toomre diagram gives broad perspective to how the cutoff method

and kinematic probability method perform.
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Figure 3.2: Toomre diagram (\/UZgqp + Wign vs Visr), color coded according to
different regimes of TD/D. Light orange is TD/D < 0.1, orange is 0.1 < TD/D <

0.5, pink is 0.5 < TD/D < 2, purple is 2 < TD/D < 10, and dark purple is
TD/D > 10. The red line is once again the 180 km/s cutoff. Generally, stars closer
to the origin of the phase space tend to be dominantly (thin) disk stars.
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Figure 3.3: Toomre diagram (\/Uzgp + W7sr vs Visr), color coded according to
different regimes of T'D/H. Light orange is TD/H > 10, orange is 2 < TD/H < 10,

pink is 0.5 < TD/H < 2, purple is 0.1 < TD/H < 0.5, and dark purple is TD/H <
0.1. The red line is the 180 km/s cutoff.

In these figures, stars outside the red semicircle in the Toomre phase space tend
to have TD/H < 0.5, while simultaneously being in the large TD/D regime from
Figure 3.2, which is consistent with the kinematic criterion for halo stars. Thus the
Toomre cutoff method captures the same general trends in the phase space of halo
stars as with the probability ratio method. There is variation with V7 gr, however,
because the thin/thick disk and halo components have different Vs asymmetry
values. Using kinematic probabilities accounts for the component velocity dispersions
and asymmetries that are convolved in the sample, details missed by the Toomre

cutoff method.
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3.3 Population Variation & Error Estimation via Bootstrapping

Thus far, we have looked at the holistic phase space behavior of our sample — now
we transition to studying how populations change with galactic z. For each hemi-
sphere of the galaxy, we split our simple into 50 sub-slices in z. For the stars in each
sub—slice, we discern the number within each galactic component and determine the
proportion of stars within each population for the given sub—slice. The choice of 50
sub—slices results in a reasonable balance in binning which yields both small-scale
structure and larger trends in the population fractions.

As an error estimation technique, bootstrapping involves taking a particular data
set, randomly sampling from it while allowing for repetition of data points — as op-
posed to permutative sampling — and thereby generating a number of synthetic data
sets, of the same size as the original set. Then, a quantity of interest from each
synthetic data set is calculated, yielding an approximate ‘bootstrap distribution’ of
values from which a standard deviation can be drawn (see pages 3 & 4 in Efron
1979 [21]).

In context of this study, we seek an error assessment for the population fractions
calculated for each sub—slice of our sample. Stars in a given sub—slice are re-sampled
with repetition to generate 50 synthetic data sets. From each synthetic data set, we
find the fraction (%) of each population. Then, for a population of interest, the 50
fractions are averaged and a standard deviation is drawn from them.

Note that moving away from the galactic mid—plane, there are increasingly less

stars per sub-slice, leading to worse statistics and greater error bars.

3.4 Results

Figures 3.4 and 3.5 show the distributions of the galactic component populations with

z, North and South.
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Figure 3.4: Proportions of membership within the different galactic components, as a
function of z, for stars in the Northern hemisphere of the galaxy (z > 0). Red is thin

disk, orange is thick disk, purple is thin/thick disk transition, green is thick disk/halo
transition, and blue is halo.
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Figure 3.5: Proportions of membership within the different galactic components vs z,
for stars in the Southern hemisphere of the galaxy (z < 0). Red is thin disk, orange

is thick disk, purple is thin/thick disk transition, green is thick disk/halo transition,
and blue is halo.
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Some features of interest in the population distributions:

In the north, the intersection point where the thin and thick disk fractions equal
each other is around the [1.460,1.572] kpc bin, with midpoint 1.516 £ 0.056 kpc
(where half a bin width is taken as the error). In the south, this intersection is at the
[1.684,1.796] kpc bin, with midpoint 1.740 £ 0.056 kpc. Thus, the midpoints differ
by 224 £ 79 pc, a substantial discrepancy on the galactic scale.

Perhaps most significantly, looking at low |z|, the thin/thick disk populations
remain essentially unchanged in the South for about the leftmost 5 data points in
Figs. 3.4, 3.5 (a swath in z of 280 pc), whereas in the North the populations begin
to change immediately as we move away from the mid—plane. Conversely, comparing

North and South for the stellar halo, the distribution shape is more—or—less the same.

Copyright© Joshua T. Harry, 2022.
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Chapter 4 Study Outcomes and Conclusions

Throughout this thesis, we have detailed selection and processing of full 6D astro-
metric phase space data from stars in the Gaia database.

Working in the Local Standard of Rest frame, the phase space signatures of the
thin disk, thick disk, and halo components of the Milky Way can be deconvolved.
Partitioning the astrometric data along galactocentric z, the thin and thick disk pop-
ulation fractions are seen to vary asymmetrically North and South, to a significant

degree.

4.1 Relation to Other Studies

To compare this work with studies of number count asymmetry like Yanny & Gardner
2013 [8] or Bennett & Bovy 2018 [10], I decided to construct an asymmetry parameter
comparing population fractions North and South. Analogous to the number count

asymmetry parameter, I take

for a fraction f of population 7. Note that for this data, I chose to bootstrap errors in
the population fractions using 100 synthetic data set per sub—slice, rather than 50 as
done previously. From these bootstrap errors, the propagated error in the asymmetry

is found via

V 22() + F(=2)] [72 0 + %
74 = GErIEE)E 42

To get a clean asymmetry distribution, I decided to examine the population with the

best statistics at low z, the thin disk. Calculating the asymmetry in each sub-slice,

my results are summarized in Fig. 4.1.
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Figure 4.1: A plot of the population fraction asymmetry parameter A versus galactic
z, for the thin disk. There is surprisingly great agreement between the thin disk
asymmetry and the number count asymmetry distributions. Comparing with Fig. 5
in Bennett & Bovy 2018 [10], which uses Gaia DR2 data to explore number count
asymmetry, the locations in z of the peaks and dips line up extremely well. For
example, in the number count asymmetry, there is a large dip just before 0.5 kpc, a
small peak around 0.7 kpc and a small dip around 0.8 kpc, rising up to a small peak
near 1.1 kpc, etc. |[10]. Yanny & Gardner 2013 give focus to the asymmetry features
at 0.8 kpc and 1.5 kpe, using data from SDSS-DR9 [8]. These oscillatory features
are also seen in the population fraction asymmetry.
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4.2 Thin Disk Population Asymmetry for Giant and Main Sequence Sub—

Samples

Using the methodology in chapter 2, I separate my sample into “main sequence” and
“giant” stars based on the photometric criteria used in Fig. 2.2. Then, I deduced the
population fractions, and thus thin disk asymmetry using the analysis of the previous
section, for each of these sub—samples. The distributions are given in Figs. 4.2 and

4.3 below.
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Figure 4.2: A plot of the population fraction asymmetry parameter A versus galactic
z, for the thin disk, using the sub—sample of giant stars. The asymmetry distribution
of the giant sample is very similar to that of the combined sample in Fig. 4.1,
suggesting similar expression of non—steady state effects.
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Figure 4.3: A plot of the population fraction asymmetry parameter A versus galactic
z, for the thin disk, using the sub—sample of main sequence stars. The domain and
range are restricted to that in Fig. 4.2 for the sake of comparison. Both the main
sequence and giant samples agree on the dip near 0.5 kpc and the peak near 0.7 kpc,
but the main sequence asymmetry distribution shows unique features beyond z ~ 0.8
kpc. Morover, due to deficiency in main sequence stars, there are no population
fractions and thus no asymmetry values beyond z ~ 1.5 kpc.

4.3 Future Work

This study is based on data from Gaia’s second data release, but recently — in June
2022 — the full third data release (DR3) was published. DR3 is especially wonderful for
6D kinematic studies like mine because the number of sources with radial velocities
has increased from DR2/EDR3 by around a factor of 5 [36]. With all the same
selections, I have run a query of DR3 to see how my sample compares. Before post—
query cuts, DR3 yielded 3,497,716 stars, compared to 754,138 in this study. For a
larger sample with — hopefully — smaller measurement errors, the natural next step

for this work is to delve into DR3 and repeat the analysis with a new sample.

Copyright© Joshua T. Harry, 2022.
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Appendices

Appendix A: Galactic Coordinate Conversions

For each star, the astrometric parameters we require from Gaia are equatorial right
ascension («) and declination (J), galactocentric longitude (¢) and latitude (b), par-

allax w, equatorial proper motions (u, and ps), and radial velocity (v,).

Galactic Proper Motions

There are standard angles ag = 192.85948° and 05 = 27.12825° that we consider
when constructing the galactocentric coordinate system [37]. Furthermore, we quote
the distance to the galactic center (GC) as Ry = 8178 &£ 1344 £ 224, pc (see
GRAVITY Collaboration 2019 [38]).

Cy = sindg cos § — cosdg sin d cos(a — ag)

Cy = cos dg sin(a — ag)
1
cos? b

e = (Crpy, + Capts)

oy = (Cyus — Cop)

cosb
Galactocentric Velocities

Note that Gaia reports its angles in degrees, its parallaxes in mas, its proper motions

in mas/yr, and its radial velocities in km/s.

From the parallax angle, the distance in kpc is just

d=—

w
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The physical velocities along ¢ and b are thus
vg = 4.74pedcosb | v, = 4.74d

(the factor of 4.74 ensures the proper unit conversion of the velocities to km/s)

The galactocentric x, y, and z coordinates are found by a spherical transformation

xr=dcoslcosb— Ry, y=dsinfcosb, z=dsinb

Along z, y, and z, respectively, the galactocentric velocities U, V', and W are:

U =w,coslcosb—v,sinf — vycosfsinb
V =w,sinf cosb + vy cos ¥ — v, sin sin b

W = v, sinb + v, cosb

LSR Frame

The Local Standard of Rest is the rest frame of a star in a circular orbit about the GC
at Ry. With respect to the LSR frame, propagating systematic/statistical errors, the
Sun has an observed relative motion of (U, V, W)g = (11.1713%,12.247502 7.25700%) km /s

(see Schonrich/Binney 2009 [39)]).

From z, y, and z, we define the galactocentric longitude/latitude respectively as

Y dsin { cosb
a = arctan (——) = arctan
T

Ry — dcosfcosb

8 = arctan — = | = arctan dsinb
VY2 4 22 Vd2sin? £ cos? b+ (Ry — d cos £ cos b)?

Finally, the velocities in the LSR frame are
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Ursr = cosacos f(U + Ug) —sinacos B(V + Vi) — sin (W + W)
Visr = sina(U + Ug) + cosa(V + V)
Wisr = cosasin f(U + Ug) —sinasin 5(V + V) + cos 5(W + W)
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